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Abstract: Modern biocatalysis requires fast, sensitive, and efficient high-throughput screening meth-
ods to screen enzyme libraries in order to seek out novel biocatalysts or enhanced variants for
the production of chemicals. For instance, the synthesis of bio-based furan compounds like 2,5-
diformylfuran (DFF) from 5-hydroxymethylfurfural (HMF) via aerobic oxidation is a crucial process
in industrial chemistry. Laccases, known for their mild operating conditions, independence from
cofactors, and versatility with various substrates, thanks to the use of chemical mediators, are appeal-
ing candidates for catalyzing HMF oxidation. Herein, Schiff-based polymers based on the coupling
of DFF and 1,4-phenylenediamine (PPD) have been used in the set-up of a novel colorimetric assay
for detecting the presence of DFF in different reaction mixtures. This method may be employed for
the fast screening of enzymes (Z’ values ranging from 0.68 to 0.72). The sensitivity of the method
has been proved, and detection (8.4 uM) and quantification (25.5 uM) limits have been calculated.
Notably, the assay displayed selectivity for DFF and enabled the measurement of kinetics in DFF
production from HMF using three distinct laccase-mediator systems.

Keywords: colorimetric assay; 2,5-diformylfuran; colorimetric screening; 5-hydroxymethylfurfural;
laccase-mediator system

1. Introduction

Cellulosic sugars are currently the subject of extensive studies for their conversion
into furan derivatives [1-4], which are heterocyclic compounds with great possibilities
as alternatives to compounds derived from fossil resources in the energy and chemical
industry. Amongst all of these bio-based compounds, 2,5-diformylfuran (DFF, Figure 1) has
received considerable attention due to the wide range of potential applications in the syn-
thetic industry as a renewable and versatile building block [5]. Containing a furan ring and
two aldehyde groups, DFF is a valuable substrate for polymer synthesis to obtain materials
such as plastics, coatings, adhesives, and resins [6-8], as well as pharmaceuticals [9,10].
DFF can be condensed with other molecules to make, for instance, poly-imines [7,11,12],
polyesters, polyamides and polyurethanes [13], and polymers that display unique proper-
ties in performances that compete with those from petroleum-based materials [14]. For this
reason, DFF is considered as a bridge connecting renewable biomass and the petroleum
industry. This compound offers sustainable alternatives to chemicals employed in the
pharmaceuticals, fuel, and polymers sectors, and it is currently commonly derived from
fossil source manufacturing processes [15]. A noteworthy application of DFF was revealed
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by Dhers et al., who demonstrated the synthesis of a polyimine vitrimer used in dynamic
film design, boasting an entirely renewable carbon content of 100% [7]. Several other valu-
able DFF derivatives have found industrial applications, for instance, furan-2,5-dicarbonyl
chloride (FDCC) [16], 2,5-bis(aminomethyl)furan (BAMF) [17], 2,5-bis(hydroxymethyl)-
tetrahydrofuran [18], 2,5-dicyanofuran [19], and 2,5-bis(aminomethyl)furan [20]. Moreover,
DFF is also investigated as a potential platform for the production of high-value specialty
chemicals that can be used as solvents or further processed to produce biofuels such as
biodiesel and jet fuel [21-23].

0 OH
o 0
Ve avs
DFF HMF
0 0 0 0
0 0 0
HO/\WOH OWOH HOWOH

HFCA FFCA FDCA

Figure 1. Structures of the tested compounds: DFF, 2,5-diformylfuran; HMF, 5-hydroxymethylf-
urfural; HFCA, 5-hydroxymethyl-2-furancarboxylic acid; FFCA, 5-formyl-2-furancarboxylic acid;
FDCA, 2,5-furandicarboxylic acid.

DFF can be efficiently synthesized under aerobic conditions from 5-hydroxymethylfurfural
(HME, Figure 1), one of the most versatile furan-based compounds, derived from biomass-
based feedstock [1,24,25]. The selective conversion of HMF into DFF, via homogeneous
or heterogeneous catalysis, has been widely reported [26-28]. DFF chemical syntheses
via traditional oxidative catalytic processes involve base-metal-containing heterogeneous
catalysts, mainly from ruthenium [29], vanadium [30], manganese [31], or copper [32],
among others, either in aqueous or organic media [33]. Nevertheless, these processes
require, in some cases, several reaction steps, expensive catalysts and hazardous organic
solvents, and a careful control of harsh reaction conditions, such as high temperatures and
pressures, to avoid the formation of overoxidized co-products, for instance, HFCA, FFCA,
and FDCA (Figure 1) [34,35].

In addition to these traditional catalytic processes, more environmentally friendly
transformations have been investigated towards DFF synthesis. More recently, the con-
version of renewable and cheap carbohydrates (i.e., fructose) has been proposed as a
sustainable approach to produce this compound [36]. Additionally, new strategies involv-
ing biocatalysis [37-41], photocatalysis [42—-45], and electrocatalysis [46,47] starting from
HMEF have been embraced. Among all, enzymatic oxidations are extensively reported,
showing, in some cases, an excellent selectivity for DFF formation over other possible
oxidized derivatives. Several enzymes have efficiently performed HMF oxidation using
oxygen or other oxidants as electron acceptors. Glucose oxidases [48], copper radical
oxidases [49], aryl-alcohol oxidases [41,50], and HMF oxidases [51] are the most appealing
so far, while galactose oxidase (GOx) is the most reported [52].

Among oxidative enzymes, laccases have also been utilized in the oxidation of HMF.
Laccases are copper-containing oxidoreductases that exist naturally in many organisms,
which catalyze the oxidation of a wide range of phenolic compounds, aromatic amines,
and other substrates by reducing molecular oxygen to water. They have found applications
in biosensors, pulp and paper manufacturing, organic synthesis, textiles, cosmetics, and
both synthetic and degradative processes, highlighting their significance across multiple
industrial sectors [53-55].

Laccases often exhibit low activity towards non-phenolic substrates such as alcohol
derivatives and therefore face challenges in directly oxidizing certain derivatives. For this
reason, these enzymes must be combined with small molecules, forming a laccase-mediator
system (LMS). The mediator oxidized by the laccase acts as an intermediate species between
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the enzyme and the target substrate, mediating the electron transfer towards the substrate
that is otherwise difficult to oxidize. Finally, the laccase is activated again by the oxygen
from air [56-60].

Despite that, the selective synthesis of DFF has proven to be quite challenging; none
of the proposed enzymatic systems are practical solutions for high-scale DFF production,
among other factors, due to the solubility, selectivity, and stability issues of the selected bio-
catalysts. There are still some challenges ahead in the development of biotransformations,
such as productivity and scalability. In order to fine-tune enzymes or boost their catalytic
activity and operational stability, protein engineering has been proposed as an enabling
technology. In general, biocatalyst engineering strategies include directed evolution and
site-directed mutagenesis, two powerful tools that can be used, alternatively or simultane-
ously, to optimize and diversify enzyme functions for a wide range of applications [61-63].
These methodologies have been successfully pursued to improve the properties of many
different proteins [64]. With this scenario, the implementation of rapid and selective high-
throughput screenings is a need to test up to millions of enzyme variants towards a specific
transformation [65,66].

As already mentioned, the search for new enzymes that are able to oxidize HMF into
DFF may open new unexplored biocatalytic routes. The main obstacle in approaching these
strategies is related to the lack of a fast and sensitive screening method for specific DFF
identification. To date, the most common related high-throughput assays deal with the
detection of co-products derived from the oxidation of HMF. In this context, one of the
most representative contributions is the one reported by Turner and co-workers [67], who
generated a library of GOx variants via the site-directed mutagenesis of selected residues in
the active site of the enzyme, finding a suitable catalyst for HMF oxidation. This library was
screened towards this substrate by measuring the amount of the co-product HyO, through
a coupled peroxidase-based colorimetric reaction via the co-oxidation of 4-chloronaphthol
or ABTS [68]. This assay allowed for the best performing hits to be selected without any
selective detection of DFF, which was only measured using analytical methods (GC and
HPLC) for the selected variants. This approach, however, cannot be employed when
working with enzymes that do not generate hydrogen peroxide as a co-product.

As far as we know, a versatile screening methodology for the selective direct DFF
detection has not yet been reported. In this contribution, we developed an assay to be
used as a fast method to reveal DFF in a solution, with a special focus on the chemical
selectivity. The design of this rapid assay for DFF revelation is proposed to be consisting
of the polymeric condensation of this dialdehyde with an aromatic diamine, namely 1,4-
phenylenediamine (p-phenylenediamine, PPD) [69]. The assay aims to provide a linear
and sensitive response to the analyte, avoiding interferences with the starting material and
other possible co-products. Moreover, the effectiveness in the synthesis of DFF of three
distinct LMSs was tested through the assay.

