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A B S T R A C T

Textile fabrics made up of cotton, wool, and polyethylene terephthalate (PET) were coated with poly(catechol)
and poly(p-phenylenediamine) through the in situ enzymatic polymerization of catechol and p-phenylenedia-
mine, assisted by laccase under high-pressure homogenization. All coated fabrics showed antimicrobial activity
against both gram-positive (Staphylococcus aureus) and gram-negative (Escherichia coli) strains and revealed
antioxidant character, measured in terms of (ABTS•+)-scavenging activity. The coating of PET and cotton fabrics
with both polymers did not affect the viability of foreskin fibroblasts. The methodology proposed for the in situ
coating of textile materials assisted by laccase showed to be a promising approach to produce colored anti-
microbial textiles with vast potential applications, namely, clothing and medical devices, among others.

1. Introduction

Fiber-based textile materials have been used for various purposes
such as clothing, domestic home furnishings, food packaging, sport
equipment, medical devices, healthcare, and hygienic applications [1].
The large surface area and capacity to retain moisture enable the
growth of microorganisms on these textile structures, hence causing a
range of undesirable effects to textiles and users and becoming a health
and safety issue [1]. To minimize these problems, vast research has
been undertaken on the development of different methods of protection
of textile surfaces against microbial growth [2–7]. General approaches
for preserving surfaces from antimicrobial growth include the in-
corporation of antibiotics, silver and copper nanoparticles, and/or other
biocidal agents [8,9]. Despite their efficacy, these methods present
several adverse effects including risk for the users and environmental
risk during long-term use, among others [3,10]. The search for new,
efficient, and safer antimicrobial technologies is thus imperative to face
these drawbacks. Green technologies have been evaluated to pursue the
production of multifunctional textile materials. Several compounds
including quaternary ammonium salts, triclosan, metals, and metallic

salts are used as coating materials to confer antimicrobial properties to
the textile substrates [7,11–14]. The affinity of these compounds to
fibers might be achieved by either physical or chemical grafting, which
is dependent on the interactions between the compounds and the type
of fiber used as the substrate [1,10].

Polyphenols are secondary metabolites ubiquitously distributed in
higher plants, with significant roles as defense against plant pathogens
and animal herbivore aggression and as response to various abiotic
stress conditions such as rainfall and ultraviolet radiation [15]. Their
protective activity has been attributed initially to their antioxidant, free
radical scavenger, and metal chelator properties, to the capability of
inhibiting or reducing different enzymes, and to their interaction with
signal transduction pathways and cell receptors [15,16]. For all these
reasons, these compounds have been evaluated for their biological
properties and potential therapeutic behavior against several diseases
[17–19]. They are also considered as powerful antimicrobial agents
against gram-positive and gram-negative bacteria, as they do not ex-
hibit the side effects often associated with synthetic chemicals [1].
Moreover, these compounds are also presented as an environmentally
friendly alternative for the production of antimicrobial substrates.
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However, despite the advantages already reported, the mechanism of
antimicrobial activity has not been fully understood thus far because of
their structure complexity.

Previous findings reveal that laccase, native or chemically modified,
is able to efficiently oxidize phenolic compounds such as catechol and
p-phenylenediamine monomers [20]. Our data showed that, although
the role of PEG in enzymatic polymerization has not been clearly un-
derstood, the PEGylated enzyme form was more prone to produce
higher amount and longer polymers than the native enzyme form [21].
The PEGylated enzyme form was therefore considered to conduct the
polymerizations in the present study.

Herein, three different fabric substrates (PET, cotton, and wool)
were coated in situ with laccase-oxidized poly(catechol) and poly(p-
phenylenediamine) under high-pressure homogenization (HPH). The
fabrics served simultaneously as enzyme containers and coating sub-
strates. The polymerization of both monomers was followed in solution
by UV–Visible spectroscopy, and the new oligomers/polymers formed
were characterized by 1H NMR, MALDI-TOF spectroscopy and dynamic
light scattering (DLS). The coating efficiency was evaluated by fabric
spectral value determination (checksum K/S) and scanning electron
microscopy (SEM). The antioxidant activity of the powders produced
was investigated using the ABTS•+ scavenging activity methodology.
The antimicrobial activity of the coated fabrics was evaluated against
both the gram-positive Staphylococcus aureus (S. aureus) and the gram-
negative Escherichia coli (E. coli) strains using the quantitative metho-
dology. The cytotoxicity of the coated substrates was evaluated by ex-
posing skin fibroblasts to culture media preconditioned by contact with
the fabrics.

