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a b s t r a c t

The covalent grafting of alkyl gallates on wool through a laccase catalysed reaction in 80/20 (v/v, %)
aqueous–ethanol mixture provided in a one-step process a multifunctional textile material with antiox-
idant, antibacterial and water repellent properties. Gallic acid and its alkyl esters ethyl, propyl, octyl and
dodecyl gallate have been enzymatically grafted on wool fibres in order to study the effect of alkyl chain
length on wool functional modification. The capacity of laccase to oxidise these phenolic compounds in
eywords:
lkyl-gallate
accase

ool
ntimicrobial

an aqueous–organic medium has been verified by electrochemical techniques. The increase of CH2, CH3

groups in the FTIR spectra, together with the XPS analysis of the enzymatically modified fabrics confirmed
the covalent grafting of ester gallates on wool. The result obtained in this work for antibacterial, water
repellent as well as antioxidant properties show that the length of the alkyl chain of gallates molecule
play an important role on wool functionalisation.
ater repellent
ntioxidant

. Introduction

Wool is a natural protein material largely used for clothing
ue to its lightness, softness, warmness, and smoothness. How-
ver, the complex chemical composition and architecture of the
ool fibres is responsible for some undesirable properties such as
igh water absorption, felting in mechanical wet operations, and

imited UV protection during use. Under proper temperature and
umidity the wool materials could be a good medium for genera-
ion and propagation of microorganisms [1] that could cause fibre
amage, skin irritations, and infections [2]. Microbial growth on
extiles leads to odour development, discolouration, and even loss
f elasticity and tenacity [3]. The infestation can be removed only
y washing at boiling temperature where structural changes of the
ool goods might occur. Moreover, the protein fibres are difficult

o keep clean and are easily damaged by conventional cleaning
gents.

For these reasons, the wool materials of high-grade clothes must
e protected against microbial attack to prevent damage of the
bres and growth of pathogenic microorganisms. In addition to
ntibacterial finish, nowadays there is a great demand to produce
extile goods with multifunctional properties such as antioxi-

ant activity and self-cleaning properties. Hydrophobicity (water
epellence) of textiles is frequently associated with self-cleaning
roperties. The self-cleaning action of hydrophobic coatings stems
rom their high water contact angles. Water on these surfaces forms
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almost spherical droplets that readily roll away carrying dust and
dirt with them [4,5].

Gallic acid and its alkyl esters are natural compounds [6]
used as food additives due to their antioxidant activity [7,8].
The alkyl gallates, having a molecular structure composed of a
hydrophilic head (phenolic ring) and a hydrophobic alkyl chain,
have also been reported to have antifungal and antibacterial
activity [9,10]. Though different studies investigated the relation
between the hydrophobic chain lengths and alkyl gallates’ prop-
erties, there is no clear consensus regarding the effect of the chain
length upon the antioxidant and antibacterial properties of gallates
[11–15].

In addition to the antioxidant and antibacterial activities, the
aliphatic chain present in the chemical structure of these com-
pounds would provide hydrophobic properties as well. Therefore,
it could be expected that the modification of wool with alkyl gal-
lates would provide a combination of self-cleaning, antimicrobial
and antioxidant properties.

A proof-of-concept one-step enzymatic process using laccase
in aqueous–organic media for covalent grafting of dodecyl gal-
late (DG) on wool has been recently described [16]. Laccase is
able to catalyse the oxidation of a wide range of aromatic com-
pounds using molecular oxygen as electron acceptor and has been
reported to retain activity in some water miscible organic solvents,
e.g. ethanol [17,18]. The reaction was carried out in an 80/20 (v/v,

%) aqueous–ethanol mixture to balance the need for dissolving DG
with the need for maintaining the catalytic activity of laccase. The
enzymatic grafting of dodecyl gallate on wool provided a multifunc-
tional textile material with antioxidant, antibacterial and water
repellent properties.

dx.doi.org/10.1016/j.molcatb.2010.08.011
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
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Fig. 1. Chemical structures of gallic acid and gallates compounds.

In the current work gallic acid and its alkyl esters with differ-
nt aliphatic chain length, such as ethyl (EG), propyl (PG) and (OG)
ctyl gallates were tested as laccase substrates for enzymatic mod-
fication of wool targeting increased hydrophobicity, and enhanced
ntioxidant and antimicrobial properties. The objective was to elu-
idate the influence of the alkyl chain length on the functional
roperties of wool fibres.

