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ABSTRACT: The preparation of compounds of interest from
biomass-derived S-hydroxymethylfurfural (HMF) has attracted Z
considerable attention. One such compound is 2,5-diformylfuran s N\ HMF

(DFF), obtained through oxidation of the hydroxyl group of HMF. = \

Herein, we describe for the first time the whole-cell oxidation of \ = _
HMF to DFF by Fusarium culmorum EAN 51. Although the — / A\ /
chemocatalytic transformation of HMF into DFF has been widely — —_ )\ T

\
s oco, { \ ( \
studied, biocatalytic processes have been scarcely reported and are BB A R = =

F. culmorum growth Biotransformation

limited to enzymatic synthesis using the combination of several |- -_— “ge ' £ (/\@/\m — T o
enzymes. The whole-cell transformation of HMF into DFF is |:. / \-:: / 5 HMF (DFF]

preferable thanks to the inherent presence of the different o v v\oﬂls G e

enzymes, significantly reducing the cost of the process. F. culmorum Media optimization through RSM

showed a high capability to reduce to 2,5-di(hydroxymethyl)furan

(DHMF) and oxidize to DFF the substrate with high yields depending on the nitrogen source and the concentration of peptone and
glucose in the media, which highly affected the redox capability of this strain. After careful optimization of the concentration of both
nutrients through response surface methodology, S0 mM HMF were transformed into DFF with a high yield (92%) and selectivity
(94%). These results open a new line of investigation in the sustainable production of DFF from renewable biobased resources.

KEYWORDS: Biotransformation, RSM, Fusarium culmorum, Biocatalysis, HMF, DFF

B INTRODUCTION

The dependence on fossil resources to prepare chemical
building blocks is a concern that manifests the need for greener
chemistry based on new sustainable production pathways from
renewable biobased resources. Lignocellulosic biomass, which
is abundant as waste, can be transformed into several
compounds of commercial interest.' One such compound is
S-hydroxymethylfurfural (HMF), a platform chemical obtained
through dehydration of sugars present in lignocellulosic
material. It is considered one of the “Top 10 + 4” list of
biobased chemicals according to the U.S. Department of
Energy (DOE).” The presence of one aldehyde group and one
hydroxyl group allows the preparation of different value-added
derivatives such as 2,5-di(hydroxymethyl)furan (DHMFE), 2,5-
diformylfuran (DFF), S-hydroxymethyl-2-furancarboxylic acid
(HMFCA), 5-formyl-2-furancarboxylic (FFCA) acid, and 2,5-
furandicarboxylic acid (FDCA) through oxidation/reduction
reactions. The market value of these compounds is higher than
that of HMF, and for this reason, it is considered an excellent
intermediate between biomass waste and biochemicals.” DFF
results from the oxidation of the hydroxyl group present in
HMEF, and therefore, it contains two symmetrical aldehyde
groups. It is a precursor with applications in the synthesis of
polymers, fluorescent materials, and therapeutics, among

others,""® and it may be an interesting building block for the
preparation of biobased polyurethane thermosets.”

The synthesis of DFF has been carried out by using chemical
catalysis.”'” Yan et al. catalyzed the selective oxidation of HMF
to DFF at 130 °C and 3 MPa O, with high conversion (93.7%)
and selectivity (94.5%) using nanobelt-arrayed vanadium oxide
hierarchical microspheres.'’ Later, a DFF yield of 99% was
achieved at 120 °C and 20 mL/min O, starting from HMF
using highly active and robust vanadium dioxide-embedded
mesoporous carbon spheres.'” The chemocatalytic synthesis of
DFF has also been studied starting from fructose by
dehydration to HMF and selective oxidation to DFF. Zhao
et al. achieved a DFF yield of 77% at 150 °C and 20 mL/min
O, using a series of protonated molybdenum trioxide and
nitrogen-doped carbon bifunctional catalysts.'” Further, the
catalyst could be recovered and reused without significant loss
of activity. Recently, carbon nanoplates synthesized by a
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molten-salt method showed a DFF yield of 70.3% in a one-pot
and one-step conversion of fructose to DFF performed at 140
°C using oxygen as the only oxidant."*

