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Abstract. We have developed novel composites by grafting caffeic acid (CA) onto the P(3HB)-EC based material and laccase from Trametes versicolor was used for grafting purposes. The resulting composites were designated as CA-g-P(3HB)EC i.e., P(3HB)-EC (control), 5CA-g-P(3HB)-EC, 10CA-g-P(3HB)-EC, 15CA-g-P(3HB)-EC and 20CA-g-P(3HB)-EC.
FT-IR (Fourier-transform infrared spectroscopy) was used to examine the functional and elemental groups of the control
and laccase-assisted graft composites. Evidently, 15CA-g-P(3HB)-EC composite exhibited resilient antibacterial activity
against Gram-positive and Gram-negative bacterial strains. Moreover, a significant level of biocompatibility and
biodegradability of the CA-g-P(3HB)-EC composites was also achieved with the human keratinocytes-like HaCaT cells
and soil burial evaluation, respectively. In conclusion, the newly developed novel composites with multi characteristics
could well represent the new wave of biomaterials for medical applications, and more specifically have promising future in
the infection free would dressings, burn and/or skin regeneration field due to their sophisticated characteristics.
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1. Introduction

Bio-polymers generated from natural sources are
non-toxic in nature and therefore should be extraordinarily suitable for biomedical applications such as
tissue engineering. Among the most promising and
well-characterised bio-polymers of natural origin,
P(3HB) and cellulose are of particular interest to
prepare composites with novel functionalities [1, 2].
Depending on the physiochemical nature and compatibility of the individual constituent surfaces, either
P(3HB) or cellulose, various interactions can occur
at the interface. Interfacial chemical reactions can
lead to various intermolecular bonds such as hydrogen bonding type interactions. Surface functionalities
of P(3HB) and cellulose include moderately polar

(>C=O) and polar groups (–OH and –COOH) and
one primary and two secondary hydroxyl groups,
respectively which possibly interact, and generate
some new bonds during composite formation [3, 4].
In recent years, a great interest has grown in the
development of polymeric materials or composites
with multifunctional characteristics, such as antibacterial, anticorrosive, biocompatible and biodegradable, to explore their potential for wider use in a variety of applications e.g. biomedical, pharmaceutical,
drug delivery, food packaging, sanitary materials,
household, energy and military items [2, 4–8]. In our
previous work, novel enzyme-based composites by
grafting poly(3-hydroxybutyrate) [P(3HB)] onto the
ethyl cellulose (EC) and bacterial cellulose (BC) as
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a backbone polymers were developed under mild
and eco-friendly environment and analysed the
improved thermo-mechanical properties conferred to
the biomaterials based composites obtained [2, 4, 7].
From the last few years, antimicrobial finishing of
medical materials has become extremely important
in the production of protective, biocompatible, biodegradable, non-toxic products with respect to the
health and safety. This has provided opportunities to
expand the use of biomaterials to different applications in the pharmaceutical, medical, tissue engineering, agricultural, and food industries [4–7]. Most phenols like caffeic acid, as natural auxiliaries host antimicrobial activity and can also be grafted to improve
or impart existing or antimicrobial properties, respectively. The cross-linking of some of the natural phenolic compounds to different polymers is evidenced
after an enzymatic stage with P. cinnabarinus laccase [9, 10]. Laccase catalyses the oxidation of aromatic compounds using molecular oxygen as electron acceptor thus has been successfully applied for
grafting of phenolic compounds on different natural
polymers. In the last decade several authors have
shown that laccase treatments can improve physical/
chemical properties by producing phenoxy radicals
that undergo cross-linking reactions [11–13], thus
enhancing and/or imparting completely new properties to the materials, for a better performance, or to
create new value-added products. The recent years
have also witnessed a revival of the interest for natural materials capable of controlling microbial contaminations due to their fewer side effects and nontoxicity [14, 15]. Thus they hold a great potential and
represent a valuable alternative and new challenges
for the future to keep under control microbial contamination.
In this work, we have developed novel CA-gP(3HB)-EC composites, which exert strong antibacterial activities. The improved resistance against a
wide spectrum of microbes as well as the HaCaT
compatibility and biodegradability all indicate that

the newly synthesised CA-g-P(3HB)-EC based novel
composites could be potential candidate biomaterials for medical applications, and more specifically
have promising future in the infection free wound
dressings, burn and/or skin regeneration field due to
their sophisticated characteristics.