. Materials and methods

.1. Reagents

Laccase (EC 1.10.3.2 Trametes sp. laccase, Laccase L603P; 0.125 g
rotein/g solid; 0.14 U/mg protein) was provided by Biocatalysts,
K. Enzyme activity (U) was defined as �mol of guaiacol oxi-
ised per min at pH 4 and 40 ◦C (εmax 6400 M−1 cm−1). Methanol,
odium tartrate, hydrochloric acid, 1-diphenyl-2-picrylhydrazyl
adical (DPPH•)were purchased from Sigma–Aldrich. Gallic acid
GA), ethyl gallate (EG), propyl gallate (PG), octyl gallate (OG),
odecyl gallate (DG), (chemical structures of all these phenolic
ompounds in Fig. 1), baird parker agar and egg yolk tellurite emul-
ion were provided by Fluka. Ethanol 96% was purchased from
anreac. All chemicals used in this work were of the highest grade
ommercially available.

.2. Electrochemical experiments

Voltammetric measurements were performed using a �Autolab
ype III (EcoChemie) potentiostat/galvanostat controlled by Auto-
ab GPES software version 4.9. All the experiments were carried
ut in a 20 mL Metrohm cell with a three-electrode configura-
ion. The working electrode was a glassy carbon (GCE) with a
urface diameter of 3 mm (Metrohm). The counter and reference
lectrodes were platinum (Metrohm) and Ag/AgCl (Metrohm) elec-
rode, respectively. The renewal of the glassy carbon surface was
chieved by polishing with 1.0 and 0.3 �m alpha-alumina (Microp-
lish, Buehler) on a microcloth polishing pad (Buehler), followed by
ashing in an ultrasonic Selecta bath for 2 min. For the experiment
ith laccase a 5 �l sample of a 0.02 g protein/mL enzyme solution
as dropped onto the polished surface of the GCE and allowed to
ry for 15 min at room temperature.

.3. Wool preparation
Woven 100% wool fabric supplied by Lokateks (Slovenia) was
ashed previously to the enzymatic treatment with 1 g/L non-ionic

urfactant Cotemol NI (Colorcenter, Spain) in liquor to good ratio
0:1 in a laboratory winch machine (0.1 M Na2CO3/NaHCO3 buffer
H 9) at 40 ◦C for 30 min. Thereafter the fabric was bleached at the
Catalysis B: Enzymatic 67 (2010) 231–235

same bath ratio with 0.1 mL/L of 30% H2O2 (0.1 M Na2CO3, NaHCO3
buffer pH 9) at 55 ◦C for 1 h.

2.4. Enzymatic treatment of wool

Samples of wool fabric (5 g) were incubated in a 80/20 (v/v, %)
buffer/EtOH solution with 14 U/mL laccase and 1 mM GA, EG, PG,
OG and DG according to the optimised procedure described in our
previous work [16]. The reaction was allowed to proceed for 2 h, at
40 ◦C, 30 rpm in a laboratory dying machine Ahiba (Datacolor). Con-
trol samples without enzyme and phenolic compound were also
treated at the above condition.

After the enzymatic treatment the samples were washed exten-
sively in an 80/20 (v/v, %) buffer/EtOH solution for 1 h at room
temperature, then with tap water and with distilled water at 80 ◦C
for 30 min. After the hot wash every sample were washed in cold
distilled water and dried at 50 ◦C for 2 h.

2.5. Fourier transform infrared spectroscopy (FTIR) analysis

FTIR spectra of the wool fabrics before and after treatment were
collected using a Perkin Elmer Paragon 1000 FT-IR spectrometer,
performing 100 scans for each spectrum over the 400–4000 cm−1

range. All spectra were normalised against the peak at 1230 cm−1

corresponding to the amide I group.

2.6. X-ray photoelectron spectroscopy (XPS) analysis

XPS experiments were performed in a PHI 5500 Multitechnique
System (from Physical Electronics) with a monochromatic X-ray
source (Aluminium Kalfa line of 1486.6 eV energy and 350 W),
placed perpendicular to the analyser axis and calibrated using the
3d5/2 line of Ag with a full width at half maximum (FWHM) of
0.8 eV. The analysed area was a circle of 0.8 mm diameter, and the
selected resolution for the spectra was 187.5 eV of Pass Energy and
0.8 eV/step for the general spectra and 23.5 eV of Pass Energy and
0.1 eV/step for the spectra of the different elements. All measure-
ments were carried out after cleaning by sputtering the surface
with an Ar+ ion source (4 keV energy) in a ultra high vacuum (UHV)
chamber at pressure between 5 × 10−9 and 2 × 10−8 Torr. The anal-
ysis were carried out in triplicate.