Although the recent results obtained by chemocatalytic
methods are promising and encouraging, biocatalytic prepara-
tion is an attractive alternative thanks to its advantages such as
milder reaction conditions, no need for high-cost chemicals as
many of the chemical processes, and higher selectivity.®
Nonetheless, reports in the literature are scarce. The enzymatic
oxidation of HMF to DFF via galactose oxidase (GO), catalase,
and horseradish peroxidase (HRP) has been reported with
almost quantitative yields within 96 h for a concentration of
HMEF of 30 mM."> The main drawbacks of this study were that
the use of these three enzymes added a high cost to the
process, and the DFF productivity was low, considering the
long reaction time needed. Later, Wu et al. immobilized the
same three enzymes into Cus(PO,), nanoflowers, which
allowed a higher concentration of substrate (200 mM) while
keeping high yields, although the reaction times were still long
(168 h), leading to a low productivity.'® Recently, the fungal
enzymes glyoxal oxidase (MtGLOx)'” and aryl alcohol oxidase
(CgrAAO)"® have shown good preliminary results in the
catalytic synthesis of DFF from HMF starting from low
concentrations of substrate (<20 mM). Although promising
results have been obtained by enzymatic catalysis, the low
concentrations of substrate and productivities obtained call for
more research. Furthermore, the whole-cell transformation of
HMF into DFF has not been described. Whole cells offer
advantages in the biocatalytic upgrade of HMF because they
are low priced, more stable, provide a protective environment
to enzymes, and have no need for separation and purification
of the enzymes.”'”*° Specifically, in the HMF oxidation to
DFF, the whole-cell transformation is of great interest due to
the need to combine different enzymes for efficient oxidation.
The use of a single whole-cell catalyst would reduce the cost of
the process thanks to the inherent presence of all the enzymes
required. Moreover, whole cells allow the implementation of
hybrid processes combining microbial and enzyme catalysis,
which may be promising in the valorization of compounds
such HME.”!

The biggest challenge for the whole-cell transformation of
HMEF is its high toxicity toward microorganisms, and more
research is needed to advance toward the valorization of HMF
in this regard.”® Fusarium species have proven to be good
biocatalysts for the transformation of HMF due to their high
tolerance toward high HMF concentrations using a low
inoculum size,”> and some Fusarium species are natural
producers of the enzyme GO,”** the catalyst of the oxidation
of HMF to DFF, as mentioned above. Therefore, Fusarium
species are promising candidates for the whole-cell oxidation of
HMEF to DFF. Moreover, the recovery of polysaccharides with
immunomodulatory and antioxidant properties from Fusarium
after the biotransformation would assist in integrating the
process in the circular econorny.25 Furthermore, products
obtained through biotransformation using Fusarium can be
labeled as “natural”.”®

Response surface methodology is an experimental technique
widely used to find the optimum conditions for a process. It
consists of the use of mathematical optimization techniques to
evaluate the relationship between a set of variables and one or
more responses, and it is based on the sequential design and
analysis of experiments.”””® Commonly, a first-order design
(such as a factorial design) is first assessed, and a linear model
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is fit. It is possible to use widespread data points at this stage to
get an overview of the design space.”” When evidence of
curvature is found (with techniques like the path of the
steepest ascent or the addition of central points to the factorial
design™), a second-order design (such as a central composite
design (CCD)) can be built from the initial or a new factorial
design by the addition of axial points. This allows the fit of a
quadratic model that, ideally, will locate a region of interest
within the design space where the process is improved.”” ™'
However, this is not the only possibility, and different
experimental approaches are described, such as performing a
new CCD experiment in each optimization step by discarding
parts of the design space that give suboptimal responses
(adaptive RSM) or centrally building a new design space
around each successive optimum (successive RSM).27 RSM
presents several advantages in medium optimization compared
to traditional methodologies such as one factor at a time
(OFAT), which is based on performing changes of one
variable at a time while keeping others constant at fixed values.
More information (such as interactions among the variables)
can be obtained with fewer experiments, time, and
materials.”**

The capability of F. culmorum EANS1 to biotransform HMF
into an unknown compound was previously reported in a
screening of different Fusarium species.”” This compound was
further identified as DFF; however, the yield and selectivity
obtained were low and far from optimal. In this work, the
capability of this fungus to produce DFF is assessed by
evaluating the effect of different nitrogen sources and through
optimization of the concentration of peptone and glucose in
the culture medium through RSM.