2. Experimental

2.1. Materials

Laccase from Myceliophthora thermophila was supplied by
Novozymes, Denmark. Catechol, p-phenylenediamine, poly(ethylene
glycol) methyl ether, sodium carbonate, 95% ethanol, Folin–Ciocalteu
reagent, 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid), and
potassium persulfate were purchased from Sigma-Aldrich, Spain.
Deuterated dimethyl sulfoxide was obtained from Cortecnet, France.
BJ-5ta cell line (normal human skin fibroblasts immortalized by over-
expression of telomerase) was purchased from American Type Culture
Collection (ATCC). Dulbecco's modified Eagle's medium (DMEM) was
purchased from Biochrom, UK. Medium 199, penicillin/streptomycin,
and Hygromycin B were obtained from Sigma-Aldrich, Spain. Fetal
bovine serum (FBS) was purchased from GRISP, Portugal. The gram-
positive S. aureus (ATCC 6538) and gram-negative E. coli (CECT 434)
strains were obtained from ATCC and from Spanish Type Culture
Collection. Trypticase soy broth (TSB) and trypticase soy agar (TSA)
were purchased from Liofilchem, Italy.

The fabrics used for the study were supplied by a textile company,
and they had the following characteristics: polyethylene terephthalate
(PET): 96 g/m2, 24*40 yarns/cm2; cotton: 65 g/m2, 35*40 yarns/cm2;
and wool: 420 g/m2, 15*15 yarns/cm2.

The HPH device used for the experiments was EmulsiFlex C3, with a
constant flow-through capacity of 3 L/h and the ability to process 10mL
of samples; the homogenizing pressure is adjustable between 500 and
30,000 psi or 35 and 2000 bar, and the flow rate is independent of
pressure.

2.2. Physicochemical characterization

2.2.1. PEGylation of laccase
Laccase from M. thermophila was PEGylated as previously reported

[21] using the procedure of Daly et al. [22].

2.2.2. Enzymatic-assisted polymerization of catechol and p-
phenylenediamine

Catechol and p-phenylenediamine polymerization was processed by
the method reported previously [20] by incubating 50mM of each
monomer with PEGylated laccase (100 U/mL) in acetate buffer
(pH=5). The enzyme was confined in bags of polyethylene glycol
(PET), cotton, and wool, and the bags were placed in the sample re-
ceptor of the HPH device. Afterwards, the monomer solution was
added, and the homogenization proceeded for 2 h (corresponding to
360 homogenization cycles). The starting temperature was set to 40 °C,
and the inherent increase of temperature during the high-energy pro-
cessing was monitored. Further, the polymer powder was collected
from the HPH device by dissolution with dimethyl sulfoxide to solubi-
lize the insoluble polymers and was posteriorly dried under vacuum for
characterization.

2.2.3. UV–Visible spectral analysis
The polymerization was followed by UV–Visible spectroscopy using

a 96-quartz microplate reader (BioTek Synergy Mx, Shimadzu, Japan).

2.2.3.1. 1H NMR spectroscopy. The precipitates obtained after washing
and centrifugation were dissolved in deuterated solvent, DMSO‑d6, for
1H NMR evaluation. The spectra were acquired using Bruker Avance III
400 (400MHz) using the peak solvent as an internal reference standard.

2.2.4. MALDI-TOF spectroscopy analysis
The polymers were analyzed by matrix-assisted laser desorption/

ionization with time-of-flight (MALDI-TOF) using 2,5-dihydrox-
ybenzoic acid (DHB) as the matrix (≥99.5%). The mass spectra were
acquired using an Ultra-flex MALDI-TOF mass spectrophotometer
(Bruker Daltonics GmbH) equipped with a 337 nm nitrogen laser. For
this purpose, the samples were dissolved in TA30 (30% acetonitrile/
70% TFA) solution and mixed with a 20mg/mL solution of DHB (1:1).
Then, a volume of 2 μL was placed on the ground steel plate (Bruker
part no. 209519) until dry. The mass spectra were acquired in linear
positive mode.

The Mn (number-average molecular weight) and Mw (weight-
average molecular weight) of polycatechol obtained after oxidation
were calculated as follows:
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where ni is the relative abundance of each peak, Mi is the m/z corre-
sponding to each peak, and PDI is the polydispersity.

2.2.5. Determination of total content of free OH groups
The total content of free OH groups was determined before and after

polymerization using the Folin–Ciocalteu spectrophotometric method.
The monomer and polymer solutions dissolved in DMSO (100 μL) were
added to the mixture of Folin–Ciocalteu reagent (500 μL) and distilled
water (6 mL), and the mixture was shaken for 1min. Afterwards, a
Na2CO3 solution (15 wt%, 2mL) was added to the mixture and shaken
for 1min. Later, the solution was brought up to 10mL by adding dis-
tilled water. After 2 h, the absorbance was measured at 750 nm (25 °C).
The total content of free OH was assessed by plotting a gallic acid ca-
libration curve (from 1 to 1500 μg/mL). The equation of the gallic acid
calibration curve was A=0.2977c+ 0.0368, and the correlation
coefficient was r2= 0.999.