2. Results and Discussion
2.1. Rationale and Set-Up of the Assay Methodology towards DFF

The selective oxidation of HMF into DFF is gaining increasing importance since it
is considered an ideal platform for producing value-added compounds. Unlike tradi-
tional chemical oxidations, the enzymatic conversion of HMF is preferred, assuring high
selectivity in DFF synthesis as well as a more sustainable process. However, enzymes
actively performing this transformation are scarce. In this regard, directed evolution stud-
ies may impart a pivotal contribution by enhancing the promiscuous activities of natural
enzymes as well as by enabling the screening of numerous new biocatalysts. The design
of such complex approaches can be limited mainly by the absence of sensitive and easy
high-throughput screening technologies. Thus, a fast and simple analytical method for
the selective detection of DFF in mixtures is needed. Few detection methods, including
colorimetric and fluorometric ones, have already been reported for several furan-based
compounds [70,71], including HMF [72,73]. Conversely, DFF has never been considered as
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the main target for the design of such assays, despite the increasing interest in its selective
synthesis from HMF.

Polymeric Schiff bases, formed mainly through the reaction of diamines with dialde-
hydes such as DFF, have already been disclosed [74-76]. All of these studies have been
proposed as proof-of-concept for the preparation of new bio-based polymeric materials.
Whereas the characterization of DFF-based poly-imines has been presented as promising
polymers with relevant conducting properties [69], or forming furan-based porous organic
frameworks [11], they have not been effectively exploited for their colorimetric properties
in the design of, e.g., a selective assay for DFF detection.

The herein developed method is based on the selective reaction of DFF with the
aromatic diamine PPD, exploiting its reactivity towards the target compound. The assay
is designed to reveal DFF as an oxidation product from HMF. Nevertheless, the aldehyde
moiety of HMF could also react with PPD to form the corresponding imine, which could
undergo dimerization but no further polymerization due to the presence of the hydroxyl
functionality, although it might contribute to the formation of color. In order to set-up
a selective colorimetric screening for DFF, the conjugated structures obtained via PPD
incubation with HMF must not interfere with the absorbance of DFF in the UV /Vis region
(Scheme 1).

o /O Oxidative biocatalyst o /O
5-hydroxymethylfurfural 2,5-diformylfuran
HMF DFF
o
tHoN .
i PPD 5 N-R
___________________ O /
Dimer Oligomers and polymers
No Response Response -@-

Scheme 1. Representation of the concept of the designed screening assay described in this contri-
bution. HMF oxidation leads to DFF accumulation. Then, PPD incubation can selectively reveal
DFFE.

Since this assay is intended to be applied in biocatalytic oxidative transformations,
the incubation occurred in an aqueous medium at a slightly basic pH (KPi buffer 100 mM,
pH 7.5), thus favoring the formation of the Schiff base. As a first step, the spectrophoto-
metric UV/Vis characterization of HMF, DFF, and PPD alone (equimolar mixtures, 20 uM)
confirmed that the compounds singularly did not significantly absorb in the visible region
(above 380 nm, Figure 2a). Thus, HMF and DFF were separately incubated in the presence
of PPD, using up to 100 uM of each compound. A positive response was only detected for
DEFF at a wavelength of 350-500 nm (Figure 2b-d).
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Figure 2. UV /Vis spectra of (a) HMF, DFF, and PPD (20 uM each); HMF (substrate) or DFF (product)
at (b) 20, (c¢) 50, and (d) 100 uM incubated with PPD (same concentration) in KPi buffer 100 mM,

pH75.

Then, a simulated reaction progress with 2% HMF conversion into DFF was mimicked
by mixing HMF (4.9 mM) and DFF (100 uM, Figure 3). The single compounds were
incubated with PPD (5 mM), as well, for comparison. Initially, assays were conducted
in 1 mL of the total volume at room temperature. The profile peak of DFF reacting with
PPD (red line, Figure 3) reflected the previous evidence of the shift in the absorbance
detected at 450-500 nm instead of the lower absorbance values when reacting HMF with
PPD (green line, Figure 3), which was set as the background noise of the assay under the
explored conditions. The same trend at wavelengths of 500-600 nm was observed when
HMF reacted with PPD in the presence of such little amount of DFF (purple line, Figure 3),
with an increase in the overall absorbance values due to the contribution of the polymer

formed between DFF and PPD.

1.0
0.8
06
04
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0.0 T T T T T i
400 450 500 550 600 650 700

Absorbance

WL [nm]
——HMF DFF ——PPD ——HMF + PPD
——DFF+PPD —— HMF + DFF + PPD

Figure 3. UV-Vis spectra of HMF, DFFE, PPD, and their mixtures. The difference in absorbance when
DFF was added to the mixture of HMF and PPD is highlighted with grey arrows inside the rectangle.
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A point-by-point evaluation of the difference in increasing absorbance, attributed to
the presence of DFF even in the presence of a high excess of HMF (indicated by the purple
line), revealed comparability. Three values within this range (500, 550, and 600 nm) were
selected, and the linearity of the response in the presence of increasing DFF concentrations
was assessed. After confirming the suitability of all three wavelengths for detecting DFF
(Appendix A, Figure A1), 500 nm was chosen, which was also due to the lower R? value, to
validate the method and investigate the sensitivity of the assay.

Likely, the formation of Schiff polymers derived from the reaction of DFF in the
presence of PPD, even in small amounts, accounted for the major color that was formed
(Figure 4). While the development of an orange color was revealed with only HMF (panel a),
the formation of a red precipitate was clear when PPD was incubated with DFF (panel b),
or in a mixture of HMF and DEFF (panel c). Moreover, the color intensity in the assay was
obviously related to the DFF amount, as higher concentrations led to intensely red-colored
solutions (panel d).

7
) Na—ee

N-R

Oligomers and

HMF Dimers
(a) polymers (b)
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7
S /ARTAY
DFF PPD N-R
_ > (0] /
R-N"T 800 1600 3200
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\_/
L HMF

HO o
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(c)

Figure 4. Different colors of the precipitates formed when PPD (1 equivalent) was incubated with
HMF—panel (a); DFF—panel (b); or in an HMF:DFF equimolar mixture—panel (c). A shift in color
was observed at increasing DFF concentrations (units in ptM in the in vitro system—panel (d)).

2.2. Linearity and Sensitivity of the Assay

The linearity of the assay was assessed by measuring the variation of the absorbance
at increasing analyte concentrations (Figure 5). Nevertheless, DFF synthesis from HMF has
proven to be efficient in the presence of organic (co)solvents, mainly due to the solubility
limits of furans in aqueous buffer systems [77]. Moreover, thinking about the scalability of
biocatalytic systems, there will be a need for cosolvents for HMF and DFF solubilization at
higher concentrations. Amongst all of the reported solvents commonly investigated for the
dehydration of carbohydrates and HMF oxidation, dimethylsulfoxide (DMSO) was chosen
for further investigation [78-80]. However, DMSO interfered with DFF detection, slowing
down the response; thus, the DMSO concentration was fixed to 15% v/v.
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Figure 5. Linearity of the colorimetric assay at different concentrations of DFF (0-200 uM) in plain
buffer (KPi 100 mM, pH 7.5, purple line) or with DMSO (15% v/v, green line). The data shown are
representative of experiments performed in triplicate.

DMSO has a beneficial effect on organic substrate solubilities, providing a one-phase
system, and its efficiency in enzymatic reactions has been previously proven with many
enzyme classes (ADHs, ATAs, etc.) [81-83]. Also, the three laccases were previously
efficiently tested at high DMSO concentrations, revealing a good stability [84,85]. Gladly,
when performing the assay under these reaction conditions, no relevant interference was
observed. Thus, the linearity of the assay was proven in both plain buffer (KPi 100 mM, pH
7.5) and DMSO buffer systems up to 200 uM of DFF (Figure 5). In the latter, the slope of the
curve obtained from the regression analysis was even slightly improved, suggesting a DFF
solubility limit in a plain buffer and a more homogeneous system in the presence of DMSO.

To investigate the sensitivity of the assay, the limit of detection (LOD) and limit of
quantification (LOQ) were measured in multi-well plates for both systems (plain buffer and
with DMSO, 15% v/v, Appendix B, Figure A2). The method turned out to be remarkable
in detecting DFF in both media. The LOD and LOQ values for the DMSO-water system
(8.4 uM and 25.5 uM, respectively) were slightly lower than the ones calculated in the plain
buffer (Table 1).

Table 1. Calibration curve regression analysis for determination of LOD and LOQ of the colorimetric
assay in plain buffer or with 15% (v/v) DMSO.

Linear Range

SD of Calibration

. . . a

Reaction System (uM) Calibration Curve Curve LOD (uM) LOQ (uM)
Plain Buffer 6-200 A =0.0008 x C — 0.0003 2.182 x 1073 8.8 26.7

DMSO 15% (v/v) 6-300 A =0.0014 x C — 0.0038 3.556 x 1073 8.4 25.5

a Absorbance value; C: concentration. ® KPi buffer 100 mM, pH?7.5.