B EXPERIMENTAL SECTION

Materials. F. culmorum EAN 51 (UdL-TA-3.237) was obtained
from the Spanish Type Culture Collection (CECT2148). HMF
(98%) was purchased from Fluorochem Ltd. (Hadfield, UK). DHMF
(97%) was purchased from Apollo Scientific (Stockport, UK). DFF
(97%), ethyl acetate, casein hydrolysate, and glucose were purchased
from Sigma-Aldrich (Missouri, USA). Malt extract was purchased
from Condalab (Madrid, Spain). Peptone digest of meat was
purchased from Biokar (Barcelona, Spain). Peptone from soybean
was purchased from Acros Organics (Pittsburgh, PA, USA).

Cultivation of F. culmorum. F. culmorum was maintained by
replications on malt extract agar (MEA: 20 g/L of malt extract, 20 g/L
of glucose, 1 g/L of peptone from soybean, 15 g/L of agar) at 4 °C.
Before biotransformation experiments, it was activated in MEA for 7
days in the dark at 28 °C.

Selection of Nitrogen Source. The activated strain of F.
culmorum was inoculated into flasks containing 15 mL of MES (20 g/
L of malt extract, 20 g/L of glucose, 9 g/L of peptone from soybean),
MEM (20 g/L of malt extract, 20 g/L of glucose, 9 g/L of peptone
from meat), or MEC (20 g/L of malt extract, 20 g/L of glucose, 9 g/L
of peptone from casein) by the addition of three fungal discs of 8 mm
taken from the solid MEA medium. The pH of the media was 5.25.
The flasks were incubated in a rotatory shaker in the dark at 28 °C
and 160 rpm. After 3 days, HMF was added to the media at a
concentration of 50 mM. Analyses were performed 72 h after the
HMF addition.

Optimization of Glucose and Peptone Concentrations. The
activated strain of F. culmorum was inoculated into flasks containing
1S mL of MEC containing different concentrations of glucose and
peptones by adding three fungal discs of 8 mm taken from the solid
MEA medium. The pH of the media was 5.25. The flasks were
incubated in a rotatory shaker in the dark at 28 °C and 160 rpm. After
3 days, HMF was added to the media at a concentration of 50 mM.
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Table 1. First and Second Central Composite Designs

Levels
First CCD Second CCD
Factors —a (—1.41) -1 0 1 a (1.41) —a (—1.41) -1 0 1 a (1.41)
[Peptone] (g/L) 0.5 3 9 15 17.5 6.3 7.5 10.5 13.5 14.7
[Glucose] (g/L) 0.20 6 20 34 39.8 14.9 17 2 27 29.1

Response Surface Methodology. Two successive central
composite designs were built for the optimization of the glucose
and peptone concentration in the media. The experimental conditions
of both models are shown in Table 1. The two-factor central
composite designs were developed starting from 27 factorial points,
adding a central point performed in quintuplicate, and finally adding
four axial points (& = 1.41). The response for both models was the
maximum DEFF yield obtained within 48 h of reaction.

The full second-order model in terms of the coded variables is

Y= fy + Bx + fpxy + ﬂuxlz + ﬂzzxff + Byxi, (1)

where Y represents the parameter to be modeled (DFF yield), f, a
constant coefficient, #; and S, the regression coeflicients for linear
effects, 3, and f3,, the regression coeflicients for quadratic effects, /3,
the regression coefficient for the interaction effect, and x, and x, the
independent coded variables ([peptone] and [glucose], respectively).

The model was validated by running independent assays at the
optimum conditions in triplicate and at different points within the
design space in duplicate.

GC-FID Analysis. Aqueous aliquots were withdrawn from the
reaction broth at selected reaction times. The compounds were
extracted from the aqueous aliquots using ethyl acetate. GC-FID
analyses were performed with an Agilent 7890 GC (Agilent
Technologies, Palo Alto, CA, USA) with an ultrainert splitless liner
containing a piece of glass wool coupled to an FID detector. For the
chromatographic separation, an FFAP (30 m X 0.25 mm i.d.; 0.25 ym
film thickness) column from Agilent was used at a constant flow of 1
mL/min using hydrogen as the carrier gas. The injector temperature
was 230 °C, and the oven program was from 100 °C (held for 1 min)
to 240 °C at 20 °C/min (held for S min). Calibration curves were
performed periodically for the quantification of the compounds.