2.2.6. Fourier-transform infrared spectroscopy analysis of powder polymers
Infrared spectra were recorded on a Fourier-transform infrared

spectroscopy (FT-IR) Bomem MB using NaCl cells and Nujol. The
spectra were recorded in the absorption mode in the range of
4000–500 cm−1, with a 4 cm−1 resolution.
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2.2.7. Thermogravimetric analysis of powder polymers
Thermogravimetric analysis (TGA) was performed in PerkinElmer

TGA 4000. The calibration curve was plotted for metals such as nickel,
Alumel, and Perkalloy, based on their Curie point reference. The tem-
perature range was 30–700 °C (heating rate of 20 °C/min, sample
weight: 12–16mg), and the nitrogen flowrate was 20mL/min (3 bar).

2.2.8. Scanning electron microscopy
The surface topography and chemical composition of the coated

samples were investigated by SEM/energy-dispersive X-ray spectro-
scopy (EDS) evaluation. All the fabric samples were added to aluminum
pin stubs with an electrically conductive carbon adhesive tape (PELCO
Tabs™), with the excess removed using compressed air. Samples were
coated with 2 nm of Au for improved conductivity. The aluminum pin
stub was then placed inside a Phenom Standard Sample Holder, and
different points for each sample were analyzed for elemental compo-
sition. The samples were characterized using a desktop scanning elec-
tron microscope coupled with EDS analysis (Phenom ProX with EDS
detector; Phenom-World BV, The Netherlands). All results for the
quantification of the concentration of the elements present in the
samples were acquired using ProSuite software integrated with Phenom
Element Identification software, expressed in either weight or atomic
concentration.

2.2.9. (ABTS%+)-scavenging activity of polymer powders
ABTS radical cation (ABTS•+)-scavenging activity was determined

according to the method described by Re et al. with some modifications
[23]. ABTS was produced by reacting 7mM ABTS and 2.45mM po-
tassium persulfate in 10mL of demineralized water in an Erlenmeyer
flask, with magnetic stirring, in the dark at 26 ± 3 °C for 12–16 h. An
aliquot of blue–green ABTS solution was then diluted with 95% ethanol
to give an absorbance of 0.7 ± 0.02 at 734 nm. For this, ABTS adjusted
solution (20 μL) and ethanol (500 μL) were mixed in an Eppendorf tube,
and then, 200 μL of the mixture was taken to read the absorbance at
734 nm corresponding to the blank control (E1) (Spectronic Genesys 5,
Germany). The test polymer solutions with different concentrations (5,
50, 100, 200, 400, 600, 800, and 1000 μg/m L) were analyzed. The
absorbance of the reaction mixture was measured after 6min (E2), and
a control mixture without the polymer solution was also measured. The
(ABTS•+)-scavenging activity was assessed by plotting a Trolox cali-
bration curve (from 1 to 1000 μg/mL). The equation of the Trolox ca-
libration curve was A=0.1078c+10.514, and the correlation coeffi-
cient was r2= 0.9879. The (ABTS•+)-scavenging activity (%) was
calculated as follows:
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2.2.10. Antimicrobial activity of coated fabrics
The antimicrobial activity of the coated fabrics was evaluated

against the gram-positive S. aureus (ATCC 6538) and gram-negative E.
coli (CECT 434) strains using the quantitative method based on the
AATCC Test 100–2004 protocols (AATCC 100 2004: Antimicrobial
Activity Assessment of Textile Materials: Parallel Streak Method from
American Association of Textile Chemists and Colorists) with some
modifications. The fabric swatches were previously sterilized under UV
for 30min. Each strain was incubated with TSB inoculum for 24 h at
37 °C. The bacteria concentration was adjusted with TSB to 2×105
cells/mL. Then, 4mL of each diluted inoculum was placed in each
textile square sample of size 0.5× 0.5 cm. The samples were incubated
for additional 24 h at 37 °C. After the incubation period, 10mL of 0.1 M
PBS (physiological buffer solution) was added and the samples homo-
genized in the vortex. To determine the number of living bacteria, the
serial dilution plate count method was performed. TSA agar plates were
incubated for 24 h at 37 °C, and the total CFUs were enumerated. All the
assays were performed in duplicate and repeated three times.

2.2.11. Washing fastness of coated fabrics
The washing fastness of the coated fabrics with both poly(catechol)

and poly(p-phenylenediamine) was evaluated. For this purpose, the
samples were washed five times (each washing for 30min.) at 50 °C
with a detergent solution (0.5%). After each washing, the solutions
were collected for UV–Visible spectra evaluation, and after the fifth
washing, the spectra values (K/S) of the fabric samples were de-
termined.