2. Experimental section
2.1. Bacterial cultures and maintenance

The pure cultures of the Gram-positive bacteria i.e.,
Bacillus subtilis NCTC 3610 and Staphylococcus
aureus NCTC 6571 and the Gram-negative i.e.,
Escherichia coli NTCT 10418 and Pseudomonas
aeruginosa NCTC 10662 were obtained from the culture collection unit of the University of Westminster
London, UK. All of the collected strains were
streaked on nutrient agar plates and subsequently
used for inoculum development. Each strain, separately, was grown overnight in 50 mL sterile nutrient
broth at 30°C and 120 rpm. The main constituents of
the broth were: 1.0 g/L; yeast extract, 2.0 g/L; peptone, 5.0 g/L; sodium chloride, 5.0 g/L.

2.2. Production and extraction of P(3HB)
The Gram-positive B. subtilis NCTC 3610 was used
for the production of P(3HB) using a modified G
medium (MGM) [16]. After the stipulated fermentation time period (72 h), (P3HB) was extracted
from the cells using the chloroform-hypochlorite
dispersion method [17]. Isolated P(3HB) was then
stored in air tight desiccated jars to keep moisture
free and used further in subsequent graft synthesis
experiments.
2.3. Grafting of CA onto the P(3HB)-EC
The grafting of CA onto the as-reported P(3HB)-EC
based composite [2], was performed by adopting surface dipping and incorporation (SDI) technique.
Briefly, the pre-weight P(3HB)-EC composite was
dipped into the CA solution in the presence of laccase for 60 min at 30°C. After that weight of the com-

Figure 1. Schematic representation of preparation and evaluation of CA-g-P(3HB)-EC composites
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posite was recorded in a swollen state followed by
incubation at 50°C until fully dried. To eliminate the
un-reacted CA monomers each composite was
washed three times using sodium malonate buffer
and then dried again at 50°C and final dry weight was
recorded to calculate the grafting parameters. Subsequently, the resulting composites were designated
as P(3HB)-EC, 5CA-g-P(3HB)-EC, 10CA-g-P(3HB)EC, 15CA-g-P(3HB)-EC and 20CA-g-P(3HB)-EC.
A possible mechanism of action between CA and
P(3HB)-EC composite is shown in Figure 1.

lated onto the sterilised surfaces of the P(3HB)-EC
and CA-g-P(3HB)-EC composites followed by incubation at 30°C. After the stipulated incubation period
(24 h), the bacterial cells were washed twice using
50 mL of phosphate buffer. The CFU/mL in each of
the washed suspension was determined by conventional spread-plate method. In comparison with
control (initial bacterial count) the CFU/mL values
were used to calculate the antibacterial efficacy of
the P(3HB)-EC and CA-g-P(3HB)-EC composites
by Equation (4):

2.4. Fourier transform infrared spectroscopy
(FT-IR)
A Perkin Elmer System 2000 FT-IR spectrophotometer was used to identify the structural elements of
the individual CA, P(3HB)-EC and CA-g-P(3HB)EC composites. The individual polymers and grafted
composites were placed on the diamond crystal, and
infrared absorption spectra were recorded from the
wavelength region of 4000–500 cm–1. All spectra
were collected with 64 scans and 2 cm–1 resolution
and assigned peak numbers.

Log reduction =
Log CFU control – Log CFU treated sample (4)

2.5. Grafting parameters
The grafting parameters i.e., graft yield (GY%),
grafting efficiency (GE%) and swelling ratio (SR%)
were measured. Graft yield was calculated in percentage by Equation (1), grafting efficiency was calculated in percentage by Equation (2) and swelling
ratio was calculated in percentage by Equation (3):
Graft yield

1GY, 2 5

Grafting efficiency 1GE, 2 5
Swelling ratio

1SR, 2 5

W f 2 Wi
Wi
W f 2 Wi
Ws 2 Wi
Ws 2 Wi
Wi

3

100 (1)

3

100 (2)

3

100 (3)

where, Wi = initial weight before immersion; Wf =
final dry weight after immersion; and Ws = weight
of a sample in the swollen state.

