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Abstract

This paper describes a laccase-assisted grafting of gallic acid (GA) and thymol (T) as
functional entities onto the previously developed P(3HB)-g-EC composite. GA-g-P(3HB)-g-
EC and T-g-P(3HB)-g-EC bio-composites were prepared by laccase-assisted free radical-
induced graft polymerisation of GA and T onto the P(3HB)-g-EC based composite using
surface dipping and incorporation technique. The results of the antibacterial evaluation for
the prepared composites indicated that 15GA-g-P(3HB)-g-EC, 15T-g-P(3HB)-g-EC and 20T-
g-P(3HB)-g-EC composites possessed the strongest bacteriostatic and bactericidal activities
against Gram-positive B. subtilis NCTC 3610 and S. aureus NCTC 6571 and Gram-negative
E. coli NTCT 10418 and P. aeruginosa NCTC 10662 strains. In this study, we have also
tested GA-g-P(3HB)-g-EC and T-g-P(3HB)-g-EC bio-composites for their ability to support
and maintain multilineage differentiation of human keratinocyte-like (HaCaT) skin cells in-

vitro. From the cytotoxicity results, the tested composites showed 100% viability and did not
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induce any adverse effect on a HaCaT’s morphology. Finally, in soil burial evaluation, a
progressive increase in the degradation rate of GA-g-P(3HB)-g-EC and T-g-P(3HB)-g-EC
bio-composites was recorded with the passage of time up to 6 weeks. In summary, our
current findings suggest that GA-g-P(3HB)-g-EC and T-g-P(3HB)-g-EC bio-composites are
promising candidates for biomedical type applications such as skin regeneration, multiphasic

tissue engineering and/or medical implants.

Keywords: Laccase; Bio-composite, Gallic acid; Thymol; Antibacterial; HaCaT compatible

1. Introduction

In recent years, with the increasing emergence of infectious diseases caused by various
microorganisms, there is an urgent need for the development of non-toxic green polymeric
materials and/or composites with antimicrobial activity. Laccase-assisted grafting has
recently been the focus of green chemistry technologies in response to the growing
environmental concerns, legal restrictions and advances in science. In principle, laccase-
assisted grafting may modify and/or impart a variety of new functionalities to the materials of
interest as the modified materials through grafting have boundless applications (Bozi¢ et al.,
2012; Igbal et al., 2014a).

In recent years, with increasing consciousness to reduce, and preferably eradicate a bacterial
population in healthcare facilities and possibly to cut pathogenic infections, development of
materials with novel characteristics are considered with urgency. The antibacterial features of
silver nanoparticles have been reported, however, excess release of silver nanoparticles
inhibits osteoblasts growth and consequently can also cause many severe side effects such as

cytotoxicity (Sandukas et al., 201; Albers et al., 2013; Wang et al., 2014). In this context,
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there is a need for green composites with antimicrobial activity to reduce or even eliminate
the risk of bacterial infection without cytotoxicity.

Antimicrobial products may be fabricated by introducing antimicrobial agents through
surface coating or dipping, spraying or incorporating microbicidal functional groups with
cellulose (Dong et al., 2014). However, in practice, the main drawback of the various
physical/chemical methods is the risk of premature delamination and short-term antibacterial
effects (Hiriart-Rami'rez et al., 2012). On the other hand, laccase-assisted grafting and
incorporation of microbicidal groups, such as natural phenols seems to be a promising
technique. This technique offers clean and safe alternative to the currently practiced
physical/chemical methods (Chen et al., 2000; Aljawish et al., 2012). In the production of
functional materials, enzyme specificity may offer the potential to better control the polymer
function through precise modifications in the polymer structure (Chen et al., 2000; Yamada et
al., 2000; Igbal et al., 2014b,c).