2.3. Robustness of the Assay: Interference of Side Products

The oxidative conversion of HMF towards DFF can result in a number of derivatives
due to the presence of two reactive moieties, alcohol and aldehyde, which can form
other compounds such 5-formyl-2-furancarboxylic acid (FFCA), 2,5-furandicarboxylic acid
(FDCA), and 5-hydroxymethyl-2-furancarboxylic acid (HFCA), that could, therefore, be
present in the reaction mixture (Figure 1) [86-89]. Hence, the interference of these side
products, along with HMF as an unreacted substrate, with respect to DFF detection, was
tested. Also, in this case, DMSO (15% v/v) was used to ensure the solubilization of all furan
derivatives. For this purpose, different putative side product/DFF mixtures at various
concentrations were prepared, simulating possible results in the enzymatic transformations.
Each side product did not show any significant contribution to the absorbance at 500 nm
when incubated with PPD (Appendix B, Figure A3). When combined with DFF, all of the
investigated compounds did not interfere with the analyte detection (grey lines in panels,
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Figure 6a—d). As a reference, the response of the assay in the presence of only DFF was also
reported (orange lines in panels, Figure 6a—d).
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Figure 6. Effects of (a) HMEF, (b) HFCA, (c) FFCA, and (d) FDCA on the colorimetric assay. Grey line:
side product + DFF + PPD (as equimolar mixtures). Orange line: DFF + PPD. The data shown are
representative of experiments performed in triplicate.

To further prove the robustness of the assay, the Z’ values were measured for each
DFF-side product couple (see Experimental Section) [90-92]. This parameter offers a
helpful indication of the effectiveness of the method, and it is an intrinsic factor that is
used to assess the quality of an assay without the use of real samples, and thus, it can be
further used for better development and optimization. The calculated values for each side
product-DFF pair produced were in the range of 0.60-0.72, demonstrating the reliability of
the method in identifying a positive hit (Table 2). Acceptable values are those >0.5, with
our results appearing in the range of, e.g., those that Straathof and co-workers reported in
the set-up of a high-throughput assay for amino acid decarboxylase activity detection [93].

Table 2. Z’ values calculated for each couple of compounds (DFF + side product).

Side Product Combined with DFF Z’ Value
HMF 0.72
HFCA 0.68
FFCA 0.60
FDCA 0.70

This evidence shows the potential of our colorimetric assay as an easy, fast, and sensi-
tive tool to be applied in the high-throughput screening of enzymes for the conversion of
HMEF to DFF in an aqueous solution under mild conditions. The analyte can be selectively
detected at low concentrations, in the presence of DMSO as cosolvent, and without interfer-
ences of other possible co-products derived from HMF oxidation. However, a validation of
the assay in the screening of enzyme libraries is still pending.
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2.4. Application of the Colorimetric Assay: Kinetics Measurements

After testing the assay on DFF and its mixture with different oxidized derivatives of
HME, the method was effectively applied on a real transformation. HMF oxidation into DFF
was investigated by applying different LMSs. Among the described ones, the biocatalytic
system with (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) as a free radical mediator is
one of the most applied [56,94-96], enabling the oxidation of non-activated substrates, such
as alcohols and amines, and providing water as the only co-product (Scheme 2) [94,97,98].

4o Ll substaten
é.

TEMPO cycle

Fik

Scheme 2. Overview of the laccase/ TEMPO system to oxidize non-activated substrates.

Based on our previous results in the oxidation of primary alcohols into the correspond-
ing aldehydes [97,99], including the formation of furfural from furfuryl alcohol [86] using
the laccase/ TEMPO system, herein, HMF oxidation into DFF was studied by employing
three fungal laccases, one from Trametes versicolor (LTv) [100], and two isolated from Pleuro-
tus ostreatus (POXAlb and POXC) [101]. In fact, TEMPO/laccase systems have already been
investigated for HMF transformations [102], providing FFCA [103] or FDCA [104,105] as
the main achieved compounds in aqueous systems depending on the laccase and reaction
conditions. Nevertheless, in the first stages of HMF oxidation, DFF is produced as a reaction
intermediate. Therefore, to assess the validity of our colorimetric assay, the initial rates of
the three different LMSs for DFF production were measured (Figure 7).

300

60 } 250
60 - } 200 -
§& = 150 | {
L e w
& 40 . é
a - 100 - i L’
2r 50 |
0 : 0 L L L L L L L
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time [min] Time [min]
= POXC e LTv + POXA1b
(a) (b)

Figure 7. Time course of DFF production from HMF (40 mM) using the colorimetric assay at 30 °C
under optimum conditions for each laccase: (a) POXC (pH 6.5, 0.25 U, grey dots) and LTv (pH 5, 0.25
U, orange dots); (b) POXA1b (pH 5.5, 2.5 U), DMSO 15% v/v, and TEMPO (20 mol%) as mediator.
Mol% is defined as moles of mediator per mol of substrate (%). The data shown are representative of
experiments performed in triplicate and are presented as mean standard deviation.

In our experiments, the mediator is responsible for the chemical oxidation of HMF,
being then re-oxidized by the laccase. Its amount was kept constant in all tests (20 mol%).
Accordingly, the comparison between the three different LMSs with regard to the initial
rate for DFF appearance showed the different behavior and efficiency of the three laccases
for TEMPO recycling. Concomitantly, DFF can undergo overoxidation within the time
when the recycling system is particularly rapid. For this reason, lower amounts of enzyme
were added for the most rapid systems (0.25 U for POXC and LTv). Since the reaction was
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slower for the POXA1b system, the enzyme amount was increased up to 2.5 U to detect
significant amounts of DFF in the same time slots. After the desired time was reached
(5, 10, or 15 min), the medium was basified to favor the imine formation, and PPD (40 mM)
was added. After 5 min at rt, the absorbance at 500 nm was measured. The initial rates for
the different LMSs to produce DFF from HMF were then normalized by unit of enzyme
(Table 3).

Table 3. Initial rate estimation for DFF production from HMF, applying the three LMSs. DFF was
detected with the colorimetric method under the reported conditions, and its concentration was
obtained via interpolation in the calibration curve.

Initial Rate for DFF
Laccase Reaction Medium 2 Production from HMF
(umol DFF-min—1.U-1)
LTv Citrate buffer, 100 mM, pH 5 21.7
POXC Phosphate buffer, 100 mM, pH 6.5 13.9
POXA1b Citrate buffer, 100 mM, pH 5.5 5.3

T [HMF] = 40 mM, TEMPO (20 mol%), DMSO (15% v/0).

In the LTo-mediated system, great DFF accumulation was observed at short reaction
times. Similarly, in the POXC-mediated reactions, good DFF amounts were produced at
brief time frames; meanwhile, in the case of the POXA1lb-mediated system, the accumula-
tion of DFF was lower, directly connected to the rapidity of the laccases in re-oxidizing the
radical TEMPO at short reaction times. The assay could be successfully applied to aqueous
reaction mixtures performed at different pHs and buffer types, suggesting the possibility
of using the assay for high-throughput screening and to assess the kinetics parameters for
other HMF oxidizing enzymes, by determining DFF accumulation in the reaction mixture
within the time.

3. Materials and Methods

Materials were purchased from Sarstedt (Niimbrecht, Germany). All chemicals were
of the highest purity grade from commercial sources. Commercially available HMF was
purchased from Manchester Organics (Runcorn, Cheshire, UK). DFF, FFCA, HFCA, and
FDCA were purchased from Sigma-Aldrich (St. Louis, MO, USA). LTv laccase was ob-
tained from Sigma-Aldrich. Recombinant POXA1b from Pleurotus ostreatus expressed in
the yeast Pichia pastoris [106,107], and POXC laccase produced and purified from Pleu-
rotus ostreatus [108,109], were provided by BioPox srl (Napoli, Italy). The absorbance
spectra of the mixtures were registered at room temperature using a Jasco V-530 UV /Vis
spectrophotometer (Jasco International Co., Ltd., Tokio, Japan).

3.1. Colorimetric Assay Conditions

A suitable volume (150 pL) of a solution containing DFF and the other components at
appropriate concentrations, dissolved in KPi buffer at 100 mM and pH 7.5 (when present,
DMSO was used at 15% v/v), was transferred into each well of a 96-well plate. 1,4-
Phenylenediamine was then added as reactant to each well (50 pL, 5 mM), shifting towards
an orange color, according to the DFF concentration of the sample, to obtain a reddish
precipitate. The plates were kept at room temperature for 5 min, and the increase in the
absorbance at 500 nm was measured. The limit of absorption was set up to the formation
of the precipitate, which caused a heterogeneous solution.

3.2. Determination of LOD and LOQ Values

LOD and LOQ were defined by IUPAC as “the limiting value of the true signal (related
to some non-zero analyte concentration) which is significantly different from the blank
signal value” and “the smallest concentration which can be quantitatively analyzed with
reasonable reliability by the given procedure”, respectively [110]. LOD and LOQ values
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were calculated as three- and ten-fold, respectively, of the ratio between the standard
deviation value of the DFF calibration curve and the numerical value of the slope [111].

3.3. Determination of Z’ Values

The Z’ factor is an intrinsic parameter that gives information about the quality of the
assay without using real samples. The Z’ value is calculated using positive (DFF in our
case) and negative reference controls (side products). Z’ values for by-product/DFF pairs
close to 1.0 show the robustness of the method. To evaluate the overall performance of the
assay and its application in an HTS format, values obtained either at 200 uM of DFF or the
corresponding side product were used as positive and negative reference controls. The Z’
values of each side product-DFF pair were calculated using the following equation [90]:

Z/ 1 3SDDFF + 35Dside product

MeANnprr — Meanside product

3.4. Laccase Activity Assay

Laccase activity was measured following the standard ABTS assay. ABTS
(e420 = 36,000 M~ 1.cm™1) test was performed at room temperature in 100 mM citrate
buffer at pH 3.0, and 2 mM was the final concentration of the substrate. A suitable amount
of enzyme necessary to obtain an absorbance of 0.5-1 was added after approximately 1 min.
The increasing radical cation (ABTS**) was tracked at 420 nm. One unit of laccase activity
was defined as the enzyme amount that was able to oxidize 1 umol of the substrate per
minute [112].