Determination of Amino Acid Profile by UHPLC. The amino
acid contents of the samples were determined on freeze-dried and
pulverized tissue. Acidic hydrolysis of the sample (50 mg) was carried
out using 5 mL of 6 N HCI (110 °C, overnight, under N,).>***
Hydrolysis tubes were cooled and centrifuged at 3000g for 30 min to
remove particulate matter. Aliquots of 25 uL of hydrolysate were
evaporated using a SpeedVac and reconstituted in 500 uL of
water:acetonitrile (20:80, v/v). Samples were filtered through a 0.22
um hydrophilic polytetrafluoroethylene (PTFE) membrane before
injection. The injection volume was 5 uL.

Quantitation of individual amino acids was performed using a
method described by Guo et al. with modifications.>> UHPLC was
performed using a Waters Acquity system equipped with a BEH
Amide column (2.1 mm X 150 mm; 1.7 um). The mobile phase
consisted of solvent A (10 mM ammonium formate in water with
0.15% formic acid) and solvent B (ammonium formate-saturated
acetonitrile with 0.15% formic acid). The gradient elution followed
was 15% A and 85% B maintained for 3 min at 0.5 mL/min, then
from 15% to 20% A in 3 min, from 20% to 24% A in 1.5 min, from
24% to 60% A at 0.6 mL/min in 1.5 min, and maintained for 3 min.
Finally, initial conditions were regained in 2 min. The flow rate of the
mobile phase was 0.5 mL/min, and the column temperature was
maintained at 30 °C. The column was cleaned with weak (20%
acetonitrile) and strong (80% acetonitrile) washing solvents between
injections.

Detection and quantitation of amino acids in the hydrolysate were
performed by using a multiple reaction monitoring method (MRM)
in a triple quadrupole detector (TQD) mass spectrometer. The
system was equipped with an electrospray ionization (ESI) source

operated in positive ion mode. Parameters in the source were set as
described in the bibliography.*®

Statistical Analysis. The statistical analyses were assessed using
the software JMP Pro 14 (SAS). The results obtained were subjected
to analysis of variance (ANOVA). Statistical significance was assessed
with the p-value in Fisher’s test with a 95% confidence level. The
assumption of normality was tested using Shapiro—Wilk normality
test.

Recovery of DFF from Reaction Media. The biotransformation
broth was extracted three times with ethyl acetate. The organic
extracts were dried over Na,SO, anhydrous. Then, they were filtrated
and evaporated to dryness. The purity of the crude reaction product
was assessed by NMR.

B RESULTS AND DISCUSSION

Effect of Nitrogen Source. The selection of adequate
nitrogen and carbon sources and the concentration of both
nutrients in the media can significantly improve the yields and
productivities of biocatalytic processes when working with
whole cells.”* Filamentous fungi require organic compounds as
carbon and energy sources due to their heterotrophic nature.
Sugars are the preferred carbon source for the growth of the
cells because they are easily incorporated into the micro-
organism metabolism. Among them, glucose is one of the most
common ingredients of microbial media;*° it is crucial for the
biotransformation of HMF by Fusarium species” and has
proven to be a good carbon source for the production of GO
by Fusarium species.”” Therefore, it was selected as the carbon
source. The preferred nitrogen source, however, is not as
evident and highly depends on the microorganism and the
process studied. Nitrogen may be added to the media as
inorganic compounds, such as ammonia or nitrate, or as
organic compounds, such as peptones or free amino acids, and
it plays a crucial role in the metabolite and enzyme production
of the cells.”® The effect of the nitrogen source was assessed by
studying the influence of three different peptones (soybean,
meat, and casein) over the HMF transformation (Figure 1).
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Figure 1. Effect of nitrogen source on HMF transformation.
Conditions: 50 mM HMF; 15 mL of MEM, MES, or MEC medium;
three discs of biocatalyst; pH 5.25; 160 rpm; 28 °C; and 72 h.
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When soybean or meat peptones were added to the media,
HMF was exclusively reduced to 2,5-di(hydroxymethyl)furan
(DHMF), a process reported using whole cells as biocata-
lysts.”**~*" However, when peptone from casein was added to
the media, both DHMF and DFF were produced and
identified in the reaction broth. This indicated that the
oxidative process was favored when peptone from casein was
used as a nitrogen source under the conditions studied.
However, the DFF yield (70%) and selectivity (80%) were not
optimal. Moreover, HMF was not wholly transformed. For
these reasons, peptone from casein was selected for further
optimization.

