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Cutinase Promotes Dry Esterification of Cotton Cellulose
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Cutinase from Thermobifida fusca was used to esterify the hydroxyl groups of cellulose
with the fatty acids from triolein. Cutinase and triolein were pre-adsorbed on cotton and the
reaction proceeded in a dry state during 48 h at 35°C. The cutinase-catalyzed esterification
of the surface of cotton fabric resulted in the linkage of the oleate groups to the glycoside
units of cotton cellulose. The superficial modification was confirmed by performing ATR-
FTIR on treated cotton samples and by MALDI-TOF analysis of the liquors from the treat-
ment of the esterified cotton with a crude cellulase mixture. Modified cotton fabric also
showed a significant increase of hydrophobicity. This work proposes a novel bio-based
approach to obtain hydrophobic cotton. © 2015 American Institute of Chemical Engineers
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Introduction

Cutinase (E.C. 3.1.1.74) is a serine esterase whose natural
substrate is cutin. Cutin, the structural component of the
outer envelope (the cuticle) of higher plants, is a polyester.
Cutinase is produced mainly by plant pathogens and it
hydrolyzes the ester bonds of cutin thereby releasing fatty
acids. Besides its natural substrate, cutinases are described to
catalyze the hydrolysis of a variety of polymers, insoluble
triacylglycerols, and low-molecular-weight soluble esters.' In
low water conditions, cutinases are also described as able to
catalyze esterification and trans-esterification reactions." This
versatile catalytic ability of cutinase is also described in a
wide range of fiber modifications like wool anti-felting,>”
cotton bio-scouring,*” and even synthetic fibers modifica-
tion.”™ The enzymatic esterification of Avicel and cotton
cellulose was reported’ using wild-type cutinase from Fusar-
ium solani and an engineered cutinase, fused with the
carbohydrate-binding module N1 from Cellolomonas fimi.
The surface esterification of hemicellulose films catalyzed by
lipases from Mucor javanicus, Rhizopus oryzae, Candida
rugosa and by a cutinase from F. solani pisi is reported by
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others.'” The specificities of cutinase and lipases were com-
pared. Lipase presented higher activity toward long alkyl
chain substrates while cutinase presented higher activity
toward shorter alkyl chain substrates.

The interest in cellulose esters is evident from the diversity
in type and applications of functionalized cellulose.'' Most
developed processes involve homogeneous reactions where
cellulose solubilization is a prerequisite.'> However, many
industries, such as the paper and textile industries, have a par-
ticular interest in the hydrophobization of the cellulose surface
rather than the extensive cellulose modification.

Hydrophobic surfaces are important because of the particu-
lar properties that they confer to a material such as water
repellency, self-cleaning, friction reduction, and antifouling.13
From the textile industry perspective, surface modifications of
cotton with long hydrophobic molecules would also improve
the perception of softness, which can be considered to be an
added-value. Traditional softeners are cation-active, anionic,
nonionic surfactants that include waxes, paraffin, microemul-
sions, and other polymers. In the case of cotton, the cationic
softeners ideally establish electrostatic bonds with cellulose
fibers, so that the hydrophobic ends (which give soft handle)
are directed outwards.'"* Despite its hydrophilicity, cellulose
has unmatched advantages as a substrate for the production of
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hydrophobic materials. These advantages include its abun-
dance, biodegradability, and unique physical, chemical, and
mechanical properties when compared to nonrenewable mate-
rials that are classically used.'? The modification of the sur-
face of cellulose is accomplished in heterogeneous chemical
or enymatic reactions, which are the subject of work aimed at
developing greener alternatives that are either chemical- or
enzymatic-based.'>'

The cutinases from 7. fusca had shown a great potential
for various textiles applications and were never reported
before as usable for the esterification of carbohydrates. Here
we report for the first time the direct modification of cotton
in the dry state with triolein and cutinase from 7. fusca aim-
ing to modify the surface properties of the fabrics. The wett-
ability of cotton was characterized by measuring the time of
water drop adsorption. The linkage of the oleate groups to
the glycoside units of cotton cellulose was verified by
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) analysis of the liquors after cellulase treat-
ment of treated cotton fabrics. Additional confirmation was
provided by Fourier transform infrared (FTIR) analysis done
directly on treated cotton samples.