It is well-known that phenols are typical laccase substrates because their redox potentials are
low enough to allow electron abstraction by Cul reaction site of the laccase. They are
oxidized into phenoxy radicals which, depending on the reaction conditions, can
spontaneously polymerize via radical coupling, or rearrange themselves into highly-reactive
quinones through a disproportionate mechanism. Figure 1 illustrates a schematic mechanism
for laccase action in the preparation of phenol grafted P(3HB)-g-EC composites. Among the
tested phenolic structures GA and T, both have pronounced antibacterial features toward a
wide spectrum of Gram-positive and Gram-negative bacteria. In addition, their flavouring,
antioxidant and antiseptic characteristics has already been reported elsewhere by several
authors (Sanchez-Garcia et al. 2008; Archana et al. 2011; Rukmani and Sundrarajan 2012;
Shahidi et al., 2014). On the basis of these evidences, we hypothesised that GA and T may be

efficient candidates for inhibiting bacterial infections. Thus we developed a series of novel
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bio-composites e.g., GA-g-P(3HB)-g-EC and T-g-P(3HB)-g-EC and investigated their
biocompatibility and antibacterial activity in-vitro against human keratinocytes-like cell, and

Gram-positive and Gram-negative bacterial strains respectively.

2. Materials and Methods

2.1. Chemicals

Dulbecco’s modified eagle’s medium (DMEM), phosphate buffer saline (PBS), streptomycin
and was penicillin were obtained from Lonza, UK. Fetal calf serum was received from
Labtech International Ltd., UK. Table 1 illustrates physiochemical characteristics of GA and

T obtained from Sigma-Aldrich Company Ltd., UK.

2.2. Microorganisms

B. subtilis NCTC 3610, S. aureus NCTC 6571, E. coli NTCT 10418 and P. aeruginosa
NCTC 10662 strains were obtained from the culture collection unit of the University of
Westminster London, UK. An overnight grown inoculum of each of the aforementioned
strains was developed, separately, in 50 mL sterile nutrient broth under temperature

controlled environment at 30 °C and 120 rpm.

2.3. Grafting of phenols onto P(3HB)-g-EC

The grafting of GA and T onto the previously developed P(3HB)-g-EC composite (Igbal et
al., 2014b), was performed via surface dipping and incorporation technique. A pre-weight
P(3HB)-g-EC was dipped in a 50 mL solution of GA and T, separately. Control sample,
[P(3HB)-g-EC], was treated with buffer alone without GA and/or T. After the stipulated

reaction time (60 min), the weight of each composite was recorded followed by incubation at
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50 °C until fully dried and final dry weight was recorded. The dried films were designated as
GA-g-P(3HB)-g-EC bio-composites i.e., [0GA-g-P(3HB)-g-EC (control); 5GA-g-P(3HB)-g-
EC; 10GA-g-P(3HB)-g-EC; 15GA-g-P(3HB)-g-EC and 20GA-g-P(3HB)-g-EC] and T-g-
P(3HB)-g-EC bio-composites i.e., [0T-g-P(3HB)-g-EC (control); 5T-g-P(3HB)-g-EC; 10T-g-
P(3HB)-g-EC; 15T-g-P(3HB)-g-EC and 20T-g-P(3HB)-g-EC] and used as prepared for

further evaluation.

2.4. Fourier Transform Infrared spectroscopy (FT-IR)

The individual and grafted composites were placed on the diamond crystal, and infrared
absorption spectra were recorded from the wavelength region of 4000-500 cm™ using a
Perkin Elmer System 2000 FT-IR spectrophotometer. All spectra were collected with 64

scans and 2 cm™ resolution and assigned peak numbers.

2.5. Grafting parameters

The grafting parameters i.e., graft yield (GY %), grafting efficiency (GE %) and swelling
ratio (SR %) behaviours of the GA-g-P(3HB)-g-EC and T-g-P(3HB)-g-EC bio-composites
were investigated. The aforementioned parameters were calculated according to the following

equations with minor modifications as reported earlier by Sabaa et al., 2012.