3.5. Reaction Progress Curves for the Laccase-Mediator Systems and Initial Rate Measurements

To prevent leakages when spreading small volumes, the reagents were combined
beforehand and then placed in the multiplate. The reaction progress curve (Figure 7)
was obtained, dispensing 125 pL of the reaction mixture in each well, consisting of 30 U
of laccase per mmol of substrate for POXA1b, 4 U per mmol of substrate for LTv and
POXC laccases, 20 mol% of TEMPO as mediator (mol of mediator per mol of substrate),
and 40 mM of HMF starting concentrations (the concentration was selected after trials at
different HMF amounts). Citrate buffers 100 mM and pH 5 and 5.5 were used for LTv
and POXAL1Db laccases, respectively, and KPi buffer 100 mM and pH 6.5 were used for
POXC. All of the reaction mixtures were incubated in a rotary shaker into a multi-well
plate (96 well) at 30 °C, 250 rpm. The reaction was stopped via enzyme inactivation by
adding an aqueous 10 M NaOH solution (25 pL), and then PPD (40 mM) was added. The
mixture was incubated for 5 min at room temperature, and finally, the absorbance at 500 nm
was measured.

4. Conclusions

The development of accurate and easy-to-use high-throughput screening methods is a
critical step in identifying novel biocatalysts or improving them for a specific application.
In this work, we exploited the knowledge of an established reaction, a Schiff base formation
followed by polymerization, to design a new colorimetric assay to directly detect DFF in
aqueous reaction mixtures.

DFF is one of the high-value chemical platform compounds that are commonly ob-
tained from HMEF, so finding a method for its selective detection with respect to other
possible by-products coming from HMF is highly appealing. In this manner, this assay
may be efficiently used for screening libraries of redox biocatalysts looking for new or
improved variants, as well as for assessing the kinetics properties of oxidative enzymes
for DFF production. Hence, by employing a simple and cheap diamine compound such
as 1,4-phenylenediamine, we have proven a sensitive, selective, and robust colorimetric
assay towards DFF. The Z’ values, indeed, confirmed the absence of interferences due to
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the presence of HMF and other related furan derivatives that can be obtained after the
oxidation of easily accessible HMF.

As a proof of concept, the performances of three different laccases with TEMPO
applied to the synthesis of DFF were compared, displaying its utility in avoiding the
expensive, time-consuming, and technically demanding analyses via chromatographic
methods. As a fact, among the tested laccase-mediator systems, the assay showed that LTv
was the most efficient in producing DFF at short reaction times, with POXA1b being the
less efficient one. All of this evidence reinforces the significance of the assay supporting
not merely the search, but even the characterization of novel oxidative biocatalysts for the
selective HMF oxidation into DFF.
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Figure A1. Absorbance measurements at 500, 550, and 600 nm at increasing DFF concentrations in
the solution. The experiments were performed in a 96-well multi-plate.
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References

1.  vanPutten, R.-J.; van der Waal, ].C.; de Jong, E.; Rasrendra, C.B.; Heeres, H.J.; de Vries, ].G. Hydroxymethylfurfural, A Versatile
Platform Chemical Made from Renewable Resources. Chem. Rev. 2013, 113, 1499-1597. [CrossRef]

2. Gérardy, R.; Debecker, D.P.; Estager, J.; Luis, P.; Monbaliu, J.-C.M. Continuous Flow Upgrading of Selected C2-C6 Platform
Chemicals Derived from Biomass. Chem. Rev. 2020, 120, 7219-7347. [CrossRef]

3. Dedes, G.; Karnaouri, A.; Topakas, E. Novel Routes in Transformation of Lignocellulosic Biomass to Furan Platform Chemicals:
From Pretreatment to Enzyme Catalysis. Catalysts 2020, 10, 743. [CrossRef]

4. Zhou, Y;; Wu, S.; Bornscheuer, U.T. Recent Advances in (Chemo)Enzymatic Cascades for Upgrading Bio-Based Resources. Chem.
Commun. 2021, 57, 10661-10674. [CrossRef] [PubMed]

5.  Kucherov, FA.; Romashov, L.V.; Galkin, K.I.; Ananikov, V.P. Chemical Transformations of Biomass-Derived Cé6-Furanic Platform

Chemicals for Sustainable Energy Research, Materials Science, and Synthetic Building Blocks. ACS Sustain. Chem. Eng. 2018, 6,
8064-8092. [CrossRef]


https://doi.org/10.1021/cr300182k
https://doi.org/10.1021/acs.chemrev.9b00846
https://doi.org/10.3390/catal10070743
https://doi.org/10.1039/D1CC04243B
https://www.ncbi.nlm.nih.gov/pubmed/34585190
https://doi.org/10.1021/acssuschemeng.8b00971

Int. . Mol. Sci. 2023, 24, 16861 14 0f 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Delidovich, I.; Hausoul, PJ.C.; Deng, L.; Pfiitzenreuter, R.; Rose, M.; Palkovits, R. Alternative Monomers Based on Lignocellulose
and Their Use for Polymer Production. Chem. Rev. 2016, 116, 1540-1599. [CrossRef] [PubMed]

Dhers, S.; Vantomme, G.; Avérous, L. A Fully Bio-Based Polyimine Vitrimer Derived from Fructose. Green Chem. 2019, 21,
1596-1601. [CrossRef]

Danielli, C.; van Langen, L.; Boes, D.; Asaro, F.; Anselmi, S.; Provenza, F,; Renzi, M.; Gardossi, L. 2,5-Furandicarboxaldehyde as a
Bio-Based Crosslinking Agent Replacing Glutaraldehyde for Covalent Enzyme Immobilization. RSC Adv. 2022, 12, 35676-35684.
[CrossRef]

Hopkins, K.T.; Wilson, W.D.; Bender, B.C.; McCurdy, D.R.; Hall, ].E.; Tidwell, R.R.; Kumar, A.; Bajic, M.; Boykin, D.W. Extended
Aromatic Furan Amidino Derivatives as Anti-Pneumocystis carinii Agents. |. Med. Chem. 1998, 41, 3872-3878. [CrossRef]
Gauthier, D.R; Szumigala, R.H.; Dormer, P.G.; Armstrong, J.D.; Volante, R.P,; Reider, PJ. Synthesis of 5-Pyridyl-2-Furaldehydes
via Palladium-Catalyzed Cross-Coupling with Triorganozincates. Org. Lett. 2002, 4, 375-378. [CrossRef]

Ma, J.; Wang, M.; Du, Z.; Chen, C.; Gao, J.; Xu, J. Synthesis and Properties of Furan-Based Imine-Linked Porous Organic
Frameworks. Polym. Chem. 2012, 3, 2346-2349. [CrossRef]

Zhang, J.; Jia, W.; Yu, X.; Wang, Q.; Sun, Y,; Yang, S.; Li, Z.; Tang, X.; Zeng, X.; Lin, L. Facile One-Pot Synthesis of Furan Double
Schiff Base from 5-Hydroxymethylfurfural via an Amination-Oxidation-Amination Strategy in Water. ACS Sustain. Chem. Eng.
2022, 10, 6835-6842. [CrossRef]

Amarasekara, A.S.; Green, D.; Williams, L.D. Renewable Resources Based Polymers: Synthesis and Characterization of 2,5-
Diformylfuran-Urea Resin. Eur. Polym. J. 2009, 45, 595-598. [CrossRef]

Lucherelli, M.A.; Duval, A.; Averous, L. Combining Associative and Dissociative Dynamic Linkages in Covalent Adaptable
Networks from Biobased 2,5-Furandicarboxaldehyde. ACS Sustain. Chem. Eng. 2023, 11, 2334-2344. [CrossRef]

Xu, C.; Paone, E.; Rodriguez-Padrén, D.; Luque, R.; Mauriello, F. Recent Catalytic Routes for the Preparation and the Upgrading
of Biomass Derived Furfural and 5-Hydroxymethylfurfural. Chem. Soc. Rev. 2020, 49, 4273-4306. [CrossRef]

Dutta, S.; Wu, L.; Mascal, M. Production of 5-(Chloromethyl)Furan-2-Carbonyl Chloride and Furan-2,5-Dicarbonyl Chloride from
Biomass-Derived 5-(Chloromethyl)Furfural (CMF). Green Chem. 2015, 17, 3737-3739. [CrossRef]

Le, N.-T.; Byun, A.; Han, Y,; Lee, K.-I.; Kim, H. Preparation of 2,5-Bis(Aminomethyl)Furan by Direct Reductive Amination of
2,5-Diformylfuran over Nickel-Raney Catalysts. Green Sustain. Chem. 2015, 5, 115-127. [CrossRef]