2.2.12. Evaluation of potential cytotoxicity of fabrics
2.2.12.1. Cell culture. The BJ-5ta cell line (normal human skin
fibroblasts immortalized by overexpression of telomerase) was
maintained according to ATCC recommendations (four parts of
DMEM containing 4mmol/L-glutamine, 4.5 g/L sodium bicarbonate
and 1 part of Medium 199, supplemented with 10% (v/v) of FBS, 1%
(v/v) of penicillin/streptomycin solution, and 10 μg/mL Hygromycin
B). Cells were maintained at 37 °C in a humidified atmosphere with 5%
CO2, and culture medium was replaced every 2 days.

2.2.12.2. Cytotoxicity evaluation. BJ-5ta cells were used as a model of
general cytotoxicity. Cytotoxicity induced by bioactive leaching
substances, which diffused from the raw fabrics and from the fabrics
made up of poly(catechol) and poly(p-phenylenediamine), was
evaluated by exposing cells to the culture medium conditioned by
24 h contact with the fabrics. The fabrics were sterilized by UV for
30min prior incubation with the culture media. The conditioned media
were obtained by incubating the sterilized fabrics in 2mL of medium at
37 °C in a humidified atmosphere of 5% CO2 for 24 h.

Cells were seeded at a density of 10× 103 cells/100 μ L/well on 96-
well tissue culture polystyrene plates (SPL Life Sciences, South Korea)
the day before experiments and then exposed to the conditioned
medium, undiluted and diluted as 1:2 or 1:10, whenever necessary and
were further incubated at 37 °C in a humidified atmosphere of 5% CO2.
At the end of 24 and 48 h of contact, the metabolic viability was as-
sessed using the Promega CellTiter 96® AQueous Non-Radioactive Cell
Proliferation (MTS) assay (Promega, USA).

2.2.13. Statistical analysis
Data are presented as average standard deviation (SD) (n=3).

Statistical comparisons were performed using one-way ANOVA with
GraphPad Prism 5.0 software (La Jolla, CA, U.S.A.). Tukey's post hoc test
was used to compare all the results between them, and Dunnet's test
was used to compare the results with a specific control. A p value
of< 0.0001 was considered to be statistically significant.

3. Results and discussion

3.1. Polymer characterization

3.1.1. UV–Visible spectroscopy
The polymerization of catechol and p-phenylenediamine by

PEGylated laccase under HPH was followed during time by UV–Visible
spectroscopy. During polymerization, all the catechol reaction mixtures
changed from colorless to light/dark brown, as can be seen by the ty-
pical peak around 300 nm, which increased with time, because of the
soluble oligomers and polymers formed. Additionally, a new peak ap-
peared at around 430 nm, thus confirming the polymerization of ca-
techol. This peak was more pronounced when wool fiber was used as
the enzyme container because of the higher amount of soluble oligo-
mers formed (Fig. 1A). The p-phenylenediamine mixtures changed from
colorless to light/dark purple during the oxidation process. The spectra
of poly(p-phenylenediamine) presented, however, a different feature
compared with poly(catechol) and showed two characteristic peaks at
around 350 and 520 nm, attributed to the new polymers formed [24].
The absorbance did not show significant differences depending on the
enzyme bag container used (Fig. 1B).
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It is noteworthy that the temperature was controlled during pro-
cessing reaching maximum levels of 60 °C and the activity of the en-
zyme was monitored with progression of time. Despite the decrease in
activity observed (data not shown), the polymerization of both mono-
mers was not hampered because it occurs in the first 0.5–1 h of in-
cubation [25].

3.1.2. Polymer powder characterization: amount of polymer, particle size,
and total content of free OH groups

Both soluble and insoluble oligomers/polymers were collected and
quantified after freeze-drying. For catechol and comparing the oligo-
mers/polymers produced using the three fabrics as containers, con-
version yields of approximately 70% were obtained. The conversion
levels obtained for poly(p-phenyenediamine) were higher, reaching
values up to 95%. These findings confirm that, despite the different
polymer sizes obtained, the conversion rates were not dependent on the
type of enzyme container used but on the type of monomer. The
polymerization degree (DP) of oligomers/polymers was calculated
based on 1H NMR and MALDI-TOF analyses. As it can be seen in
Table 1, when PET and cotton were used as enzyme containers for
catechol polymerization, a DP of 10 is achieved. When wool was used as
a container, the DP obtained was lower, which is in accordance with the
higher amount of soluble oligomers evaluated by UV–Visible spectro-
scopy. In the case of poly(p-phenylenediamine), similar DPs were ob-
tained when using PET and wool, DP=12 and DP=11, respectively.
When cotton was used, slightly smaller polymers were produced. These
findings are most likely related to the amount of insoluble oligomers/
polymers rather than to the amount of soluble ones, as similar spectra
have been observed for all the samples using the different enzyme
containers. To evaluate the role of the different enzyme containers on
the polymerization of both monomers, the amount of oxyphenylene