2.7. Water repellence of wool

The contact angles (�) of water on the unmodified and modi-
fied wool fabric were measured using a 1/2 CCD camera, DSA 100,
Kruss, GmbH, Germany. The measurements were carried out with
distilled water as test liquid at 24 ◦C and 65% relative humidity
[19]. The contact angles were followed during up to 600 s after the
drop deposition on the surface of each sample. Three independent
measurements were recorded on each sample.

2.8. Antioxidant activity

The radical scavenging activity of alkyl gallates modified wool
was determined measuring the decrease in absorbance of 1,1-
diphenyl-2-picrylhydrazyl radical (DPPH•) at 515 nm [20]. This
method, applied for both solid and liquid samples, is widely used
to test the ability of compounds to act as free radical scavengers

or hydrogen donors [21]. Samples of modified wool (200 mg) were
incubated with 3 mL of a 3 × 10−5 M DPPH• solution in MeOH at
room temperature in the dark for 1 h. Solution containing unmodi-
fied wool was used as a control. The experiment was carried out in
triplicate and the results expressed as % inhibition of DPPH accord-
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The modified and unmodified wool samples were further char-
acterized by XPS spectroscopy and the data given in weight
percentages for the chemical composition change on the surface
of wool after enzymatic modification are shown in Table 1.
Kh.M. Gaffar Hossain et al. / Journal of Mole

ng to the following formulae [22]:

nhibition of DPPH (%) =
(

1 − ASample

ABlank

)
× 100 (1)

.9. Antimicrobial activity

The most commonly used quantitative method for testing the
ntimicrobial activity of textiles is the Shake Flask method accord-
ng to ASTM-E2149-01. This standard method was used to measure
he reduction rate in the number of colonies formed and provided
uantitative data, which could then be converted to average colony
orming units per millilitre (CFU/mL) of buffer solution in the flask.
lkyl gallates modified and unmodified fabric swatches (0.5 g each)
ere incubated in 50 mL suspension of Gram-positive Staphylococ-

us aureus at 37 ◦C for 1 h. The suspension both before and after
ontact was diluted and cultured at 37 ◦C for 24 h to determine the
umber of surviving bacteria. The antimicrobial activity is reported

n terms of percentage of bacteria reduction calculated by compar-
ng the number of surviving bacteria before and after contact. The
eduction rate in the number of colonies was calculated using the
ollowing formula:

acteria reduction (%) =
(

A − B

A

)
× 100 (2)

here A and B are the average number of bacteria at time 1 h for
nmodified and GA, EG, PG, OG and DG modified wool, respectively.

. Results and discussion

.1. Alkyl gallates oxidation by laccase in aqueous–ethanol
ixture

Due to the insolubility of alkyl gallates in aqueous media,
n appropriate aqueous/organic mixture to balance the need for
issolving the substrate with the need for maintaining catalytic
ctivity of laccase is required to develop the enzymatic grafting
f these compounds on wool. In our previous work a process in
0/20 (v/v, %) aqueous–ethanol mixture was optimised for enzy-
atic modification of wool with dodecyl gallate (DG). At this

olvent to water ratio laccase retained 75–80% of its activity [16].
sing the same reaction condition the laccase oxidation of gal-

ates with varying alkyl chain length was studied here by means
f cyclic voltammetry. UV/vis spectrophotometry was not suitable
or studying the enzymatic oxidation of gallates because no dif-
erences in the UV/vis spectra of these compounds were observed
uring the reaction. Alternatively, electrochemistry can be easily
pplied to study this reaction since the phenolic compounds usually
xhibit an electrodic process, while the suitability of electrochem-
stry to study enzymatic reactions in aqueous–organic media was
reviously reported.

The electrochemical behaviour of all gallate compounds stud-
ed can be summarized in the example in Fig. 2, where the cyclic
oltammograms (1st and 2nd scan) obtained for PG are presented.
ll gallates underwent irreversible oxidation processes (Epa) at 374,
78, 374, 344 and 383 mV for GA, EG, PG, OG and DG, respectively.
he decrease in the oxidation current recorded after the first scan is
ost probably due to phenolic compounds polymerisation on the

lectrode surface.
In the presence of laccase, an important decrease in the anodic

eak due to catalytic instead of electrodic oxidation of the pheno-

ic compound was recorded for all gallate compounds (Fig. 3). As
he peak current is related to the concentration, if one compound
s enzymatically oxidised by laccase, a decrease in the oxidation
urrent related to the minor concentration of non oxidised specie
resent at electrode surface is expected.
Fig. 2. Cyclic voltammograms of 0.5 mM PG 80/20 (v/v, %) 0.1 M tartrate
buffer–EtOH mixture pH 4.