Materials and Methods

Reagents and enzymes

Cotton fabric (133 X 72/405%405, 124 g/m?) was supplied
by Zhejiang Buandong Dyeing and Garment (Zhejiang,
China). The triolein (purity > 98%), the n-hexane (analytical
grade) and the methyl alcohol (analytical grade) were pur-
chased from Sinopharm Chemical Reagent (Shanghai,
China). All the other chemical reagents were also purchased
from Sinopharm Chemical Reagent (Shanghai, China). The
cellulase (EC 3.2.1.4) from Trichoderma reesei with an
activity of 6.0 units/mg was obtained from Sigma-Aldrich
Chemie GmbH (Steinheim, Germany). One cellulase unit is
defined as the amount of enzyme that liberates 0.1 umol of
glucose from cellulose in 1 h at pH 5.0 at 37°C. The cuti-
nase from 7. fusca with an activity of 600 U/mL was kindly
provided by the State Key Laboratory of Food Science and
Technology, Jiangnan University (Wuxi, China). The activity
of cutinase was determined by a continuous spectrophoto-
metric assay utilizing p-nitrophenylbutyrate (pNPB) as the
substrate.”!” One cutinase unit is defined as the amount of
enzyme that liberates p-nitrophenol at the rate of 1 umol/
min under the conditions of the assay.

Pretreatment of cotton

The cotton fabric samples with an average weight of
6.0 g were chemical bleached following the recipe
described in literature.'® Briefly, samples were treated with
8.2% o.w.f. (of weight of fabric) of Na,SiO;-9H,0, 1%
o.w.f. of Na,CO3, 3% o.w.f. of NaOH, and 5% o.w.f. of
30% H,0,, for 1 h at 90°C. All the combined process of
desizing, scouring, and bleaching were carried out in the L-
24A normal temperature oscillation machine (horizontal
vibration, from Xiamen Rapid Precision Machinery, Xia-
men, China) at a liquor ratio 20:1.

Enzymatic modification of cotton fabric

Bleached cotton samples were washed for 1 h with laun-
dry detergent, rinsed thoroughly with water, dried at room
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Figure 1. Schematic of the modified cellulose hydrolysis using
cellulase.

Table 1. Relative Reducing Sugar Yield of Samples with Different
Treatments

Normalized Amount of Reducing

Cotton Fabric Samples Sugars (M)*

Untreated cotton 1.680 = 0.009
Treated with inactive cutinase 1.780 £ 0.012
Treated with active cutinase 1.565 = 0.016

*All samples were measured in triplicate; the results have been nor-
malized by subtracting the reference amount of reducing sugar in the
liquid cellulase used for cotton hydrolysis; the values (mean = SD) for
cotton treated with active cutinase are significantly different from the
values for cotton treated with inactive cutinase and the untreated cotton
(one-way ANOVA; p <0.0001).

temperature, and then conditioned in the standard atmos-
phere for at least 48 h prior to the experiments. For all
experiments, the enzymatic treatment of the cotton fabric
substrates in Petri dishes was performed in the L-24A nor-
mal temperature oscillation machine (Shaoxing, China) oper-
ating at 35°C for 48 h. Samples (1000.0 = 0.1 mg) of cotton
fabric were soaked with 2 mL of a solution containing cuti-
nase (600 U/mL). Two millilitres of triolein were dripped
into the samples after they were dried at room temperature.
As controls, the cotton fabric was subjected to the same
treatment but with heat-inactivated cutinase. Additionally,
the untreated cotton fabric was used as the blank control.

After the enzymatic treatment, all cotton fabric samples
were washed twice with n-hexane.”'? All of the cotton sam-
ples were placed inside an extractor hood at room tempera-
ture for 48 h until solvent evaporation was complete.

Cellulase hydrolysis of treated cotton

Fabric samples treated with cutinase and blank controls
were subsequently hydrolyzed by cellulase. The reactions
were carried out in 1.5 mL of 0.2 M sodium acetate — acetic
acid buffer at pH 5.0 and 0.5 mL of cellulase with an activ-
ity of 30 units/mL at 50°C for 24 h. The blank control was
the untreated cotton hydrolyzed by cellulase under the same
conditions. Experiments were run in duplicate. The liquors
of treatment were centrifuged and the supernatants (liquid
samples) were analyzed for reducing sugars (see methods
below) and by MALDI-TOF (see methods below).