Li, C; Xu, G,; Liu, X,; Zhang, Y.; Fu, Y. Hydrogenation of Biomass-Derived Furfural to Tetrahydrofurfuryl Alcohol over
Hydroxyapatite-Supported Pd Catalyst under Mild Conditions. Ind. Eng. Chem. Res. 2017, 56, 8843-8849. [CrossRef]

Xu, Y, Jia, X;; Ma, ].; Gao, ].; Xia, F; Li, X.; Xu, J. Efficient Synthesis of 2,5-Dicyanofuran from Biomass-Derived 2,5-Diformylfuran
via an Oximation—-Dehydration Strategy. ACS Sustain. Chem. Eng. 2018, 6, 2888-2892. [CrossRef]

Xu, Y;; Jia, X;; Ma, J.; Gao, J.; Xia, F; Li, X.; Xu, J. Selective Synthesis of 2,5-Bis(Aminomethyl)Furan via Enhancing the Catalytic
Dehydration-Hydrogenation of 2,5-Diformylfuran Dioxime. Green Chem. 2018, 20, 2697-2701. [CrossRef]

Rout, PK.; Nannaware, A.D.; Prakash, O.; Kalra, A.; Rajasekharan, R. Synthesis of Hydroxymethylfurfural from Cellulose Using
Green Processes: A Promising Biochemical and Biofuel Feedstock. Chem. Eng. Sci. 2016, 142, 318-346. [CrossRef]

Gomez Milldn, G.; Hellsten, S.; Llorca, J.; Luque, R.; Sixta, H.; Balu, A.M. Recent Advances in the Catalytic Production of Platform
Chemicals from Holocellulosic Biomass. ChemCatChem 2019, 11, 2022-2042. [CrossRef]

Ma, J.; Shi, S; Jia, X.; Xia, F; Ma, H.; Gao, J.; Xu, J. Advances in Catalytic Conversion of Lignocellulose to Chemicals and Liquid
Fuels. J. Energy Chem. 2019, 36, 74-86. [CrossRef]

Kong, X.; Zhu, Y.; Fang, Z.; Kozinski, J.A.; Butler, I.S.; Xu, L.; Song, H.; Wei, X. Catalytic Conversion of 5-Hydroxymethylfurfural
to Some Value-Added Derivatives. Green Chem. 2018, 20, 3657-3682. [CrossRef]

Jiang, Z.; Zeng, Y.; Hu, D.; Guo, R.; Yan, K.; Luque, R. Chemical Transformations of 5-Hydroxymethylfurfural into Highly Added
Value Products: Present and Future. Green Chem. 2023, 25, 871-892. [CrossRef]

Ventura, M.; Dibenedetto, A.; Aresta, M. Heterogeneous Catalysts for the Selective Aerobic Oxidation of 5-Hydroxymethylfurfural
to Added Value Products in Water. Inorg. Chim. Acta 2018, 470, 11-21. [CrossRef]

Arias, PL.; Cecilia, J.A.; Gandarias, I; Iglesias, J.; Lopez Granados, M.; Mariscal, R.; Morales, G.; Moreno-Tost, R.; Maireles-Torres,
P. Oxidation of Lignocellulosic Platform Molecules to Value-Added Chemicals Using Heterogeneous Catalytic Technologies.
Catal. Sci. Technol. 2020, 10, 2721-2757. [CrossRef]

Tran, PH. Recent Approaches in the Catalytic Transformation of Biomass-Derived 5-Hydroxymethylfurfural into 2,5-
Diformylfuran. ChemSusChem 2022, 15, €202200220. [CrossRef]

Takagaki, A.; Takahashi, M.; Nishimura, S.; Ebitani, K. One-Pot Synthesis of 2,5-Diformylfuran from Carbohydrate Derivatives by
Sulfonated Resin and Hydrotalcite-Supported Ruthenium Catalysts. ACS Catal. 2011, 1, 1562-1565. [CrossRef]

Antonyraj, C.A.; Kim, B.; Kim, Y.; Shin, S.; Lee, K.-Y; Kim, I.; Cho, J.K. Heterogeneous Selective Oxidation of 5-Hydroxymethyl-2-
Furfural (HMF) into 2,5-Diformylfuran Catalyzed by Vanadium Supported Activated Carbon in MIBK, Extracting Solvent for
HME. Catal. Commun. 2014, 57, 64—68. [CrossRef]

Yuan, Z.; Liu, B.; Zhou, P; Zhang, Z.; Chi, Q. Aerobic Oxidation of Biomass-Derived 5-Hydroxymethylfurfural to 2,5-
Diformylfuran with Cesium-Doped Manganese Dioxide. Catal. Sci. Technol. 2018, 8, 4430-4439. [CrossRef]

Hansen, T.S.; Saddaba, I.; Garcia-Sudrez, E.J.; Riisager, A. Cu Catalyzed Oxidation of 5-Hydroxymethylfurfural to 2,5-Diformylfuran
and 2,5-Furandicarboxylic Acid under Benign Reaction Conditions. Appl. Catal. A Gen. 2013, 456, 44-50. [CrossRef]


https://doi.org/10.1021/acs.chemrev.5b00354
https://www.ncbi.nlm.nih.gov/pubmed/26523853
https://doi.org/10.1039/C9GC00540D
https://doi.org/10.1039/D2RA07153C
https://doi.org/10.1021/jm980230c
https://doi.org/10.1021/ol0170612
https://doi.org/10.1039/c2py20367g
https://doi.org/10.1021/acssuschemeng.2c01576
https://doi.org/10.1016/j.eurpolymj.2008.11.012
https://doi.org/10.1021/acssuschemeng.2c05956
https://doi.org/10.1039/D0CS00041H
https://doi.org/10.1039/C5GC00936G
https://doi.org/10.4236/gsc.2015.53015
https://doi.org/10.1021/acs.iecr.7b02046
https://doi.org/10.1021/acssuschemeng.7b03913
https://doi.org/10.1039/C8GC00947C
https://doi.org/10.1016/j.ces.2015.12.002
https://doi.org/10.1002/cctc.201801843
https://doi.org/10.1016/j.jechem.2019.04.026
https://doi.org/10.1039/C8GC00234G
https://doi.org/10.1039/D2GC03444A
https://doi.org/10.1016/j.ica.2017.06.074
https://doi.org/10.1039/D0CY00240B
https://doi.org/10.1002/cssc.202200220
https://doi.org/10.1021/cs200456t
https://doi.org/10.1016/j.catcom.2014.08.008
https://doi.org/10.1039/C8CY01246F
https://doi.org/10.1016/j.apcata.2013.01.042

Int. . Mol. Sci. 2023, 24, 16861 150f18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.
56.

57.

58.

59.

60.

Hou, Q.; Qi, X.; Zhen, M.; Qian, H; Nie, Y.; Bai, C.; Zhang, S.; Bai, X.; Ju, M. Biorefinery Roadmap Based on Catalytic Production
and Upgrading 5-Hydroxymethylfurfural. Green Chem. 2021, 23, 119-231. [CrossRef]

Pal, P; Saravanamurugan, S. Recent Advances in the Development of 5-Hydroxymethylfurfural Oxidation with Base
(Nonprecious)-Metal-Containing Catalysts. ChemSusChem 2019, 12, 145-163. [CrossRef] [PubMed]

Zhang, W.; Qian, H.; Hou, Q.; Ju, M. The Functional and Synergetic Optimization of the Thermal-Catalytic System for the Selective
Oxidation of 5-Hydroxymethylfurfural to 2,5-Diformylfuran: A Review. Green Chem. 2023, 25, 893-914. [CrossRef]

Dai, J. Synthesis of 2,5-Diformylfuran from Renewable Carbohydrates and Its Applications: A Review. Green Energy Environ.
2021, 6, 22-32. [CrossRef]

Dominguez de Maria, P.; Guajardo, N. Biocatalytic Valorization of Furans: Opportunities for Inherently Unstable Substrates.
ChemSusChem 2017, 10, 4123-4134. [CrossRef]

Hu, L.; He, A;; Liu, X; Xia, J.; Xu, J.; Zhou, S.; Xu, J. Biocatalytic Transformation of 5-Hydroxymethylfurfural into High-Value
Derivatives: Recent Advances and Future Aspects. ACS Sustain. Chem. Eng. 2018, 6, 15915-15935. [CrossRef]

Troiano, D.; Orsat, V.; Dumont, M.-]. Status of Biocatalysis in the Production of 2,5-Furandicarboxylic Acid. ACS Catal. 2020, 10,
9145-9169. [CrossRef]

Carro, J.; Ferreira, P.; Rodriguez, L.; Prieto, A.; Serrano, A.; Balcells, B.; Ard4, A.; Jiménez-Barbero, J.; Gutiérrez, A.; Ullrich, R,;
et al. 5-Hydroxymethylfurfural Conversion by Fungal Aryl-alcohol Oxidase and Unspecific Peroxygenase. FEBS |. 2015, 282,
3218-3229. [CrossRef]

Serrano, A.; Calvifio, E.; Carro, J.; Sanchez-Ruiz, M.1,; Cafiada, EJ.; Martinez, A.T. Complete Oxidation of Hydroxymethylfurfural
to Furandicarboxylic Acid by Aryl-Alcohol Oxidase. Biotechnol. Biofuels 2019, 12, 217. [CrossRef] [PubMed]