The production, secretion, and maturation of GO, the
enzyme likely involved in the oxidation of HMF to DFF by F.
culmorum, is a complex process that requires several steps and
cofactors.”® The effect of the different peptones on the redox
capability of F. culmorum may be attributed to a different
amino acid profile, peptides of different types and sizes, and the
presence of microelements. The amino acid profile of the
peptones was determined by UHPLC (Supporting Informa-
tion) and revealed significant differences in the amino acid
content of each of the peptones, which might influence the
metabolism of the fungus. Moreover, not only the amino acid
profile but the total percentage of amino acids were different
(84%, 94%, and 66% for meat, casein, and soybean peptones,
respectively), which directly impacts the protein synthesis of
the microorg;mism.42 For these reasons, it is difficult to
establish a relationship between a nitrogen source and the
synthesis of certain enzymes. Further studies on a genetic level
may provide valuable information.*

Optimization of Glucose and Peptone Concentration
in the Media through Response Surface Methodology.
Glucose and peptone concentrations were selected as variables
due to their strong influence on the metabolism of filamentous
fungi.*® The selection of the variable ranges is one of the most
critical points in any optimization study and highly depends on
the process studied. Due to the capability of F. culmorum to
reduce and oxidize HMF, widely spread points within the
common values of both nutrients in microbiological media
were first selected to get an overview of the design space. It is
worth mentioning that the strategy employed in the sequential
development of any model highly depends on the nature of the
response system, and it should be adapted to every situation.
Therefore, a 2* factorial design was first performed to study the
effects of glucose and peptone concentration over DFF
production (Table 2, runs 1—4).

Table 2. Full Factorial Design Augmented with the Central
Point

Coded levels Real values Response
[Peptones] [Glucose] DEFF yield
Run Peptones Glucose g/L) (g/L) (%)
1 1 1 15 34 51.69
2 1 -1 15 6 0
3 -1 1 3 34 0
4 -1 -1 3 6 0
S 0 0 9 20 67.06
6 0 0 9 20 71.76
7 0 0 9 20 75.04
8 0 0 9 20 60.65
9 0 0 9 20 81.82

There was DFF production only for the high level of both
variables, with a yield of 52%. DHMF was also produced with a
lower yield (26%). The other combinations of the variables
yieldled DHMF exclusively with high yields (Supporting
Information). This indicated that peptone from casein only
induced the oxidation into DFF under certain conditions.
Further increases of the concentration of both nutrients above
the higher levels (15 g/L of peptones and 34 g/L of glucose)
were not considered due to the high cost implied and the
unrealistic approach it would pose. Instead, a study within the
ranges selected was evaluated, taking into account that the
objective is not only to maximize the DFF yield but to do it at
the lowest cost possible. One of the limitations of two-level
factorial designs is the assumption of linearity in the factor
effects. Adding a central point to the 2* design can overcome
that by allowing the estimation of curvature from second-order
effects.”® Therefore, the design was augmented by including
the central point performed in quintuplicate, as shown in Table
2 (runs 5-9).

After fitting a first-order model to the data, the lack of fit was
highly significant (p < 0.001), indicating that something was
missing in the model. Furthermore, the data suggested strong
evidence for curvature in the region studied. One way to assess
the presence of quadratic curvature is by calculating the
difference between Y;and Y,, being Y; the average of the runs at
the factorial points (Table 2, runs 1—4) and Y, the average of
the center point runs (Table 2, runs 5—9). The largest this
value is, the more evidence there is for quadratic curvature in
the model.’” In this case, Y; — Y, = —58.35, a value large
enough to suggest the presence of quadratic effects. This
indicated that the optimum was somewhere within the region
considered in the first linear model, and there was no need to
increase the concentration of both nutrients further.

First Central Composite Design. The findings suggested
that augmentation of the design to allow the fitting of a
complete second-order model would be useful. The model was
augmented by the addition of axial runs (a = 1.41),
transforming it into a rotatable central composite design
(Table 3). This allowed the fitting of a complete second-order
model and efficient estimation of pure quadratic terms. The
information about the model can be found in the Supporting
Information. Overall, it satisfied all the model adequacy
checking while being statistically significant.

Several conditions gave a response value of 0, suggesting that
the design space may have been too ample, and therefore, most
of the factorial and axial points resided far away from the
optimum. Despite that, the model allowed a visual
interpretation of the data that gave an overview of the
oxidation process within the wide region studied (Figure 2),
identifying a region of interest containing the optimum where
the subsequent experimentation should take place (Figure 2a).