Graft yield (GY%) = [(Wf - Wi) / Wi] x 100 Q)
Grafting efficiency (GE%) = [(Wf - Wi) / (Ws — Wi)] x 100 @)
Swelling ratio (SR%) = Ws — Wi/ Wi x 100 3)

Where, Wi = initial weight before immersion; Wf = final dry weight after immersion; and Ws

= weight of sample at the swollen state

2.6. Antibacterial activity assay
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The antibacterial activities of GA-g-P(3HB)-g-EC and T-g-P(3HB)-g-EC bio-composites
were inspected against Gram-positive (B. subtilis NCTC 3610 and S. aureus NCTC 6571)
and Gram-negative (E. coli NTCT 10418 and P. aeruginosa NCTC 10662) strains. An
overnight grown spore suspensions of each bacteria were inoculated on the pre-sterilised
surfaces of GA-g-P(3HB)-g-EC and T-g-P(3HB)-g-EC bio-composites, followed by
incubation in a temperature controlled incubator at 30 °C for 24 h. After the stipulated
incubation time period (24 h), the bacterial cells were washed twice using 50 mL phosphate
buffer (pH, 7.0) and the viable cells were calculated as CFU/mL by conventional spread-plate
method by serial dilution. In comparison to control (initial bacterial count i.e., 10° CFU/mL),
the mean colony forming units per mL (CFU/mL) values were used to calculate the reduction
in log value by using the Equation 4.

Log reduction = log CFU control sample — log CFU treated sample 4)

2.7. In-vitro cell viability assay

To evaluate the cytotoxicity of the newly synthesised GA-g-P(3HB)-g-EC and T-g-P(3HB)-
g-EC bio-composites a human keratinocytes-like HaCaT cell line was adopted, in this study.
HaCaT cell viability was measured after 1, 3 and 5 days of incubation using neutral red assay
as reported earlier (Igbal et al., 2015). The HaCaT cell viability in percentage was calculated
using the Equation 5. Whereas, the adherent morphology of HaCaT cells seeded on the
P(3HB)-g-EC, GA-g-P(3HB)-g-EC and T-g-P(3HB)-g-EC bio-composites was observed
using Nikon light microscope. After 1 h incubation in neutral red dye solution, the stained

cells were washed with PBS prior to record images at 100x magnification.

oD Test specimen — oD Negative control
% cell viability = x 100 (5)

oD Positive control
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Standard tissue culture plastic was used as a positive control whereas graft composite
without cell culture was used as negative control to normalise the absorption of the neutral

red dye by the graft composite itself.

2.8. Soil Burial Test
The biodegradability of GA-g-P(3HB)-g-EC and T-g-P(3HB)-g-EC bio-composites was
evaluated using soil burial test as-described earlier by Wattanakornsiri et al., 2012. After
every 7 days of burial, each set was removed, washed, dried and subsequently weighed to
determine the loss in weight, being recorded every week for 6 weeks. The percentage of
weight loss was calculated using the Equation 6.

Control weight — loss in weight

% Loss in weight = x 100 (6)
Control weight

3. Results and Discussion

The FT-IR spectra were used to characterise the structural elements of GA, T, P(3HB)-g-EC,
GA-g-P(3HB)-g-EC and T-g-P(3HB)-g-EC (shown in Figure 2A and B). For GA-g-P(3HB)-
g-EC, the absorptions at 3345, 1720, 1360, and 1056 cm™ in the spectrum are indications of
GA. The region between 1260 and 1056 cm™ relates to the C—H and C—O—C bond stretching
frequencies; a band at 2985 cm™ is assigned to C—H vibration; the band range from 3200 to
3400 cm™ corresponds to the vibration stretching of inter- and intramolecular hydrogen bonds
of GA-g-P(3HB)-g-EC. The peak at 1000-1150 cm™, corresponding mainly to ethers (C—O-
C), increased compared to phenolics monomers spectra, indicating extended polymerisation
(Yamada et al., 2007). It has typical polyphenol characteristics, showing broad peaks centred
at 3345 and 1375 cm™ due to the vibration of O—H linkage of phenolic and hydroxyl groups,
at 1450-1600 cm™ due to the aromatic ring C=C stretching, and C=0 stretching vibration at