Water drop test

The wettability of cotton samples was measured by the
droplet test where the time in seconds for a drop of water to
sink into the fabric is recorded. All the samples were condi-
tioned in the standard atmosphere at room temperature
(20°C) and 60% of relative humidity for at least 48 h prior
to the test. The process of the water-drop penetrating into
samples was recorded by a fast recording video camera from
Data Physics Corporation, German. The volume of each
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drop of liquid was 5 uL. Every injection was performed by
the syringe of the optical contact angle measuring instrument
to ensure each testing under the same conditions. The time
when the water drop started to fall down on the sample sur-
face and the time when the fallen water drop penetrated
completely into samples were recorded, respectively. Then
the differential between the two time points represented the
total time that one water drop completely penetrated into the
fabric sample. Measurements were made in five different
points for each sample. Minor amounts of Bromphenol blue
dye was dissolved in water used to better visualize the dif-
ferences on the surface of cotton samples.

FTIR spectroscopy

Spectra of cotton fabric controls and samples after cuti-
nase treatment were recorded using a Nicolet iS10 FT-IR
spectrometer (Thermo Fisher Scientific, Shanghai, China)
with a Golden Gate ATR accessory with a single reflection
monolithic diamond. All the absorbance spectra were
acquired in the range of 4000-400 cm ' with a 4 cm™!
spectral resolution. Three different measurements were per-
formed per sample.

Reducing sugars

The reducing sugars were measured by dinitrosalicylic
(DNS) colorimetric method on BioTek’s Synergy™ Mx Micro-
plate Reader and Spectrometer (USA) at 540 nm of wavelength.
Regarding the preparation of dinitrosalicylic acid (DNS) solu-
tion, different ingredients used for the preparation are as fol-
lows: distilled water of 1416 mL, 3,5-Dinitrosalicylic acid of
10.6 g, and NaOH of 19.5 g were all dissolved gently in water

Table 2. Wettability of Cotton Fabric Samples Treated with Active
Cutinase and Heat-Inactivated Cutinase

Cotton fabric samples Absorption time/s*

Untreated cotton < 0.01
Treated with active cutinase 1.91 £0.09
Treated with inactive cutinase 0.57 =0.03

*The values (mean = SD) result from five measurements, the differ-
ence in absorption time for the cotton treated with active cutinase was
statistically significant compared to the values for cotton treated with inac-
tive cutinase and the untreated cotton (two-sample #-test; p < 0.0001).
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bath at 50°C until a clear solution was obtained. Then the fol-
lowing chemicals were added: Rochelle salt of 300 g, Phenol of
7.5 mL and sodium meta bisulphate 8.3 g. After dissolving all
the above ingredients, the solution was stored at room tempera-
ture in an amber colored bottle to avoid photo oxidation.?
About 200 uL of per sample and 150 puLL of DNS solution were
incubated in boiling water for 5 min, then diluted by 2.15 mL
of distilled water after cooling down using running cold water.
And 200 uL of prepared sample were tested at 540 nm.>"*

Maldi-TOF

The mass spectra of the products were acquired on a ultra-
fleXtreme MALDI-TOF/TOF mass spectrometry (Bruker Dal-
tonics GmbH, Germany) equipped with a 337 nm nitrogen
laser. The matrix- 2,5-dihydroxy-benzoic acid (DHB) of
20 mg/mL was prepared in a solution of 10% EthOH and
1 mM NaCl solution, and then mixed with samples (1:1). A
volume of 2 uL of each mixture sample were spotted onto a
ground steel target plate (Bruker part n® 209519) and analyzed
by the method of RP700-3500 in the reflective positive mode.

Results and Discussion

The esterification of cellulose by oleate (18C) on glyco-
side units of cellulose was performed at the surface of cotton
fiber. Since enzymes will not penetrate the bulk of fiber,” it
is expect that only the glycosidic units at the surface will be
modified. To confirm the interfacial modification, we used
cellulase enzymes to hydrolyze the surface of the treated cot-
ton. As expected, we found oligomers linked the oleate
groups (see Figure 1 and discussion below). Each cellulose
oligomer chain contains at its end a reducing glycosidic unit,
which it is known as a reducing sugar. The different levels
of reducing sugar in the liquids after 24 h of hydrolysis with
a commercial cellulose are shown in Table 1. As expected, a
slightly lower level of reducing sugars was found in the case
of cotton presumed to be functionalized.