Results indicated that the oxidation capability of F. culmorum
was highly affected by the concentration of glucose and
peptone in the growth medium. Both nutrients must be at
specific concentrations for the oxidation to occur with high
yields. The reductive pathway was favored above or below
these concentrations, and DHMF was produced (Supporting
Information), while DFF yields decreased drastically. This
indicated strong evidence of curvature within the region
studied, which was in concordance with the excellent fit of the
quadratic model.

The model was good at estimating the curvature shown by
both variables and locating the region of interest, but it
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Table 3. Experimental Design and Responses of the First Central Composite Design

Coded levels Real values Response
Run Peptone Glucose [Peptone] (g/L) [Glucose] (g/L) DFF vyield jpgervea (%) DFF yield, egicred (%)
1 1 1 15 34 51.69 45.28
2 1 -1 15 6 0 6.49
3 -1 1 3 34 0 —8.79
4 -1 -1 3 6 0 4.11
S 0 0 9 20 67.06 71.26
6 0 0 9 20 71.76 71.26
7 0 0 9 20 75.04 71.26
8 0 0 9 20 60.65 71.26
9 0 0 9 20 81.82 71.26
10 1.41 0 17.5 20 43.24 42.70
11 —1.41 0 0.5 20 0 2.84
12 0 1.41 9 39.8 0 10.28
13 0 —1.41 9 0.2 0 —-7.99
LM
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Figure 2. Contour plot (a) and surface plot (b) of the first central composite design. The region of interest selected for further experimentation is

squared.

Table 4. Experimental Design and Responses of the Second Central Composite Design

Coded levels Real values Response
Run Peptone Glucose [Peptone] (g/L) [Glucose] (g/L) DFF yield jpeervea (%) DFF yield, egicred (%)
1 0 0 10.5 22 80.28 86.32
2 0 —1.41 10.5 14.9 82.48 84.17
3 0 1.41 10.5 29.1 42.14 43.15
4 1 1 13.5 27 86.78 86.90
S 0 0 10.5 22 90.84 86.32
6 —1.41 0 6.3 22 17.94 21.02
7 0 0 10.5 22 86.96 86.32
8 1 -1 13.5 17 67.92 67.55
9 -1 -1 7.5 17 77.85 75.04
10 -1 1 7.5 27 0 —-2.33
11 141 0 14.7 22 79.22 78.83
12 0 0 10.5 22 87.40 86.32
13 0 0 10.5 22 86.10 86.32

provided little information about the optimum. The ranges
selected for both variables were too widespread, and extreme
responses were observed (note that only three of the nine
conditions assayed yielded DFF). Moreover, the maximum
yields predicted by the model were not optimal (74.1% +
9.7%). The results manifested the need for further

optimization to determine how sensitive the response was
when moving within the region of interest containing the
estimated optimum, therefore obtaining more information
about the process and, hopefully, a better estimation of the
optimum conditions. Due to the evidence of curvature
provided, a second quadratic model was built around the
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Table 5. ANOVA of the Second Central Composite Design

Source Sum of squares DF Mean square F-ratio Prob > F
Model 10233.995 S 2046.80 167.5672 <0.0001
[Peptone] (x,) 3341.5097 1 3341.5097 273.5625 <0.0001
[Glucose] (x,) 1682.9611 1 1682.9611 137.7805 <0.0001
x; X Xy 2338.4825 1 2338.4825 191.4467 <0.0001
x X x; 2303.3001 1 2303.3001 188.5664 <0.0001
Xy X %y 893.0352 1 893.0352 73.1109 <0.0001
Error 85.504 7 12.21
Lack of fit 26.9934 3 8.9978 0.6151 0.6405
Pure error 58.5101 4 14.6275
R* = 0.9917; R gjusted = 0.9857; R pregicteat 0.9725

m:
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Figure 3. Contour plot (a) and surface plot (b) of the second central composite design.

region of interest, highlighted in Figure 2a, establishing a
smaller design space within the one used in the first model.

Second Central Composite Design. A randomized
rotatable central composite design was performed. The central
point and the ranges of the variables were selected according to
the information obtained from the first model. Therefore, the
parts of the design space that corresponded to suboptimal
responses were discarded, and the new design space was built
around the optimum previously found. The maximum DFF
yield was generally observed at 48 h for the different conditions
(Supporting Information), and therefore, the analysis was
performed at that time. Table 4 shows the experimental design,
responses observed, and responses predicted by the model.