1200-1300 cm™, respectively. A new peak at 1625 cm™ is probably due to the quinone
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moiety absorption. The most intense peaks at 738 and 807 cm™ are assigned to ring vibrations
of the T chemistry (Schulz et al., 2003; Torres-Giner et al., 2014). Figure 2B depict an
increase in the hydrogen bond peak at 3360 cm™ as a result of T affinity to the P(3HB)-g-EC,
this peak was not found in the spectra of pristine T. The T-g-P(3HB)-g-EC spectra exhibit a
different profile compared to the spectra of pure T alone. The bands in the 3070—-2860 cm™
region are assigned to the C—H, CH; and CHjs vibrations. In the fingerprint region, there are
bands assigned to the aromatic and hetero aliphatic rings as well as to the CH, and CHjs
modes. The peak at 1000-1150 cm™, corresponding mainly to C-O-C linkages, increased
compared to phenolics monomers spectra, indicating extended polymerisation (YYamada et al.,
2007; Bozic et al., 2012). By comparison between this and the T-g-P(3HB)-g-EC spectra, it
can be seen that some bands changed intensity and/or shape during the graft formation

process.

Figs. 3 A and B shows the graft yield (GY%), grafting efficiency (GE%) and swelling ratio
(SR%) profiles of GA-g-P(3HB)-g-EC i.e., 0GA-g-P(3HB)-g-EC, 5GA-g-P(3HB)-g-EC,
10GA-g-P(3HB)-g-EC, 15GA-g-P(3HB)-g-EC and 20GA-g-P(3HB)-g-EC and T-g-P(3HB)-
g-EC i.e., 0T-g-P(3HB)-g-EC, 5T-g-P(3HB)-g-EC, 10T-g-P(3HB)-g-EC, 15T-g-P(3HB)-g-
EC and 20T-g-P(3HB)-g-EC bio-composites. A consistent increase in all of the grafting
parameters i.e., GY%, GE% and SR% was recorded up to the concentration of 15 mM GA,
whereas, in case of T 20 mM concentration was proved best under the same environment.
However, further increase up to 20 mM GA concentration showed decreasing trend in
aforementioned parameters. One possible reason for the observed behaviour could be the
substantial amount of GA grafted onto the P(3HB)-g-EC bio-composite, which creates steric
hindrance for further grafting. The increase in monomer concentration would be expected to

increase both the grafting percentage which in turn increase the molecular weight of the graft
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composite (Aggour, 2001; Constantin et al., 2011). Indeed, the results presented in Figure 3
indicate that as the concentration of GA increases from 0 to 15 mM both the GY% and GE%
were optimal with an increase in the swelling ratio. The order of GP % observed for GA-g-
P(3HB)-g-EC and T-g-P(3HB)-g-EC composites was: 15GA-g-P(3HB)-g-EC > 10GA-g-
P(3HB)-g-EC > 20GA-g-P(3HB)-g-EC > 5GA-g-P(3HB)-g-EC > 0GA-g-P(3HB)-g-EC and
20T-g-P(3HB)-g-EC >15T-g-P(3HB)-g-EC > 10T-g-P(3HB)-g-EC > 5T-g-P(3HB)-g-EC >
0T-g-P(3HB)-g-EC respectively. It has also been reported in literature that the reaction time
IS an important parameter which can increase or decrease the grafting parameters like graft

yield, grafting efficiency and swelling behaviour (Sun et al., 2003; Constantin et al., 2011).

The results of the disc diffusion method for GA-g-P(3HB)-g-EC bio-composites against each
bacterial strain are given in the Fig. 4 (A-D). 0GA-g-P(3HB)-g-EC used as a control, did not
showed any log reduction (CFU/mL) against B. subtilis NCTC 3610, S. aureus NCTC 6571,
E. coli NTCT 10418 and P. aeruginosa NCTC 10662, thus showing no antibacterial
potentials. 5GA-g-P(3HB)-g-EC and 20GA-g-P(3HB)-g-EC composites prepared with 5 and
20 mM GA concentration, respectively, did not show any potential to inhibit bacterial count
against each of the above said bacterial species. However, the composite prepared by the
incorporation of 10 and 15 mM GA onto P(3HB)-g-EC backbone material displayed
excellent antibacterial activities against all of the tested species (Fig. 4, A-D). For the
samples prepared in the presence of laccase, the results clearly show that increasing the
concentration of T the antibacterial activity is enhanced, reaching a complete bactericidal
effect at 20 mM concentration against test microorganisms. As already seen in Fig. 5 (A-D),
the bio-composites, prepared with varying T concentrations (0 to 20 mM) in the presence of
laccase, produced a slight bacteriostatic effect on B. subtilis NCTC 3610 and S. aureus