The presence of reducing sugars in the supernatant of
samples of all the cotton samples give the proof that the sur-
face of cotton was hydrolyzed by cellulase enzymes. The
results have been normalized by subtracting the reference
amount of reducing sugar in the liquid cellulase used for cot-
ton hydrolysis.
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Figure 2. MALDI-TOF mass spectra of the hydrolysis solution of cotton treated with active cutinase, cotton treated with inactive cuti-

nase and untreated cotton.
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Figure 3. Comparison of the absorption profiles of a droplet of bromophenol blue solution in cotton sample treated with active cuti-
nase, cotton sample treated with inactive cutinase and the untreated cotton sample.

The cotton samples treated with the inactive cutinase
show a higher level of reducing sugars (Table 1) and slightly
higher hydrophobicity (Table 2). These results seem to indi-
cate that the wash-off with hexane of the inactive cutinase
was not complete. Cutinase is known to be a hydrophobic
protein’ which could explain the high hydrophobicity. Once
could speculate that the adsorbed cutinase could promote
staining of cellulases enzymes which are highly glycosylated
enzymes and therefore the increase of reducing sugar. The
explanation of such results is not completely clear to us.

MALDI-TOF mass analysis

Figure 1 represents the scheme of cellulase action on
modified cotton fabric. The cellulose oligomers formed by
cellulase hydrolysis of unmodified and modified cotton sam-
ples were analyzed by MALDI-TOF to identify glucose units
from the cellulose fibers covalently linked with oleic acid.
The liquid containing cellulase enzymes was left under ace-
tate buffer at room temperature for a few days. Therefore all
cellulose oligomers were hydrolyzed to glucose and they
were not found on MALDI spectra of the liquid of treatment.
Residual amounts of glucose linked with oleate found indi-
cate craft reaction. Via cutinase catalysis, oleic acid possibly
successfully grafted to an unknown carbon position of the
glycoside units of cellulose using triolein as substrate. The
esterified product at C6 is represented; this position is in
theory the most accessible for the enzyme.

The MALDI-TOF mass spectra results are present in Figure 2.

As shown in Figure 2, the mass of glucose covalently
linked with the oleic acid was observed at 441 m/z, even
though the intensity was weak. The slight difference between
the molecule weight (MW) of modified glucose and the MW
shown in the spectra was because of the probable loss of
protons during the ionization process. For the cotton treated
with inactive cutinase and untreated cotton samples, the tar-
get peak corresponding to the modified glucose was residual
with the cotton treated with active cutinase. The detection in
the MALDI-TOF spectrum of the glucose covalently linked
to oleic acid supports the modification of the surface of cot-
ton fabric by cutinase and triolein.

Cotton wettability

In order to have a qualitative determination of the acyla-
tion of cellulose surface with oleic acid by the cutinase-
catalyzed esterification using triolein as substrate, the wett-

B Active cutinase

Untreated cotton
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Figure 4. FTIR spectra of the untreated cotton and cotton
samples treated with active cutinase.

ability of cotton samples was assessed by measuring the
time that one water drop took to be completely absorbed
after contact with the surface of cotton samples. As surface
wettability is related with the hydrophobicity/hydrophilicity
of the surface, the shorter the absorption time interval, the
better the wettability of the cotton sample. The cotton sam-
ples’ surface wettability are shown in Table 2.

As expected from a successful cellulose acylation, more time
was necessary for one drop of water to penetrate into the cotton
samples treated with active cutinase than the time needed in
samples treated with inactive cutinase (control). The absorption
time in the cotton samples treated with active cutinase was
nearly three times longer than the control sample. The presence
of chemically bonded long acyl chains to the cotton surface
after active cutinase treatment and after proper hexane wash,
has contributed to the hydrophobization of the cotton samples.