Analysis of variance (ANOVA) is presented in Table S. The
model explained 98.57% of the variability in the data, and we
could expect the model to explain 97.25% of the variability in
predicting new observations.

The p-value for the model was less than 0.05, indicating that
it was statistically significant, while the lack of fit was
statistically insignificant (p = 0.640S). The concentration of
peptone and glucose, the interaction between both variables,
and the quadratic effects were highly significant (p < 0.0001).
Therefore, both the concentration of peptone and glucose
showed curvature evidence in the response within the design
space. The fitted second-order response function in terms of
coded variables is

DFF Yield (%) = 86.32 + 20.44x, — 14.50x, — 18.20x,”
— 11.33x,> + 24.18xx, Q)

where the negative signs of the regression coefficients for the
quadratic terms indicate the existence of a local maximum
within the design space, and the magnitude of the coefficients
is proportional to their effects.

Results displayed in Figure 3 confirm that the oxidation
capability of F. culmorum was highly affected by the
concentration of glucose and peptone in the media. It is
worth noting that the contour plot of the second model
(Figure 3a) differs from the same region within the first model
(Figure 2a). This reinforced the previous hypothesis that the
first model provided little information about the optimum,
although it successfully located the region of interest.
Interestingly, the visual results suggest that high yields come
from a certain ratio between glucose and peptone concen-
tration. Peptone and glucose are known to be some of the most
expensive ingredients of culture media. Therefore, the results
obtained were useful because besides estimating the optimum
conditions, they estimate the minimum amount of both
nutrients that gives satisfactory enough yields, reducing the
cost of the process.

Validation of the Model. Although RSM models are
usually validated only at the optimum conditions, the accuracy
of the model’s predictions within different regions of the
design space was considered of interest. Therefore, the model
was validated by running independent assays at the optimum
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Table 6. Validation of the Second Central Composite Design®

Coded levels

Real values

Run Peptone Glucose [Peptone] (g/L)
1° 0.47 —0.14 119
2 0.5 0.5 12
3 0 -1 10.5
4 —0.2 —0.2 9.9
S —-1.35 -1 6.3
6 -0.5 —-0.4 9

[Glucose] (g/L) Predicted yield (%) Observed yield (%)

21.3 92.12 92.08 + 4.30
24.5 87.95 90.04 + 021
17 89.49 86.63 + 0.50
21 84.92 86.40°

27 <0 0

29 80.38 7127 + 8.00

“Conditions: 50 mM HMF, three discs of biocatalyst, pH 5.25, 160 rpm, and 28 °C. bSample loss. “Optimum conditions.

point (Table 6, run 1) at three selected points within the
design space where the predicted DFF yields were higher than
80% (Table 6, runs 2—3—4) and at one point where the
predicted yield was <0 (Table 6, run S). In addition, the
central point from the first model, which was within the design
space, was also considered (Table 6, run 6).

The predictions made by the model were highly accurate for
the optimum (Table 6, run 1) and most of the other
conditions evaluated (Table 6, runs 2—S5), with errors less than
5%. For run 6, the yields were slightly overestimated, arguably
due to the high variability observed among the repetitions.
Nevertheless, the validation was satisfactory considering the
innate variability between independent assays when working
with whole cells. Moreover, it confirmed that there was a wide
range of conditions in which high yields (>85%) were
obtained. Figure 4 shows the concentration of the different

50 DFF
= HMF
+DHMF

40
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Figure 4. Reaction profile under the optimum conditions.
Conditions: 50 mM HMF, 15 mL of medium (20 g/L of malt
extract, 21.3 g/L of glucose, 11.9 g/L of peptones), three discs of
biocatalyst, pH 5.25, 160 rpm, and 28 °C.

compounds during the reaction under the optimum con-
ditions. Interestingly, there was some DHMEF production
within the first 6 h of the reaction that remained at a low
concentration until high concentrations of DFF were
quantified within 31 h, leading to a high yield (92%),
selectivity (94%), and productivity (4.4 g/(L-d)). Moreover,
DFF was stable in time as no significant differences were
observed at 48 h. This indicated that DFF was not further
oxidized to the corresponding acids by F. culmorum, making it
an interesting biocatalyst for DFF production. DFF was
successfully recovered from the reaction broth with a recovery
yield greater than 90% as a brown solid. The NMR of the
crude product was almost identical to that of the commercial
standard (Supporting Information).