NCTC 6571, in the range 15 and 20 mM concentration. The same composites with the same
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concentration showed complete bactericidal effect on E. coli NTCT 10418 and P. aeruginosa
NCTC 10662. The counting test showed a complete bactericidal effect (100 % reduction of
bacterial count) on E. coli NTCT 10418 and S. aureus NCTC 6571, but only in the case of
graft composites prepared with 15 mM and 20 mM T concentrations. This is because the
interaction between T and bacteria can change the metabolic activity of bacteria and
eventually cause their death. However, the exact mechanism of the antimicrobial action of T
is not established yet. Based on an earlier publication, T has an ability to disrupt the lipid
structure of the bacterial cell wall leading to the destruction of the cell membrane,
cytoplasmic leakage, and cell lysis and ultimately, cell death (Veras et al. 2012; Milovanovic

et al., 2013; Shahidi et al., 2014).

Cell viability at 1, 3 and 5 days after seeding of HaCaT cells on the GA-g-P(3HB)-g-EC and
T-g-P(3HB)-g-EC bio-composites, in comparison to those on the tissue culture plastic
(polystyrene), are shown in Fig. 6 (A-F). The GA and T grafted bio-composites supported
variable viability of HaCaT cells. The % viability of HaCaT cells at 5 days of incubation on
GA and T grafted bio-composites were in the following order: 10GA-g-P(3HB)-g-EC >
15GA-g-P(3HB)-g-EC > 5GA-g-P(3HB)-g-EC > 20GA-g-P(3HB)-g-EC > 0GA-g-P(3HB)-g-
EC, and 15T-g-P(3HB)-g-EC > 20T-g-P(3HB)-g-EC > 10T-g-P(3HB)-g-EC > 5T-g-P(3HB)-
g-EC > 0T-g-P(3HB)-g-EC. The Morphology of HaCaT cells grown on the GA-g-P(3HB)-g-
EC and T-g-P(3HB)-g-EC bio-composites at 1, 3 and 5 days of seeding is shown in Figs. 7
and 8, respectively. HaCaT cells responded to the test composites by exhibiting good
attachment and spreading. Moreover, the growing HaCaT cells demonstrated normal cell

morphology with their typical shape and spread covering the material surface.
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Figs. 9 and 10 shows the degradation profiles of the GA-g-P(3HB)-g-EC composites and T-g-
P(3HB)-g-EC composites after 6 weeks of soil burial degradation, respectively. Owing to the
difficulty in isolating degraded part of the test samples from soil particles, the weight loss of
composites induced by biodegradation in soil was recorded. Figs. 9 and 10 illustrate the %
weight loss of the test composites as a function of degradation time. All of the composites
showed an increased degradation rate to different extents during the burial period. In contrast
to the results obtained with the soil burial test, a significant difference was revealed in this
experiment with respect to degradation rate. It was observed that the degradation rate of the
pristine P(3HB)-g-EC was lower than that of the GA and/or T incorporated GA-g-P(3HB)-g-
EC and T-g-P(3HB)-g-EC bio-composites. After 6 weeks of incubation, up to 100% bio-
degradability of GA-g-P(3HB)-g-EC and T-g-P(3HB)-g-EC bio-composites was recorded in
comparison to the control sample. Mostly, the cellulosic based composites/blends can be
degraded by a wide spectrum of cellulolytic or ligninolytic enzymes secreted by the soil
bacteria or fungi. For example brown rot fungi are more effective in decomposing cellulose
and hemicelluloses like components, whereas, white rot fungi are able to degrade phenol
containing structures like lignin. Moreover, such natural process factually simulates the

degradation situation when the used composites are abandoned as garbage.