units was estimated by measuring the total content of free OH in all the
mixtures after reaction (Table 1). The data obtained reveal that similar
values were obtained for all the samples produced in the presence of the
different containers, thus indicating that the type of fiber container
does not influence the catalytic enzyme performance. One might
speculate that the level of coating (discussed further) will be more
dependent on the polymer particle size than on the molecular size of the
polymers produced. Previously, we found that the PEGylated laccase
form, contained inside a PET fabric, was able to produced polymers of
poly(catechol) with a small size of approximately 30 to 60 nm, under
HPH [25]. Herein, while small particle sizes were obtained for poly
(catechol) oxidized by PEGylated laccase, this trend was not observed
for the poly(p-phenylenediamine). The oxidation of p-phenylenedia-
mine by PEGylated laccase gave rise to polymer particles of size up to
765 nm, as also confirmed by others [26].

3.1.3. FTIR and TGA
The confirmation of polymerization of both monomers was also

made by FTIR and TGA of the final powders produced (Fig. 2). In the
FTIR spectra corresponding to catechol (Fig. 2A1), two broad peaks can
be depicted at 3448.47 cm−1 and 3321.18 cm−1, which belong to the
characteristic O—H vibration bands of the monomer. In the polymer
spectra, these peaks are less intense, meaning that the polymerization
occurred by the hydroxyl groups. The absorption peaks attributed to the
aromatic ring C=C vibration bands between 1360 and 1600 cm−1

remain the same in both monomer and polymer spectra. In the FTIR
spectra of poly(p-phenylenediamine) (Fig. 2A2), a decrease in the peak
intensity corresponding to the amines (3400 cm−1) can be observed,
which confirm the proposed polymerization mechanism (Fig. 2C).

The thermal properties of poly(catechol) and poly(p-phenylenedia-
mine) were investigated by TGA. As it can be seen in Fig. 2B, the

Fig. 1. UV–Visible spectra of soluble oligomers/polymers after 2 h of polymerization with PEGylated laccase contained in different bags (PET, cotton, and wool): A)
poly(catechol); B) poly(p-phenylenediamine); the control samples correspond to the monomer spectra before mixture into the cup container of the homogenizer.

Table 1
Characterization of oligomers/polymers produced by in situ oxidation with PEGylated laccase under high-pressure homogenization and coating characterization.

Polymer characterization Coating characterization

Polymer Fabrics Conversion yield⁎ (%) DPa Particle sizeb PDI Free OH content c Coating yield (%)Δ

Poly(catechol) PET 72.8 10 55.77 ± 1.60 0.11 0.3634 3.5
Cotton 69.8 10 74.66 ± 3.55 0.11 0.3869 6.4
Wool 71.8 7 37.09 ± 0.36 0.04 0.3802 1.3

Poly(p-phenylenediamine) PET 84.8 12 683.80 ± 6.86 0.05 – 4.1
Cotton 83.8 9 692.30 ± 5.23 0.02 – 8.1
Wool 83.8 11 765.40 ± 7.14 0.20 – 1.5

a The average DP of poly(catechol) was calculated by 1H NMR (based on the integration of the terminal OH peak with the aromatic peak protons) and that of poly
(p-phenylenediamine) (Fig. S1) by MALDI-TOF (calculated from Mw/Mp-phenylenediamine) (Fig. S2).

b Particle was dissolved in 50% H2O and 50% DMSO and measured by DLS (dynamic light scattering) in a Malvern Zeta-sizer (UK);
c The free OH content was evaluated as catechol 1.00 (100%);
⁎ The conversion yield was determined by weighing the fabrics before and after coating and by weight of the final solution after freeze-drying;
Δ The coating yield was determined by weighing the fabrics before and after coating.
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monomers, catechol and p-phenylenediamine, all showed one-step de-
composition, thus losing all the weight between 100 and 250 °C. The
corresponding polymers have, however, a different thermal behavior.
Poly(catechol) presented a very slow degradation rate at> 200 °C, thus
showing two stages of weight loss, one at approximately 220 °C (35% of
weight loss) and another at approximately 450 °C (55% of weight loss).
Poly(p-phenylenediamine) presented a multistep decomposition
thermal behavior differentiated from poly(catechol), with 40% of
weight loss at approximately 250 °C and 55% of weight loss at 450 °C.
Both polymers formed 40% of residue at approximately 700 °C, thus
indicating a higher stability toward thermal degradation, which is in
accordance with the results in previous studies [27–29]. The high
amount of residue that remained on both polymers might be also at-
tributed to the presence of fibrils on the samples, which have influenced
the thermal behavior in the temperature range of 500–700 °C. The re-
sults correspond to the polymers produced using cotton as enzyme
container, and this fiber presents this thermal behavior in specific ex-
perimental conditions [30].