2.6. Testing antibacterial activity
The antibacterial activities of the P(3HB)-EC and
CA-g-P(3HB)-EC composites were tested against
the aforementioned Gram-positive and Gram-negative strains. An overnight grown spore suspensions
containing approximately 105 CFU/mL were inocu-

2.7. In-vitro cell viability and adherent
morphology
HaCaT cell line was adopted to evaluate the cytotoxicity of the P(3HB)-EC and CA-g-P(3HB)-EC composites. HaCaT cells at a density of 1!105 cells per
well were seeded in 24-well tissue culture plates containing P(3HB)-EC and CA-g-P(3HB)-EC composites separately. After 1, 3 and 5 days of incubation the
culture media were removed and the specimens were
rinsed with phosphate buffer saline three times in
order to remove the un-attached cells. Cell viability
of the adherent cells was measured using neutral red
uptake assay. Thermomax micro-plate reader (Model
680, Bio-Rad, CA) was used to record optical density values at 540 nm using Softmax Pro version 4.8
software. Percent cell viability of the test specimens
was calculated by Equation (5). Whereas, the adherent morphology of HaCaT cell line seeded onto the
P(3HB)-EC and CA-g-P(3HB)-EC composites was
observed using Nikon light microscope after staining
with neutral red dye. After 1 h incubation in dye solution, the stained cells were first washed with PBS and
then images were recorded at 100! magnification.
% Cell viability =
ODTest composite 2 ODNegative control
ODPositive control

(5)

2.8. Soil burial test
The biodegradability of the P(3HB)-EC and CA-gP(3HB)-EC composites was evaluated using soil burial test as-described earlier by Wattanakornsiri et al.
[18]. The soil burial test lasted for 6 weeks (42 days).
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A set of triplicate samples were buried under the soil
surface and after every 7 days of burial, each set was
removed, washed with distilled water, dried under
ambient environment and loss in weight was
recorded. The weight loss was calculated in percentage by Equation (6):

at 3396 cm–1 and in a broad 3100–3470 cm–1 region
can be attributed to –OH, stretch [19, 20]. In Figure 2,
CA-loaded composites shows a band at 3345 cm–1
corresponding to phenolic –OH stretching involving
hydrogen bonding, and a peak at 1360 cm–1 corresponds to –OH bending of the phenolic group [21].

% Loss in weight =

3.2. Grafting parameters
The results obtained are illustrated as mean values of
three replicates in Figure 3, whereas, the standard
error of means are shown as Y-error bars in Figure 3.
The data revealed the increase in both the graft
yield (GY%) and graft efficiency (GE%) reaching its
maximum value at 15 mM CA concentration, then
starts to decrease showing that higher concentrations
do not promote further grafting. One possible reason for the observed behaviour could be the substantial amount of CA grafted onto the baseline 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 composite [22, 23]. The order of SR% observed
was: 20CA-g-P(3HB)-EC > 15CA-g-P(3HB)-EC >

Control weight 2 Loss in weight
Control weight

(6)

3. Results and discussion
3.1. Fourier transform infrared spectroscopy
(FT-IR)

An FT-IR was used to examine the functional and elemental groups of CA and P(3HB)-EC and their laccase-assisted graft composites i.e., 5CA-g-P(3HB)EC, 10CA-g-P(3HB)-EC, 15CA-g-P(3HB)-EC and
20CA-g-P(3HB)-EC. In comparison to the untreated
caffeic acid as shown in Figure 2, an increase in the
absorbance at 1720 cm–1 (C=O) band, and 1050–
1300 cm–1 (C–O) was noticed. The –OH bands overlapped in the 3400 cm–1 region, whereas, the peaks

Figure 2. Typical FT-IR spectra of caffeic acid (CA) and CA-g-P(3HB)-EC composites prepared using laccase as a model
catalyst
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Figure 3. Graft yield (GY%), grafting efficiency (GE%) and
swelling ratio (SR%) behaviours of CA-g-P(3HB)EC composites prepared using laccase as a model
catalyst

10CA-g-P(3HB)-EC > 5CA-g-P(3HB)-EC > P(3HB)EC. 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 [24].

3.3. Testing antibacterial activity
The antibacterial potential of CA-g-P(3HB)-EC
composites was tested against Gram-positive and

Gram-negative strains. As shown in Figure 4a and
4b, after 24 h incubation the remaining bacterial
counts decreased with increasing CA content onto the
surface of P(3HB)-EC, and this trend was maximum at the concentration of 15 mM CA. A significant antibacterial potential was detected for 15CA-gP(3HB)-EC against Gram-positive strains i.e., B. subtilis NCTC 3610 and S. aureus NCTC 6571 and the
Gram-negative i.e., E. coli NTCT 10418 and P.
aeruginosa NCTC 10662 in comparison to the control sample and relative to other concentrations.
However, P(3HB)-EC without any CA concentration was found 100% susceptible against all of the
tested micro-organisms. A strong antibacterial potential of 15CA-g-P(3HB)-EC was recorded against
Gram-negative as compare to the Gram-positive,
which is, probably because of the difference between
Gram-negative and Gram-positive bacteria in terms
of cell structures and antimicrobial mechanism [25,
26].