3.2. Enzymatic grafting of GA and alkyl gallates on wool fabrics

Wool fabric was treated with 1.0 mM concentration of the dif-
ferent gallate compounds and laccase (14 U/mL) in 80/20 (v/v, %)
buffer/EtOH. The concentration of phenolic compound was pre-
viously optimised for the enzymatic modification of wool with
dodecyl gallate (DG) [16]. Unfixed phenolic compounds on wool
surface were removed in an 1 h cleaning step with 80/20% (v/v)
H2O/EtOH followed by extensive washing with tap and distilled
water at room temperature.

Changes in the surface chemistry of the enzymatically modi-
fied wool fabrics were studied using FTIR spectroscopy. The FTIR
spectrum in Fig. 4 shows a significant difference between modified
(lines GA, EG, PG, OG and DG) and unmodified wool fabrics (line
C). The increasing absorption at 1456 cm−1 and 1474 cm−1, corre-
sponding to the bending vibrations of CH2 and CH3 respectively,
is consistent with the grafting of alkyl gallate moieties on the fab-
rics [23]. Furthermore, the peak intensity at 1456 cm−1 increased
gradually increasing the length of the alkyl chain of the gallates
grafted. Similar to previously reported DG, which FTIR spectrum
is also included, during the enzymatic treatment laccase oxidises
these phenolic compounds into reactive quinones that can undergo
either Schiff base or Michael’s-type addition reaction with amine
groups in wool [24].
Fig. 3. Cyclic voltammograms of 0.5 mM PG alone (—) and in the presence of laccase
( ). Scan rate 5 mV/s.
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Fig. 4. Fourier transform infrared spectroscopy (FTIR) spectra in the range of
1370–1495 cm−1 of: (C) untreated wool; (GA) laccase and 1 mM gallic acid treated
wool (EG) laccase and 1 mM ethyl gallate treated wool; (PG) laccase and 1 mM propyl
g
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allate treated wool (OG) laccase and 1 mM octyl gallate treated wool and (DG)
accase and 1 mM dodecyl gallate treated wool. Laccase, 14 U/mL.

The surface composition of treated wool samples confirmed the
accase-catalysed grafting of alkyl gallates. Comparing the weight
ercentages in the unmodified wool fabric with those determined

n GA and EG treated samples, it can be observed that they are
ery similar for the four elements measured (C, O, N, S), meaning
hat the grafting for GA and EG must be very limited. However, in
he cases of PG, OG and DG modified fabrics the changes in car-
on and oxygen composition correlate directly with the amount
f carbon and oxygen coming from the PG, OG and DG molecules
rafted on fabric surface. It should be noted that XPS is a surface
nalysis and an absolutely uniform grafting/coating of an inher-
ntly non-uniform surface (textile fabric) is virtually impossible.
lso, we could not assume that the level of grafting on fabric sur-

ace is exactly the same for PG, OG and DG. Nevertheless, it seems
ogical that if PG, OG and DG grafting on the surface occurred,
he overall percentages in mass for N and S only encountered in
ool, should decrease compared to the amount of N and S on the

urface of the unmodified fabric. The percentages of all four ele-
ents measured on the DG modified sample agree perfectly in

ariation in respect to the untreated sample. The percentages of
arbon and oxygen are greater in the DG-treated fabric than in the
ontrol sample, because the DG brought to the fabric surface addi-
ional carbon and oxygen, while the content of N and S remained
nchanged. This is not a decrease in the absolute content of N
nd S, but rather a decrease of their proportion in the area anal-
sed by XPS on expense of the increased content of carbon and

xygen.

able 1
lemental composition in weight percentages determined by XPS for GA, alkyl gal-
ates and the samples as described in Fig. 4.

C O N S

Ester gallates GA 49.92 47.02
EG 54.55 40.37
PG 56.6 37.7
OG 63.81 28.33
DG 67.43 23.64

Wool fabrics C 64.73 17.05 9.80 5.79
GA 63.53 16.68 10.28 6.88
EG 64.64 16.41 8.81 5.63
PG 61.59 18.51 8.83 5.35
OG 63.12 18.81 9.14 5.58
DG 65.33 17.36 8.44 5.22
Fig. 5. Contact angles over the time for samples as describe in Fig. 4.