Ilkaeva, M.; Krivtsov, I.; Garcia-Lopez, E.I; Marci, G.; Khainakova, O.; Garcia, J.R.; Palmisano, L.; Diaz, E.; Ordéiiez, S. Selective
Photocatalytic Oxidation of 5-Hydroxymethylfurfural to 2,5-Furandicarboxaldehyde by Polymeric Carbon Nitride-Hydrogen
Peroxide Adduct. J. Catal. 2018, 359, 212-222. [CrossRef]

Li, C; Na, Y. Recent Advances in Photocatalytic Oxidation of 5-Hydroxymethylfurfural. ChemPhotoChem 2021, 5, 502-511.
[CrossRef]

Su, T.; Zhao, D.; Wang, Y.; Lii, H.; Varma, R.S.; Len, C. Innovative Protocols in the Catalytic Oxidation of 5-Hydroxymethylfurfural.
ChemSusChem 2021, 14, 266-280. [CrossRef] [PubMed]

Sun, H.; Xu, R;; Jia, X;; Liu, Z.; Chen, H.; Lu, T. Recent Advances in the Photocatalytic Oxidation of 5-Hydroxymethylfurfural to
2,5-Diformylfuran. In Biomass Conversion and Biorefinery; Springer: Berlin/Heidelberg, Germany, 2023. [CrossRef]

Kisszekelyi, P,; Hardian, R.; Vovusha, H.; Chen, B.; Zeng, X.; Schwingenschlogl, U.; Kupali, J.; Szekely, G. Selective Electrocatalytic
Oxidation of Biomass-Derived 5-Hydroxymethylfurfural to 2,5-Diformylfuran: From Mechanistic Investigations to Catalyst
Recovery. ChemSusChem 2020, 13, 3127-3136. [CrossRef]

Meng, Y.; Yang, S.; Li, H. Electro- and Photocatalytic Oxidative Upgrading of Bio-Based 5-Hydroxymethylfurfural. ChemSusChem
2022, 15, €202102581. [CrossRef] [PubMed]

Qin, Y-Z,; Li, Y.-M.; Zong, M.-H.; Wu, H.; Li, N. Enzyme-Catalyzed Selective Oxidation of 5-Hydroxymethylfurfural (HMF) and
Separation of HMF and 2,5-Diformylfuran Using Deep Eutectic Solvents. Green Chem. 2015, 17, 3718-3722. [CrossRef]

Mathieu, Y.; Offen, W.A.; Forget, S.M.; Ciano, L.; Viborg, A.H.; Blagova, E.; Henrissat, B.; Walton, P.H.; Davies, G.J.; Brumer, H.
Discovery of a Fungal Copper Radical Oxidase with High Catalytic Efficiency toward 5-Hydroxymethylfurfural and Benzyl
Alcohols for Bioprocessing. ACS Catal. 2020, 10, 3042-3058. [CrossRef]

Vifia-Gonzalez, J.; Martinez, A.T.; Guallar, V.; Alcalde, M. Sequential Oxidation of 5-Hydroxymethylfurfural to Furan-2,5-
Dicarboxylic Acid by an Evolved Aryl-Alcohol Oxidase. BBA Proteins Proteom. 2020, 1868, 140293. [CrossRef]

Dijkman, W.P; Fraaije, M.W. Discovery and Characterization of a 5-Hydroxymethylfurfural Oxidase from Methylovorus sp. Strain
MP688. Appl. Environ. Microbiol. 2014, 80, 1082-1090. [CrossRef]

Li, N.; Zong, M.-H. (Chemo)Biocatalytic Upgrading of Biobased Furanic Platforms to Chemicals, Fuels, and Materials: A
Comprehensive Review. ACS Catal. 2022, 12, 10080-10114. [CrossRef]

Riva, S. Laccases: Blue Enzymes for Green Chemistry. Trends Biotechnol. 2006, 24, 219-226. [CrossRef] [PubMed]

Kudanga, T.; Nemadziva, B.; Le Roes-Hill, M. Laccase Catalysis for the Synthesis of Bioactive Compounds. Appl. Microbiol.
Biotechnol. 2017, 101, 13-33. [CrossRef]

Martinkova, L.; Kfistkova, B.; K¥en, V. Laccases and Tyrosinases in Organic Synthesis. Int. ]. Mol. Sci. 2022, 23, 3462. [CrossRef]
Tromp, S.A.; Matijosyté, I.; Sheldon, R.A.; Arends, IW.C.E.; Mul, G.; Kreutzer, M.T.; Moulijn, ].A.; de Vries, S. Mechanism of
Laccase-TEMPO-Catalyzed Oxidation of Benzyl Alcohol. ChemCatChem 2010, 2, 827-833. [CrossRef]

Mogharabi, M.; Faramarzi, M.A. Laccase and Laccase-Mediated Systems in the Synthesis of Organic Compounds. Adv. Synth.
Catal. 2014, 356, 897-927. [CrossRef]

Mate, D.M.; Alcalde, M. Laccase: A Multi-Purpose Biocatalyst at the Forefront of Biotechnology. Microb. Biotechnol. 2017, 10,
1457-1467. [CrossRef] [PubMed]

Cannatelli, M.D.; Ragauskas, A.]. Two Decades of Laccases: Advancing Sustainability in the Chemical Industry. Chem. Rec. 2017,
17,122-140. [CrossRef]

Canas, A.L; Camarero, S. Laccases and Their Natural Mediators: Biotechnological Tools for Sustainable Eco-Friendly Processes.
Biotechnol. Adv. 2010, 28, 694-705. [CrossRef]


https://doi.org/10.1039/D0GC02770G
https://doi.org/10.1002/cssc.201801744
https://www.ncbi.nlm.nih.gov/pubmed/30362263
https://doi.org/10.1039/D2GC03953B
https://doi.org/10.1016/j.gee.2020.06.013
https://doi.org/10.1002/cssc.201701583
https://doi.org/10.1021/acssuschemeng.8b04356
https://doi.org/10.1021/acscatal.0c02378
https://doi.org/10.1111/febs.13177
https://doi.org/10.1186/s13068-019-1555-z
https://www.ncbi.nlm.nih.gov/pubmed/31528205
https://doi.org/10.1016/j.jcat.2018.01.012
https://doi.org/10.1002/cptc.202000261
https://doi.org/10.1002/cssc.202002232
https://www.ncbi.nlm.nih.gov/pubmed/33200564
https://doi.org/10.1007/s13399-022-03727-z
https://doi.org/10.1002/cssc.202000453
https://doi.org/10.1002/cssc.202102581
https://www.ncbi.nlm.nih.gov/pubmed/35050546
https://doi.org/10.1039/C5GC00788G
https://doi.org/10.1021/acscatal.9b04727
https://doi.org/10.1016/j.bbapap.2019.140293
https://doi.org/10.1128/AEM.03740-13
https://doi.org/10.1021/acscatal.2c02912
https://doi.org/10.1016/j.tibtech.2006.03.006
https://www.ncbi.nlm.nih.gov/pubmed/16574262
https://doi.org/10.1007/s00253-016-7987-5
https://doi.org/10.3390/ijms23073462
https://doi.org/10.1002/cctc.201000068
https://doi.org/10.1002/adsc.201300960
https://doi.org/10.1111/1751-7915.12422
https://www.ncbi.nlm.nih.gov/pubmed/27696775
https://doi.org/10.1002/tcr.201600033
https://doi.org/10.1016/j.biotechadv.2010.05.002

Int. . Mol. Sci. 2023, 24, 16861 16 of 18

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.
71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Arnold, EH. Innovation by Evolution: Bringing New Chemistry to Life (Nobel Lecture). Angew. Chem. Int. Ed. 2018, 130,
14420-14426. [CrossRef]

Ali, M,; Ishqi, HM.; Husain, Q. Enzyme Engineering: Reshaping the Biocatalytic Functions. Biotechnol. Bioeng. 2020, 117,
1877-1894. [CrossRef] [PubMed]

Gargiulo, S.; Soumillion, P. Directed Evolution for Enzyme Development in Biocatalysis. Curr. Opin. Chem. Biol. 2021, 61, 107-113.
[CrossRef]

Bornscheuer, U.T.; Huisman, G.W.; Kazlauskas, R.J.; Lutz, S.; Moore, ].C.; Robins, K. Engineering the Third Wave of Biocatalysis.
Nature 2012, 485, 185-194. [CrossRef]

Bunzel, H.A.; Garrabou, X.; Pott, M.; Hilvert, D. Speeding up Enzyme Discovery and Engineering with Ultrahigh-Throughput
Methods. Curr. Opin. Struct. Biol. 2018, 48, 149-156. [CrossRef] [PubMed]

Hecko, S.; Schiefer, A.; Badenhorst, C.P.S.; Fink, M.]J.; Mihovilovic, M.D.; Bornscheuer, U.T.; Rudroff, F. Enlightening the Path to
Protein Engineering: Chemoselective Turn-On Probes for High-Throughput Screening of Enzymatic Activity. Chem. Rev. 2023,
123, 2832-2901. [CrossRef]

Birmingham, W.R.; Pedersen, A.T.; Dias Gomes, M.; Madsen, M.B.; Breuer, M.; Woodley, ]. M.; Turner, N.J. Toward Scalable
Biocatalytic Conversion of 5-Hydroxymethylfurfural by Galactose Oxidase Using Coordinated Reaction and Enzyme Engineering.
Nat. Commun. 2021, 12, 4946. [CrossRef] [PubMed]

Delagrave, S.; Murphy, D.J.; Pruss, ].L.R.; Maffia, A.M.; Marrs, B.L.; Bylina, E.J.; Coleman, W.J.; Grek, C.L.; Dilworth, M.R,; Yang,
M.M,; et al. Application of a Very High-Throughput Digital Imaging Screen to Evolve the Enzyme Galactose Oxidase. Protein Eng.
2001, 14, 261-267. [CrossRef]

Hui, Z.; Gandini, A. Polymeric Schiff Bases Bearing Furan Moieties. Eur. Polym. J. 1992, 28, 1461-1469. [CrossRef]
Sanchez-Viesca, F.; Gomez, R. Reactivities Involved in the Seliwanoff Reaction. Mod. Chem. 2018, 6, 1-5. [CrossRef]

Gerwig, G.J. The Art of Carbohydrate Analysis. In Techniques in Life Science and Biomedicine for the Non-Expert; Kalyuzhny, A.E.,
Ed.; Springer International Publishing: Cham, Switzerland, 2021; ISBN 978-3-030-77790-6.