4. Conclusions

In conclusion, we prepared a series of novel bio-composites with natural phenols as
functional entities which displayed an excellent antibacterial activity against Gram-positive
and Gram-negative bacterial strains. The improved bacterial resistance along with human
keratinocytes-like HaCaT compatibility indicate that the newly synthesised GA-g-P(3HB)-g-
EC and T-g-P(3HB)-g-EC bio-composites are promising candidates for biomedical type

applications such as skin regeneration, multiphasic tissue engineering and/or medical



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

implants. However further studies, especially in-vivo experiments are required for detailed
information for other applications such as biomedical implants of these newly developed bio-

composites.
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Figure captions

Figure 1 A tentative schematic representation of a proposed mechanism of graft formation
through laccase-assisted grafting of gallic acid (as a model phenolic structure) onto the
P(3HB)-g-EC based material. There are other possibilities too to depict the proposed
mechanism of graft formation between phenol (used) and P(3HB)-g-EC based material.
Figure 2 FT-IR spectra; (A) gallic acid (GA) and GA-g-P(3HB)-g-EC bio-composites and (B)
thymol (T) and T-g-P(3HB)-g-EC bio-composites.

Figure 3 Evaluation of grafting parameters i.e., graft yield (GY %), grafting efficiency
(GE %) and swelling ratio (SR %) behaviours of GA-g-P(3HB)-g-EC bio-composites (A) and
T-g-P(3HB)-g-EC bio-composites (B).

Figure 4 Antimicrobial activity of GA-g-P(3HB)-g-EC composites against B. subtilis NCTC
3610 (A); S. aureus NCTC 6571 (B); E. coli NTCT 10418 (C) and P. aeruginosa NCTC
10662 (D).

Figure 5 Antimicrobial activity of T-g-P(3HB)-g-EC bio-composites against B. subtilis
NCTC 3610 (A); S. aureus NCTC 6571 (B); E. coli NTCT 10418 (C) and P. aeruginosa
NCTC 10662 (D).

Figure 6 Neutral red dye concentration dependent percentage cell viability of HaCaT cells
seeded on the GA-g-P(3HB)-g-EC bio-composites (A) 1 day; (B) 3 days and (C) 5 days; and
HaCaT cells seeded on the T-g-P(3HB)-g-EC bio-composites (D) 1 day; (E) 3 days; (F) 5
days.

Figure 7 Adherent morphology of HaCaT cells seeded on the GA-g-P(3HB)-g-EC bio-
composites. All of the test samples were stained using neutral red dye (5 mg/mL) for 1 h

followed by three consecutive washings with PBS at an ambient temperature.
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Figure 8 Adherent morphology of HaCaT cells seeded on the T-g-P(3HB)-g-EC bio-
composites. All of the test samples were stained using neutral red dye (5 mg/mL) for 1 h
followed by three consecutive washings with PBS at an ambient temperature.

Figure 9 Effect of soil burial period on the biodegradability of GA-g-P(3HB)-g-EC bio-
composites i.e., 0GA-g-P(3HB)-g-EC (3), 5GA-g-P(3HB)-g-EC (E), 10GA-g-P(3HB)-g-
EC (), 15GA-g-P(3HB)-g-EC (N) and 20GA-g-P(3HB)-g-EC (M) buried for prescribed
periods i.e., (A) 7 days; (B) 14 days; (C) 21 days; (D) 28 days; (E) 35 days and (F) 42 days.
Figure 10 Effect of soil burial period on the biodegradability of T-g-P(3HB)-g-EC bio-
composites i.e., 0T-g-P(3HB)-g-EC (), 5T-g-P(3HB)-g-EC (&), 10T-g-P(3HB)-g-EC (E),
15T-g-P(3HB)-g-EC (N) and 20T-g-P(3HB)-g-EC (M) buried for prescribed periods i.e., (A)

7 days; (B) 14 days; (C) 21 days; (D) 28 days; (E) 35 days and (F) 42 days.
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Table 1 Physiochemical characteristics of the natural phenols used in this study for grafting

purposes.
Natural  Appearance Molecular Molecular Density  Melting Functional  Structure
phenols formula mass 5 point (°C)  groups
(g/mol) (g/cm’)
Gallic White or C¢Hy(OH); 170.12 1.694 260 Hydroxyl o o o
acid yellow-white COOH and
powder carboxylic
HO
Thymol  White Ci1oH1.0 150.22 0.96 49-51 Hydroxyl CH;
crystalline
H
H:C CHs
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