The heterogeneous esterification of macroscopic and micro-
scopic cellulose using enzymes, mainly cutinase and lipases, is
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Figure 5. Cutinase-catalyzed esterification of triolein to the surface of cotton fabric.

reported by few groups.lg’23 Only plain woven cotton was used

as substrate for cutinase-mediated esterification by Matama
et al.” In this work we present a new approach for the simple
and direct biomodification of hydroxyl groups on the surface of
cotton fabric cellulose—a solvent-free process, using cutinase
from T. fusca, which presents a higher thermal stability than
cutinase from F. solani. Using the methodology here reported
and using an important control—inactivated cutinase, we dem-
onstrated that the time to completely absorb a drop of water on
the cutinase-treated cotton fabric was significantly increased
compared to the control. Surface wettability is a very complex
physical phenomenon.24 It was not possible to compare the
reduction of the wettability of cotton fabric reported by us with
other wettability reductions because of the difference of the
materials used. Nevertheless, the longest absorption time was
below 2 s, meaning that the bio modification of cotton fabric
was not enough to reduce cotton wettability to levels that will
affect its wearing comfort. Using a water solution containing
bromophenol blue, it was possible to gather more evidence for
the water-repellent effect that arises from the modification of
cotton by cutinase (Figure 3). The time that the bromphenol
blue droplet took to be absorbed further supports the hydropho-
bic modification of cotton already described.

FTIR analysis

FTIR was performed to further evaluate directly the esteri-
fication of triolein using cutinases on the surface of cotton
samples. Spectral data were linearly normalized and the
peaks were integrated in the range of 1735 and 1753 cm™ !,
typical for ester bond stretching vibration, using the Origin-
Pro 8.5.0 SRI1 software (OriginLab Coorporation, North-
hampton, USA); no smoothing functions were used. Figure 4
shows the average individual spectra for the enzymatic
treated cotton sample (Figure 4 curve B) and the original
cotton (Figure 4 curve A) using triolein as the acid substrate.
The most important absorption peaks at 1745 and
1748 cm™ ' were assigned to the C=0O stretching and vibra-
tion, respectively, for cotton treated with active cutinase.
The peak position depends on several factors like the posi-

tion of the esterification carbon in the glycoside.” The
absorption peak at 1745 cm ™' for cotton treated with active
cutinase was significantly stronger (56% of increase in peak
area) than that for the control sample. After subtracting the
control spectrum, the resulting curve (Figure 4 curve C)
showed a prominent peak at 1745 cm™'. These results inde-
pendently confirm the MALDI-TOF mass spectra results on
the modification of glucose. The FTIR additionally supported
the esterification of cotton cellulose by cutinase using trio-
lein as substrate. No significant changes were observed on
other parts of FTIR spectra.

The results of MALDI-TOF mass spectroscopy and FTIR
spectra were conclusive and demonstrated that cutinase cata-
lyzed the esterification of oleic acid from triolein oil to the
cotton surface, using a simple, solvent-free methodology, that
can potentially be scaled up for use at an industrial scale.

Badenes et al.*> have shown the enzymatic transesterifica-
tion between a mixture of triglycerides (oils) and methanol
in AOT reversed micellar system, using recombinant cuti-
nase from F. solani pisi as a catalyst. Theoretically, the ester
group of oils can be transferred to alcoholic hydroxyl group
of cellulose in cotton fabric especially with the catalytic abil-
ity of cutinase to use solid substrates. Accordingly, we dem-
onstrated by FTIR and MALDI-TOF mass spectroscopy that
the cutinase-catalyzed esterification between oils and the gly-
coside unit of cellulose was accomplished, resulting in the
surface modification of cotton fabric. This process may have
the potential to endow cotton fabrics excellent hydrophobic
properties. Another positive outcome is the treated cotton
samples are perceived to be softer. The model reaction of
the cutinase-catalyzed esterification proposed for the enzy-
matic reaction is shown in Figure 5.

Conclusions

The cutinase-catalyzed transesterification between a mixture
of oils and methanol for biodiesel production has been
reported,”®?® but this type of enzyme reaction technology has
not yet been applied in the textile industry. We previously
reported the esterification of cellulose using cutinase, but here
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we report a novel solvent-free methodology, where the reac-
tants are previously dried at the surface of the cellulose fab-
rics. The MALDI-TOF mass spectroscopy results proved the
existence of glucose linked to oleic acid molecules. The char-
acteristic groups of the target ester product on the surface of
cotton fabric appeared at the characteristic infrared group fre-
quencies in the FTIR spectra. Moreover, the hydrophobicity
of the modified cotton fabric was significantly increased. This
simple and straightforward approach has the potential to be
scaled to the industrial level.
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