3.4. In-vitro cell viability and adherent
morphology
In-vitro biocompatibility evaluation of the grafted
composites with HaCaT cell line was analysed using
neutral red dye assay and the results obtained are
shown in Figure 5. The study demonstrated that when
HaCaT cells were seeded onto the composite surfaces after 30 min UV sterilisation, the cells showed
high viability after 5 days of incubation, whereas, the

Figure 4. Antimicrobial activity of CA-g-P(3HB)-EC composites (a) against Gram-positive strains i.e., B. subtilis NCTC
3610 and S. aureus NCTC 6571 and (b) against Gram-negative strains i.e., E. coli NTCT 10418 and P. aeruginosa
NCTC 10662
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Figure 5. Neutral red dye concentration dependent percentage cell viability of human keratinocytes-like
HaCaT cells after 1, 3 and 5 days of incubation onto
the CA-g-P(3HB)-EC composite surfaces (mean
± SD, n = 3)

non-toxicity of test samples i.e., P(3HB)-EC, 5CA-gP(3HB)-EC, 10CA-g-P(3HB)-EC, 15CA-g-P(3HB)EC and 20CA-g-P(3HB)-EC were depicted by the %
viability of the HaCaT cells. However, the composite prepared with 20 mM CA concentration and designated as 20CA-g-P(3HB)-EC showed a lower %
viability of HaCaT cells in comparison with the
control and 15CA-g-P(3HB)-EC composites after a
long contact period (5 days) under the same culturing environment. Additionally, the morphologies of
cell cultured on the sterilised surface of 15CA-gP(3HB)-EC composite was higher than those of
20CA-g-P(3HB)-EC composite (Figure 6), which
is again consistent with the results from viability
analyses.

3.5. Biodegradability evaluation
The degradation behaviour of P(3HB)-EC and CA
grafted P(3HB)-EC composites has been investigated by measuring the % weight loss of the composites. Figure 7 illustrates the % weight loss of the
test composites as a function of degradation time, as
represented, all of the composites show an increased
degradation rate up to different extent during the
buried process which is much likely a result of the
moisture (water) penetration into the composites,
causing the hydrolysis of surfaces and interfaces [27,
28]. After 6 weeks consecutive exposure, the weight
loss of composites reaches 54 wt% for the pristine
P(3HB)-EC, 65 wt% for 5CA-g-P(3HB)-EC, 81 wt%
for 10CA-g-P(3HB)-EC, 89 wt% for 15CA-gP(3HB)-EC and 96 wt% for 20CA-g-P(3HB)-EC.

Figure 7. Percentage weight loss of CA-g-P(3HB)-EC composites buried for prescribed periods (mean±SD,
n = 3)

The degradation profile revealed that the degradability of the CA grafted composites is higher than that
of bare P(3HB)-EC. It has been reported in literature that during soil burial the polymer molecular
chains degrade which followed by their transformation into water and CO2 after a long term degradation, thus, it seems that the soil burial degradation
mechanism involves a recyclable, green, and environmentally friendly process to fully degrade the
biodegradable polymeric composites [29].

4. Conclusions

It could be concluded from the data discussed above,
the newly developed novel composites could well
represent the new wave of biomaterials for medical
application, to be used to treat specific infections
rather than the broad spectrum which can cause significant morbidity as a consequence of their lack of
specificity. The improved resistance against a wide
spectrum of microbes as well as HaCaT compatibility all indicates that CA-g-P(3HB)-EC could be
potential candidates for biomedical applications particularly in the area of infection free wound healing.
Undoubtedly, the results obtained, herein, after soil
burial degradation revealed that CA-g-P(3HB)-EC
composites will not cause any deleterious ecological impact.
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Figure 6. Adherent morphology of HaCaT cells seeded onto the composite surfaces. Images (a), (b) and (c) represent the
HaCaT cells on native P(3HB)-EC composite (i.e., P(3HB)-EC) after 1, 3 and 5 days of incubation, respectively;
images (d), (e) and (f) represent the HaCaT cells on 5CA-g-P(3HB)-EC composite after 1, 3 and 5 days of incubation, respectively; images (g), (h) and (i) represent the HaCaT cells on 10CA-g-P(3HB)-EC composite after 1,
3 and 5 days of incubation, respectively; images (j), (k) and (l) represent the HaCaT cells on 15CA-g-P(3HB)-EC
composite after 1, 3 and 5 days of incubation, respectively and images (m), (n) and (o) represent the HaCaT cells
on 20CA-g-P(3HB)-EC composite after 1, 3 and 5 days of incubation, respectively. All images were taken at 100!
magnification.
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