3.3. Water repellence of modified wool

The water contact angle (�) reflects the surface hydrophilicity
by measuring the water droplet spreading on a surface. The higher
the contact angle, the more hydrophobic the surface is. The time-
dependent spreading of a water drop on wool samples is shown in
Fig. 5. Both untreated (C) and GA treated wool (GA) showed contact
angles (�) of about 109◦, and wetting time about 100 s. These results
reveal that wool is hydrophobic in nature even after scouring due
to the strong influence of the fatty layer on its surface properties.
As expected, the presence of the alkyl chain of gallates had a direct
effect on the hydrophobic properties of wool after the enzymatic
modification. All samples modified with alkyl gallates exhibited
an increase in wetting time and contact angle values compared
to those obtained for unmodified and GA modified wool. Further-
more, a clear effect of alkyl chain length on both parameters was
observed. The incorporation of OG and DG with longer chain lengths
(8 and 12 carbons, respectively) showed a pronounced hydropho-
bisation effect on wool. For both compounds wetting times higher
than 600 s and contact angle values around 146◦ were obtained.
The enhanced hydrophobic properties of the alkyl gallates treated
fabrics indirectly confirm the enzymatic grafting of these phenolic
compounds on the fibres.

3.4. Antioxidant activity

The results obtained for the antioxidant activity of wool samples
enzymatically modified with GA, EG, PG and OG are shown in Fig. 6
including also the results for the previously studied phenolic com-
pound dodecyl gallate (DG). As previously reported [7] all gallates
tested, regardless of their alkyl chain length, showed similar scav-
enging activity on DPPH in solution indicating that the alkyl chain
length was not directly related to this activity. However, after incor-
poration on wool the antioxidant activity of gallates increased with

the increase of the length of gallate alkyl chain. As the antioxidant
efficiency of gallates depends upon the reactivity of the phenolic
groups, the results obtained suggest that during the grafting reac-
tion on solid surface (wool fibres) more phenolic groups remained

Fig. 6. Antioxidant activity as inhibition (%) of DPPH and antibacterial effect (bac-
teria reduction %) of the wool samples as described in Fig. 4.
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ctive/non-oxidised for the compounds with longer alkyl chain,
ompared to the experiments carried out in solution. This might
e related to some diffusion constrains imposed by the fibre sur-
ace to the enzyme for oxidation of all hydroxyl groups available in
he corresponding gallate already grafted on the fibres, in addition
o the hydrophobisation effect of the alkyl chains.

.5. Antimicrobial activity

As can be seen in Fig. 6, all modified wool fabrics exhibited
ntimicrobial activity against Gram-positive Staphylococcus aureus.
ntimicrobial activity similar to that obtained for untreated wool
as observed for gallic acid modified fabric, confirming inefficient

rafting of this compound on the fabric. By contrast, all the other
allates modified samples (EG, PG, OG and DG) showed a marked
mprovement in their antimicrobial activity. The percentage of
acterial growth reduction increased with the increase of hydro-
arbon chain length grafted on wool up to 37% and 50% for the
ool modified with OG and DG, respectively. These results are in

greement with previously reported hypothesis for antifungal [9]
nd antimicrobial activity [25–28] for head-tail structure chemi-
als having a molecule composed of two parts—a hydrophilic head
nd a long chain hydrophobic tail. The hydrophilic head of these
hemicals uses an intermolecular hydrogen bond to bind with the
ydrophilic portion of the microorganism membrane, while the
onpolar hydrophobic tail aligns into the membrane lipid bilayer by
ispersion forces and disturbs the lipid–protein interface of integral
roteins, disrupting their conformation.

. Conclusions

Covalent grafting of otherwise insoluble alkyl gallates (EG, PG,
G and DG) on wool fabrics using laccase in aqueous–organic
edium provided a textile material with antimicrobial, antioxi-

ant and water repellent properties. These functional properties of
ool revealed to be strongly influenced by the alkyl chain length

f the gallates. The longer the hydrocarbon chain of alkyl gallate
rafted on wool is, the higher is the hydrophobicity, antimicro-
ial and antioxidant activity. Contact angles of the modified wool
abrics increased from 109◦ for GA to 146◦ for both OG and DG,
ndicating excellent water repellence for these two compounds.

he enzymatic modification of wool with alkyl gallates provided
lso antioxidant activity expressed in about 55% inhibition of DPPH
or DG. Reduction of bacteria growth increased with the increase
f hydrocarbon chain length grafted on wool and reached up to
7% and 50% for wool modified with OG and DG, respectively. The

[
[

[
[
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laccase-catalysed covalent grafting of alkyl gallates on wool was
supported by FTIR and XPS analysis. Cyclic voltammetry measure-
ment of gallates oxidation with laccase demonstrated the feasibility
of the process in aqueous–organic medium.
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