3.1.4. Antioxidant activity
The exploitation of the radical-scavenging activity of different

polyphenols has been undertaken by several researchers [31–34]. Their
studies showed that the polymers have superior antioxidant properties
compared to the respective monomers and that the antioxidant activity
of the polyphenols will be dependent on the molecular mass and on the
structure of the polymer.

In this study, the radical-scavenging activity of poly(catechol) and
poly(p-phenylenediamine) was evaluated by the ABTS method, which
has been applied to measure the total antioxidant activity of pure
substance solutions, aqueous mixtures, and beverages [23]. The results
in Fig. 3 demonstrate that, for both polymers, as the concentration of
the test solution increased, their ABTS.+ scavenging ability increased,
thus reaching a plateau above 600 μg/ml for the poly(catechol) and

above 400 μg/ml for the poly(p-phenylenediamine). It is noteworthy
that independent of the enzyme container used in the oxidation process,
the powders produced displayed a similar antioxidant behavior for both
polymers. The promising results obtained for the antioxidant analysis,
might be a reliable indication that these polymers would confer anti-
oxidant properties to the coated fabrics.

3.2. Coating characterization

3.2.1. Coating efficiency: coating yield and SEM visualization
The coating efficiency is expected to be dependent on several

parameters including the type of monomer, the particle size of the
forming polymer, and the type of fiber used as the container. The
coating efficiency was, therefore, evaluated by measuring the coating
yield by weighing the fabrics before and after coating and also by SEM
examination. As can be seen in Fig. 4, the surfaces of the original PET
(A1) and cotton (B1) are smooth and neat, whereas wool fibers (B3)
present the typical scale-shape. Coated samples show macroscopic
particles of both polymers attached to the fabric surfaces, as it can be
seen by the coverage of the fiber surface (Fig. 4A2, A3, B2, B3 and C2,
C3). The in situ polymerization of p-phenylenediamine gave rise to si-
milar levels of coating (as highlighted in the figure at the bottom right
corner), despite the differentiated spectra values obtained (see Table
S1), which are related to the typical polymer coloration. The coating
yield is related to not only the amount of polymer at the surface of the
fibers evaluated by SEM but also the amount of small polymer particles
that penetrate deeply inside the fibers, which also possess differentiated
substantivity, and are not visible by spectroscopic evaluation nor by
SEM. Moreover, it also depends on the substantivity of the polymer to
each type of fiber. This explains the lower spectra results obtained for
poly(catechol) when PET and cotton are used, which presented lower
checksum K/S, revealing, however, similar coating yields. The higher
wool coating levels observed for both polymers might be attributed to

Fig. 2. FTIR and TGA of polymers: A1) poly(catechol); A2) poly(p-phenylenediamine); B) thermal performance of poly(catechol) and poly(p-phenylenediamine) and
respective controls; C) schematic representation of polymerization mechanism of both polymers (upper scheme: poly(catechol); down scheme: poly(p-phenylene-
diamine).

J. Su et al. Reactive and Functional Polymers 136 (2019) 25–33

29



Fig. 3. ABTS.+ scavenge activity of fabrics coated
after in situ coating with the enzymatically oxidized
poly(catechol) and poly(p-phenylenediamine); A)
fabrics coated with poly(catechol) using different
fabric substrates as enzyme containers; B) fabrics
coated with poly(p-phenylenediamine) using dif-
ferent fabric substrates as enzyme containers and its
polymers on PET/cotton/wool; the positive control
corresponds to Trolox.

Fig. 4. SEM photographs of coated fabrics (×1700): A1: raw PET; A2: PET fabrics coated with poly(catechol); A3: PET fabrics coated with poly(p-phenylenedia-
mine); B1: raw cotton; B2: cotton fabrics coated with poly(catechol); B3: cotton fabrics coated with poly(p-phenylenediamine); C1: raw wool; C2: wool fabrics coated
with poly(catechol); C3: wool fabrics coated with poly(p-phenylenediamine); at the bottom right of each image is presented the coating yield calculated by weighing
the fabrics before and after coating (the samples were placed in conditioned atmosphere for 24 h before weighing); the coating yield corresponds to the percentage of
polymer formed that is coating the fabrics.
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the higher fabric porosity of wool, which allowed higher polymer dif-
fusion between fibers and thus higher polymer deposition inside yarns
and in the outer fabric layer. Moreover, the scale-shape of this fiber is
able to accumulate a higher amount of coated material than that of the
plane and smooth PET and cotton fibers.