Wagner, B.; Beil-Seidler, S. Agent and Method for Identifying Furfurals. WO2006042600A1, 27 April 2006.

Castoldi, K.; Milani, ML.I.; Rossini, E.L.; Pezza, L.; Pezza, H.R. Flow Injection Analysis of 5-(Hydroxymethyl)-2-Furaldehyde in
Honey by a Modified Winkler Method. Anal. Sci. 2016, 32, 413-417. [CrossRef]

Méalares, C.; Gandini, A. Polymeric Schiff Bases Bearing Furan Moieties 2. Polyazines and Polyazomethines. Polym. Int. 1996, 40,
33-39. [CrossRef]

Xiang, T.; Liu, X.; Yi, P; Guo, M.; Chen, Y.; Wesdemiotis, C.; Xu, J.; Pang, Y. Schiff Base Polymers Derived from 2,5-Diformylfuran.
Polym. Int. 2013, 62, 1517-1523. [CrossRef]

Li, G.; Yu, K,; Noordijk, J.; Meeusen-Wierts, M.H.M.; Gebben, B.; oude Lohuis, P.A.M.; Schotman, A.H.M.; Bernaerts, K.V.
Hydrothermal Polymerization towards Fully Biobased Polyazomethines. Chem. Commun. 2020, 56, 9194-9197. [CrossRef]
Mili¢, M.; Bystrom, E.; Dominguez de Maria, P.; Kara, S. Enzymatic Cascade for the Synthesis of 2,5-Furandicarboxylic Acid in
Biphasic and Microaqueous Conditions: ‘Media-Agnostic’ Biocatalysts for Biorefineries. ChemSusChem 2022, 15, €202102704.
[CrossRef] [PubMed]

Tsilomelekis, G.; Josephson, T.R.; Nikolakis, V.; Caratzoulas, S. Origin of 5-Hydroxymethylfurfural Stability in Water /Dimethyl
Sulfoxide Mixtures. ChemSusChem 2014, 7, 117-126. [CrossRef] [PubMed]

Despax, S.; Maurer, C.; Estrine, B.; Le Bras, J.; Hoffmann, N.; Marinkovic, S.; Muzart, J. Fast and Efficient DMSO-Mediated
Dehydration of Carbohydrates into 5-Hydroxymethylfurfural. Catal. Commun. 2014, 51, 5-9. [CrossRef]

Wei, H.; Wang, Z.; Li, H. Sustainable Biomass Hydrodeoxygenation in Biphasic Systems. Green Chem. 2022, 24, 1930-1950.
[CrossRef]

Martinez-Montero, L.; Gotor, V.; Gotor-Fernandez, V.; Lavandera, I. But-2-ene-1,4-diamine and But-2-ene-1,4-diol as Donors for
Thermodynamically Favored Transaminase- and Alcohol Dehydrogenase-Catalyzed Processes. Adv. Synth. Catal. 2016, 358,
1618-1624. [CrossRef]

Monti, D.; Forchin, M.C.; Crotti, M.; Parmeggiani, F.; Gatti, EG.; Brenna, E.; Riva, S. Cascade Coupling of Ene-Reductases and
w-Transaminases for the Stereoselective Synthesis of Diastereomerically Enriched Amines. ChemCatChem 2015, 7, 3106-3109.
[CrossRef]

Pintor, A.; Cascelli, N.; Volkov, A.; Gotor-Fernandez, V.; Lavandera, I. Biotransamination of Furan-Based Aldehydes with
Isopropylamine: Enzyme Screening and pH Influence. ChemBioChem 2023, €202300514. [CrossRef]

Albarran-Velo, J.; Lopez-Iglesias, M.; Gotor, V.; Gotor-Fernandez, V.; Lavandera, I. Synthesis of Nitrogenated Lignin-Derived
Compounds and Reactivity with Laccases. Study of Their Application in Mild Chemoenzymatic Oxidative Processes. RSC Adv.
2017, 7, 50459-50471. [CrossRef]

Cascelli, N.; Lettera, V.; Sannia, G.; Gotor-Fernandez, V.; Lavandera, 1. Laccases from Pleurotus ostreatus Applied to the Oxidation
of Furfuryl Alcohol for the Synthesis of Key Compounds for Polymer Industry. ChemSusChem 2023, 16, €202300226. [CrossRef]
[PubMed]

Lilga, M. A ; Hallen, R.T.; Gray, M. Production of Oxidized Derivatives of 5-Hydroxymethylfurfural (HMF). Top. Catal. 2010, 53,
1264-1269. [CrossRef]

McKenna, S.M.; Leimkiihler, S.; Herter, S.; Turner, N.J.; Carnell, A.J. Enzyme Cascade Reactions: Synthesis of Furandicarboxylic
Acid (FDCA) and Carboxylic Acids Using Oxidases in Tandem. Green Chem. 2015, 17, 3271-3275. [CrossRef]


https://doi.org/10.1002/anie.201907729
https://doi.org/10.1002/bit.27329
https://www.ncbi.nlm.nih.gov/pubmed/32159220
https://doi.org/10.1016/j.cbpa.2020.11.006
https://doi.org/10.1038/nature11117
https://doi.org/10.1016/j.sbi.2017.12.010
https://www.ncbi.nlm.nih.gov/pubmed/29413955
https://doi.org/10.1021/acs.chemrev.2c00304
https://doi.org/10.1038/s41467-021-25034-3
https://www.ncbi.nlm.nih.gov/pubmed/34400632
https://doi.org/10.1093/protein/14.4.261
https://doi.org/10.1016/0014-3057(92)90135-O
https://doi.org/10.11648/j.mc.20180601.11
https://doi.org/10.2116/analsci.32.413
https://doi.org/10.1002/(SICI)1097-0126(199605)40:1%3C33::AID-PI512%3E3.0.CO;2-S
https://doi.org/10.1002/pi.4452
https://doi.org/10.1039/D0CC03026K
https://doi.org/10.1002/cssc.202102704
https://www.ncbi.nlm.nih.gov/pubmed/35438241
https://doi.org/10.1002/cssc.201300786
https://www.ncbi.nlm.nih.gov/pubmed/24408726
https://doi.org/10.1016/j.catcom.2014.03.009
https://doi.org/10.1039/D1GC03836B
https://doi.org/10.1002/adsc.201501066
https://doi.org/10.1002/cctc.201500424
https://doi.org/10.1002/cbic.202300514
https://doi.org/10.1039/C7RA10497A
https://doi.org/10.1002/cssc.202300226
https://www.ncbi.nlm.nih.gov/pubmed/36929693
https://doi.org/10.1007/s11244-010-9579-4
https://doi.org/10.1039/C5GC00707K

Int. . Mol. Sci. 2023, 24, 16861 17 of 18

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Cajnko, M.M.; Novak, U.; Grilc, M.; Likozar, B. Enzymatic Conversion Reactions of 5-Hydroxymethylfurfural (HMF) to Bio-Based
2,5-Diformylfuran (DFF) and 2,5-Furandicarboxylic Acid (FDCA) with Air: Mechanisms, Pathways and Synthesis Selectivity.
Biotechnol. Biofuels 2020, 13, 66. [CrossRef]

Saikia, K.; Rathankumar, A K.; Kumar, P.S.; Varjani, S.; Nizar, M.; Lenin, R.; George, J.; Vaidyanathan, V.K. Recent Advances in
Biotransformation of 5-Hydroxymethylfurfural: Challenges and Future Aspects. |. Chem. Technol. Biotechnol. 2022, 97, 409-419.
[CrossRef]

Zhang, J.-H.; Chung, T.D.Y.; Oldenburg, K.R. A Simple Statistical Parameter for Use in Evaluation and Validation of High
Throughput Screening Assay. J. Biomol. Screen. 1999, 4, 67-73. [CrossRef]

Inglese, J.; Shamu, C.E.; Guy, R.K. Reporting Data from High-Throughput Screening of Small-Molecule Libraries. Nat. Chem. Biol.
2007, 3, 438-441. [CrossRef]