Toxicity of HMF and DFF toward the Cells. The toxicity
level of HMF toward the cells was assessed by increasing the
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initial concentration of HMF added to the media up to 100
mM (Supporting Information). There was a decrease in the
DEFF yield when the initial concentration of HMF added was
higher than 50 mM, achieving a DFF yield of 70% and 40%
within 48 h for concentrations of HMF of 75 and 100 mM,
respectively. A fed-batch approach was considered to overcome
the toxic effect, in which 50 mM HMF was added again once
the substrate was metabolized entirely (Supporting Informa-
tion). However, there was no further transformation of the
HMF added in the second cycle, suggesting that the toxicity
level of DFF toward the cells is also around 50 mM under the
conditions studied. Different approaches can be taken to
overcome the toxic effect, such as increasing the inoculum size
of the cells by adding more discs or the inoculation in the form
of spores.”” To that end, the inoculation of the fungus from a
suspension of spores was assessed. However, there was HMF
reduction to DHMF with high yields (data not shown),
indicating that the way of inoculation of the fungus has a
significant effect on the HMF biotransformation. Another
possibility that is currently being considered is to perform a
biphasic system with a solvent that separates the DFF
produced from the media. Further work considering these
alternatives would improve the process performance and
efficiency.

Although several results have been reported in the enzymatic
synthesis of DFF from HMF, the low productivities obtained
manifest the need for further investigation. Moreover, the
combination of different enzymes, which are usually produced
and purified separately in different hosts, is needed to achieve a
high yield and selectivity,">'®** adding a high cost to the
process. F. culmorum shows the capability to reduce to DHMF
and oxidize to DFF high concentrations of HMF, depending
on media conditions. The enzymes that catalyze the reduction
of HMF to DHMF when using whole cells are described in
various microorganisms. For instance, Martins et al.*® and Ran
et al*® hypothesized that an aldehyde oxidoreductase is
responsible for the reduction in the filamentous fungi
Aspergillus nidulans and the fungi Pleurotus ostreatus,
respectively. However, the whole-cell oxidation of HMF to
DFF has not been described to the best of our knowledge.
Fusarium species are natural producers of the enzyme GO,””**
which catalyzes the oxidation of HMF to DFF with
quantitative yields in combination with catalase and
HRP.'>'° Arguably, F. culmorum can produce the enzymes
needed for the efficient oxidation of HMF to DFF, but their
expression is highly dependent on the nitrogen source and the
peptone and glucose concentrations in the media.

Hybrid processes, understood as the combination of
different biocatalytic approaches (fermentation, microbial
catalysis, and enzyme -catalysis) provide hope in the
biocatalytic sustainable transformation of substrates like
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HME.”" Therefore, the novel process presented could also be
used as an intermediate step in the synthesis of other HMF
derivatives (such as FDCA) produced through further
oxidation of DFF.

B CONCLUSIONS

Herein, we describe the whole-cell oxidation of HMF to DFF
for the first time to the best of our knowledge. The use of a
single whole-cell catalyst to produce DFF represents a
significant advance thanks to the inherent presence of all the
enzymes required, reducing the cost of the process. The
nitrogen source and the concentration of peptone and glucose
in the reaction media highly influenced the transformation of
HME by the strain of F. culmorum EAN 51. The concentration
of both nutrients was optimized through RSM, allowing DFF
production with a high yield (92%) and selectivity (94%)
starting from 50 mM HMF under the estimated optimum
conditions. Moreover, the RSM study provided a better
understanding of the conditions needed to efficiently oxidize
HMF, which could be of interest for further optimization of
the reaction. The knowledge acquired may not be limited to
the biocatalyst and process used. Furthermore, the process
described meets several principles of green chemistry: there is
no use or generation of toxic substances, the solvents and
auxiliaries used are safe, it is conducted at ambient temperature
and pressure, the substrate and the biocatalyst come from
renewable feedstocks, there is no use of derivatives, the
biocatalyst is highly selective and biodegradable, and it is
performed under mild and safe conditions. Finally, DFF can be
isolated from the broth yielding a crude final product similar to
the commercial one. These results open a new line of
investigation in the sustainable production of DFF from
renewable biobased resources.
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