The homogenization process also contributed to the coating levels
achieved by promoting homogenization of the solution, thus leading to
a homogeneous coating. Further, the high pressures involved also al-
lowed the penetration of the polymers more deeply inside the fibers.

The coating of fabrics with the produced polymers was also con-
firmed by EDS evaluation. The quantification of the elements present on
the coated surface reveals the presence of carbon and oxygen on sam-
ples coated with poly(catechol) and the presence of carbon, oxygen,
and nitrogen on samples coated with poly(p-phenylenediamine) (Table
S2).

3.2.2. Antimicrobial activity of coated fabrics
Antibacterial performance ranks among the most attractive features

of the fabrics modified with polyphenols and polyamino-phenols.
According to the requirements of the standard procedures, antibacterial
activities of the front and back sides of the studied materials should to
be determined because of the fact that only marginal differences in
growth were observed on both sides of poly(catechol)- and poly(p-
phenylenediamine)-coated fabrics by a quantitative method for gram-
positive S. aureus and gram-negative E. coli.

For a higher accuracy of the percentage of microbial growth in-
hibition, the quantitative method, AATCC Test Method 147–4004, was
conducted to study the antimicrobial performance of the coated sam-
ples. This method provides values of antimicrobial activity on the basis
of the reduction in planktonic bacterial growth [35,36].

As shown in Fig. 5, for both polymer-treated fabrics, the number of
gram-positive and gram-negative bacteria decreased significantly
compared with that in the noncoated samples (control). A higher bac-
terial reduction can be observed for wool fabrics coated with poly(ca-
techol), thus revealing the highest antimicrobial activity with ap-
proximately to 2 log reduction compared to control (p < .0001) for
both bacteria. This is related to the diffusivity of the material from the
fabrics during testing. In fact, the wool samples coated with poly(ca-
techol) presented lower fastness than PET and cotton samples (Table
S1), which is directly associated with a higher amount of polymer that
can be detached from the wool surface and act as an antimicrobial
agent. When observing the sample photographs (Table S1), this beha-
vior would be expectable because a higher coloration of the wool fab-
rics was achieved; however, this coloration, and as mentioned pre-
viously, does not correspond necessarily to a higher amount of polymer
deposited onto the fabric surface (a similar coating yield was observed).
Moreover, the intrinsic antimicrobial properties of wool might have
played together with the previous events, a synergistic effect of bac-
terial reduction [37].

PET- and cotton-coated samples displayed a similar antimicrobial
behavior with approximately 1 log reduction for both bacteria,

however, with lower bacterial reduction than wool. Despite the similar
coating yields observed (Fig. 4), the amount of polymer available at the
fabric surface is lower. This is corroborated by the spectral results,
which were lower for these substrates. In both cases, the low particle
size of the polymer formed allowed its deep penetration inside the fi-
bers, and a low coloration of the fibers outside layer was achieved
(Table S1). The type and fiber structure were, in this case, key factors
for the different levels of diffusion of the antimicrobial polymer agent,
which were higher on the more open wool structure.

Fig. 5B shows the antimicrobial performance of the fabrics coated
with poly(p-phenylenediamine). All the coated substrates revealed a
similar antimicrobial behavior toward both S. aureus and E. coli, with
approximately 2 log reduction compared to control (p < .0001). The
similar antimicrobial behavior is, in this case, more attributable to the
type of polymer rather than to the level of coating or to the type of fiber
coated. This polymer has known antimicrobial properties when the
monomer acquires an incremented antimicrobial behavior when poly-
merized. Its ability to diffuse from the fabric to the medium makes it
more available to coat the surface of the cell membrane, thus pre-
venting the nutrients from entering the cell [38]. It can also diffuse into
the cell and adsorb the electronegative substances in the cell and
flocculate them. This causes disturbance in the normal physiological
activities of the bacterial cell and results in cell death [39]. Moreover,
the conductive behavior of these polymer might also cause cell death by
disrupting microbial cell walls by electrostatic contact [40,41].

In fact, our data showed that these coated fabrics demonstrated
significant antimicrobial activity (p value< .0001 and log reduction
≥ 1 to<2) by direct contact with both gram-positive and gram-ne-
gative bacteria. It is important to address that the two types of bacteria
differ in their cell wall, i.e., gram-positive bacteria presents a con-
tinuous cell wall of a thick layer of peptidoglycan, whereas gram-ne-
gative bacteria show a noncontinuous cell envelope formed by a thin
layer of peptidoglycan covered by an outer membrane. With these
differentiation, the cell wall structure would be expected a distinct
behavior in what concerns their susceptibility to antimicrobial agents
[42], but curiously, this was not observed.