Inglese, J.; Johnson, R.L.; Simeonov, A.; Xia, M.; Zheng, W.; Austin, C.P; Auld, D.S. High-Throughput Screening Assays for the
Identification of Chemical Probes. Nat. Chem. Biol. 2007, 3, 466-479. [CrossRef]

Médici, R.; Dominguez de Maria, P,; Otten, L.G.; Straathof, A.].]. A High-Throughput Screening Assay for Amino Acid Decar-
boxylase Activity. Adv. Synth. Catal. 2011, 353, 2369-2376. [CrossRef]

Fabbrini, M.; Galli, C.; Gentili, P. Comparing the Catalytic Efficiency of Some Mediators of Laccase. ]. Mol. Catal. B: Enzym. 2002,
16, 231-240. [CrossRef]

Kulys, J.; Vidziunaite, R. Kinetics of Laccase-Catalysed TEMPO Oxidation. . Mol. Catal. B: Enzym. 2005, 37, 79-83. [CrossRef]
Isogai, A.; Hanninen, T.; Fujisawa, S.; Saito, T. Review: Catalytic Oxidation of Cellulose with Nitroxyl Radicals under Aqueous
Conditions. Prog. Polym. Sci. 2018, 86, 122-148. [CrossRef]

Diaz-Rodriguez, A.; Martinez-Montero, L.; Lavandera, I.; Gotor, V.; Gotor-Fernandez, V. Laccase/2,2,6,6-Tetramethylpiperidinoxyl
Radical (TEMPO): An Efficient Catalytic System for Selective Oxidations of Primary Hydroxy and Amino Groups in Aqueous
and Biphasic Media. Adv. Synth. Catal. 2014, 356, 2321-2329. [CrossRef]

Kedziora, K.; Diaz-Rodriguez, A.; Lavandera, I.; Gotor-Fernandez, V.; Gotor, V. Laccase/ TEMPO-Mediated System for the
Thermodynamically Disfavored Oxidation of 2,2-Dihalo-1-Phenylethanol Derivatives. Green Chem. 2014, 16, 2448-2453. [CrossRef]
Diaz-Rodriguez, A.; Rios-Lombardia, N.; Sattler, ].H.; Lavandera, I.; Gotor-Fernandez, V.; Kroutil, W.; Gotor, V. Deracemisation of
Profenol Core by Combining Laccase/ TEMPO-Mediated Oxidation and Alcohol Dehydrogenase-Catalysed Dynamic Kinetic
Resolution. Catal. Sci. Technol. 2015, 5, 1443-1446. [CrossRef]

Jonsson, L.; Sjostrom, K.; Haggstrom, I.; Nyman, P.O. Characterization of a Laccase Gene from the White-Rot Fungus Trametes
versicolor and Structural Features of Basidiomycete Laccases. Biochim. Biophys. Acta-Protein Struct. Molec. Enzym. 1995, 1251,
210-215. [CrossRef]

Garzillo, A.M.; Colao, M.C.; Buonocore, V.; Oliva, R.; Falcigno, L.; Saviano, M.; Santoro, A.M.; Zappala, R.; Bonomo, R.P.; Bianco,
C.; et al. Structural and Kinetic Characterization of Native Laccases from Pleurotus ostreatus, Rigidoporus lignosus, and Trametes
trogii. . Protein Chem. 2001, 20, 191-201. [CrossRef]

Troiano, D.; Orsat, V.; Dumont, M.-J. Use of Filamentous Fungi as Biocatalysts in the Oxidation of 5-(Hydroxymethyl)Furfural
(HMF). Bioresour. Technol. 2022, 344, 126169. [CrossRef]

Zhang, C.; Chang, X.; Zhu, L.; Xing, Q.; You, S.; Qi, W.; Su, R.; He, Z. Highly Efficient and Selective Production of FFCA from
CotA-TJ102 Laccase-Catalyzed Oxidation of 5-HMF. Int. J. Biol. Macromol. 2019, 128, 132-139. [CrossRef]

Wei, J.; Yang, L.; Feng, W. Efficient Oxidation of 5-Hydroxymethylfurfural to 2,5-Furandicarboxylic Acid by a Two-Enzyme
System: Combination of a Bacterial Laccase with Catalase. Enzyme Microb. Technol. 2023, 162, 110144. [CrossRef] [PubMed]
Zou, L.; Zheng, Z.; Tan, H.; Xu, Q.; Ouyang, J. Synthesis of 2,5-Furandicarboxylic Acid by a TEMPO/Laccase System Coupled
with Pseudomonas putida KT2440. RSC Adv. 2020, 10, 21781-21788. [CrossRef] [PubMed]

Lettera, V.; Piscitelli, A.; Leo, G.; Birolo, L.; Pezzella, C.; Sannia, G. Identification of a New Member of Pleurotus ostreatus Laccase
Family from Mature Fruiting Body. Fungal Biol. 2010, 114, 724-730. [CrossRef]

Pezzella, C.; Giacobelli, V.G.; Lettera, V.; Olivieri, G.; Cicatiello, P,; Sannia, G.; Piscitelli, A. A Step Forward in Laccase Exploitation:
Recombinant Production and Evaluation of Techno-Economic Feasibility of the Process. ]. Biotechnol. 2017, 259, 175-181.
[CrossRef] [PubMed]

Palmeiri, G.; Giardina, P.; Marzullo, L.; Desiderio, B.; Nittii, G.; Cannio, R.; Sannia, G. Stability and Activity of a Phenol Oxidase
from the Ligninolytic Fungus Pleurotus ostreatus. Appl. Microbiol. Biotechnol. 1993, 39, 632-636. [CrossRef] [PubMed]

Macellaro, G.; Baratto, M.C.; Piscitelli, A.; Pezzella, C.; Fabrizi de Biani, F.; Palmese, A.; Piumi, F.; Record, E.; Basosi, R.; Sannia, G.
Effective Mutations in a High Redox Potential Laccase from Pleurotus ostreatus. Appl. Microbiol. Biotechnol. 2014, 98, 4949-4961.
[CrossRef]

Mocak, J.; Bond, A.M.; Mitchell, S.; Scollary, G. A Statistical Overview of Standard (IUPAC and ACS) and New Procedures
for Determining the Limits of Detection and Quantification: Application to Voltammetric and Stripping Techniques (Technical
Report). Pure Appl. Chem. 1997, 69, 297-328. [CrossRef]


https://doi.org/10.1186/s13068-020-01705-z
https://doi.org/10.1002/jctb.6670
https://doi.org/10.1177/108705719900400206
https://doi.org/10.1038/nchembio0807-438
https://doi.org/10.1038/nchembio.2007.17
https://doi.org/10.1002/adsc.201100386
https://doi.org/10.1016/S1381-1177(01)00067-4
https://doi.org/10.1016/j.molcatb.2005.09.010
https://doi.org/10.1016/j.progpolymsci.2018.07.007
https://doi.org/10.1002/adsc.201400260
https://doi.org/10.1039/c4gc00066h
https://doi.org/10.1039/C4CY01351D
https://doi.org/10.1016/0167-4838(95)00104-3
https://doi.org/10.1023/A:1010954812955
https://doi.org/10.1016/j.biortech.2021.126169
https://doi.org/10.1016/j.ijbiomac.2019.01.104
https://doi.org/10.1016/j.enzmictec.2022.110144
https://www.ncbi.nlm.nih.gov/pubmed/36279638
https://doi.org/10.1039/D0RA03089A
https://www.ncbi.nlm.nih.gov/pubmed/35516629
https://doi.org/10.1016/j.funbio.2010.06.004
https://doi.org/10.1016/j.jbiotec.2017.07.022
https://www.ncbi.nlm.nih.gov/pubmed/28751274
https://doi.org/10.1007/BF00205066
https://www.ncbi.nlm.nih.gov/pubmed/7763931
https://doi.org/10.1007/s00253-013-5491-8
https://doi.org/10.1351/pac199769020297

Int. . Mol. Sci. 2023, 24, 16861 18 of 18

111. Ershadi, S.; Shayanfar, A. Are LOD and LOQ Reliable Parameters for Sensitivity Evaluation of Spectroscopic Methods? |. AOAC
Int. 2018, 101, 1212-1213. [CrossRef]

112. Piscitelli, A.; Giardina, P.; Mazzoni, C.; Sannia, G. Recombinant Expression of Pleurotus ostreatus Laccases in Kluyveromyces lactis
and Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 2005, 69, 428-439. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.5740/jaoacint.17-0363
https://doi.org/10.1007/s00253-005-0004-z

	Introduction 
	Results and Discussion 
	Rationale and Set-Up of the Assay Methodology towards DFF 
	Linearity and Sensitivity of the Assay 
	Robustness of the Assay: Interference of Side Products 
	Application of the Colorimetric Assay: Kinetics Measurements 

	Materials and Methods 
	Colorimetric Assay Conditions 
	Determination of LOD and LOQ Values 
	Determination of Z’ Values 
	Laccase Activity Assay 
	Reaction Progress Curves for the Laccase–Mediator Systems and Initial Rate Measurements 

	Conclusions 
	Appendix A
	Appendix B
	Appendix C
	References