3.2.3. Evaluation of fabric potential cytotoxicity
The term “antibacterial” raises questions among wearers as to the

compatibility of antimicrobial textiles worn next to the skin. The user of
the textile products can therefore expect them to be safe in use and not
to pose a health risk [1,43]. Ideally, a textile with a bioactive compound
should not elicit an inflammatory response or demonstrate cytotoxicity,
particularly when the active compound is released from the material
[44]. Thus, it was imperative in this work to evaluate the cytotoxicity of
the fabrics coated with both poly(catechol) and poly(p-phenylenedia-
mine). When considering the tissue compatibility of textiles with anti-
microbial coating, it is particularly important to determine whether
potentially toxic cell substances (i.e., bioactive leaching substances)
could be released from the material during normal wear.

To evaluate the cytotoxicity induced by bioactive leaching

Fig. 5. Antimicrobial performance of fabrics treated
with polymers using PEGylated laccase. (A): fabrics
treated with poly(catechol) against S. aureus and E.
coli; (B): fabrics treated with poly-p-phenylenedia-
mine against S. aureus and E. coli (****: p value<
0.0001; N – number of bacteria); the control corre-
sponds to the incubation of the noncoated samples
(only one sample is represented, as all controls dis-
played similar results).
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substances, which diffused from the raw fabrics (PET, cotton, and wool)
and the fabrics made up of poly(catechol) and poly(p-phenylenedia-
mine), BJ-5ta fibroblasts were exposed to the culture medium pre-
conditioned by contact with the fabrics for 24 h. Depending on the
fabric, coating yield, and type of polymer, different diffusion rates were
observed during the conditioning of the culture medium (Fig. S3). The
degree of diffusion of the bioactive polymers from the fabrics was
evaluated by direct observation of the color change of the conditioned
culture media. This change was directly related to the amount of
polymer diffused from the fabric to the medium. In general, higher
diffusion rates were observed for the fabrics functionalized with the
poly(p-phenylenediamine) polymer, with the highest diffusion being
observed for wool. Depending on the degree of diffusion observed, the
BJ-5ta cells were exposed to different dilutions of the conditioned
medium (Fig. 6).

The results of the indirect contact study after fibroblast incubation
for 24 and 48 h with the poly(catechol) and poly(p-phenylenediamine)
that diffused from the fabrics to the culture media are depicted in Fig. 6.
The data showed some variations in cell viability with the type of fabric
and polymer; however, none of the raw fabrics elicit significant cyto-
toxicity when compared with the life control. Moreover, as the values of
cytotoxicity obtained for the three types of fabrics were very similar
among them, only one control of the raw fabrics was included in Fig. 6.

No cytotoxicity was observed for PET-coated samples for any of the
tested conditions, while for the wool-coated fabrics, a significant de-
crease in cell viability was observed after 24 and 48 h of incubation. For
these samples, only the poly(catechol) and poly(p-phenylenediamine)
1:10 dilutions did not affect the viability of fibroblasts. The high levels
of coating obtained for wool and the lower washing fastness might help
to explain these results. Despite the coating yield observed for this
fabric being higher because of its porous fabric structure and inherent
scale-shape, the fastness to washing was lower than that observed for
the other two fabrics, as can be seen in Table S1. Thus, when in contact
with the culture medium, the polymers tend to diffuse intensively to the
medium, thus saturating it and leading to cytotoxicity.

With regard to the cotton fabric, only the poly(p-phenylenediamine)
sample affected negatively the cell viability after 48 h of incubation.
Yet, as for the wool fabrics, this effect was dependent on the polymer
concentration present on the culture medium (no significant effect was
found for the 1:2 dilution when compared with the life control).

4. Conclusions

PET, cotton, and wool fabrics were efficiently coated with poly
(catechol) and poly(p-phenylenediamine). The coating was achieved by
the laccase in situ polymerization of both catechol and p-phenylene-
diamine monomers assisted by HPH.

All fabrics coated with both polymers demonstrated antioxidant
activity. Poly(catechol) revealed antioxidant activity up to 600 μg/mL
of polymer, whereas poly(p-phenylenediamine) reached the saturation
at 400 μg/mL of polymer used. Both polymers were able to confer

antimicrobial activity to all the coated fabrics against gram-positive S.
aureus and gram-negative E. coli.

The coating of PET and cotton fabrics with both polymers did not
affect the viability of foreskin fibroblasts. The cells viability was,
however, compromised by wool-coated fabrics because of the higher
polymer diffusion from these textile substrates.

Our data allowed us to conclude that the methodology applied for
fabric coating is a promising approach to obtain colored fabrics with
antioxidant and antimicrobial activities, especially if PET and cotton
are used as enzyme containers.
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