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ABSTRACT

Lignin (LIG) is a renewable biopolymer with well-known antimicrobial and antioxidant properties. In the present
work LIG was combined with poly(butylene succinate) (PBS), a biocompatible/biodegradable polymer, to obtain
composites with antimicrobial and antioxidant properties. Hot melt extrusion was used to prepare composites
containing up to 15% (w/w) of LIG. Water contact angle measurements suggested that the incorporation of LIG
did not alter the wettability of the material. The material density increased slightly when LIG was incorporated
(<1%). Moreover, the melt flow index test showed an increase in the fluidity of the material (from 6.9 to
27.7 g/10 min) by increasing the LIG content. The Young's modulus and the tensile deformation of the material
were practically unaffected when LIG was added. Infrared spectroscopy and differential scanning calorimeter
confirmed that there were interactions between LIG and PBS. The DPPH assay was used to evaluate the antioxi-
dant properties of the materials. The results suggested that all the materials were capable of reducing the DPPH
concentrations up to 80% in <5 h. Finally, LIG-containing composites showed resistance to adherence of the com-
mon nosocomial pathogen, Staphylococcus aureus. All tested materials showed ca. 90% less bacterial adherence

than PBS.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The demand for polymer-based materials is increasing due to the
growth of the human population and industrial development. The
main source for these materials is the petrochemical industry and,
therefore, their production has a vast environmental impact [1]. Accord-
ingly, scientists are working on the development of sustainable and
green alternatives to conventional polymeric materials [2]. Among
other renewable alternatives, materials based on lignin (LIG) have
been attracting the attention of researchers [2-10].

LIG is a natural polymer formed by phenyl propane monomers that
is present in the cell walls of vascular plants [2,11-13]. This biopolymer
provides resistance to various stresses and mechanical support to the
cell walls of the plants [2]. Moreover, LIG presents antimicrobial and an-
tioxidant properties [14-18]. LIG is one of the most abundant biopoly-
mers on earth (second after cellulose) [19-21]. Considering all these
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factors, LIG is a promising candidate to be used as a renewable material.
However, the applications of LIG for material production remain unex-
ploited as only 2% of the ca. 70 million tons of LIG produced is re-used
for speciality products [2]. The majority of LIG produced is burned as
low-grade fuel or just treated as waste [2,22].

Taking into account its high availability and its antioxidant/antimi-
crobial properties, LIG has great potential to be used in the production
of functional medical materials. Up to the present time, the biomedical
applications of LIG remain relatively unexplored. Only a few recent
works describe the potential use of this biopolymer for healthcare appli-
cations. These applications include: additive for tablet manufacturing
[23], antimicrobial hydrogels/coatings [24,25], 3D printed antioxidant
wound dressing [26] or nanoparticles for drug delivery [27].

The antioxidant and antimicrobial properties of LIG make this bio-
polymer a good candidate to be included in medical materials. First of
all, the uncontrolled production of reactive oxygen species and/or free
radicals has been connected with the onset of several diseases such as
rheumatoid arthritis, cancer and atherosclerosis [28]. Therefore, the de-
velopment of antioxidant biomaterials will contribute to reduce the
concentration of these species in the body [29]. On the other hand, the
antimicrobial properties of LIG can contribute to reduce the risk of bac-
terial colonization of the surface of the material. Considering that the
treatment of medical material-associated infection contributes to the
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emergence of antibiotic-resistant bacteria [30,31], the development of
anti-infective materials will help to address this problem.

In the present research work, the preparation of a combination of LIG
and a polymer, poly(butylene succinate) (PBS) by hot melt extrusion for
potential biomedical applications is described. PBS is a biodegradable,
biocompatible aliphatic polymer [32-34]. This polymer and LIG have
been combined before [35-38]. However, LIG/PBS composites have
never been explored for potential biomedical applications. In the pres-
ent work LIG/PBS composites were prepared and characterised. Finally,
the antioxidant and antimicrobial properties of the material were
evaluated.

2. Materials and methods
2.1. Materials

The polymer used as the matrix to perform the different test speci-
mens was PBS and it was kindly provided by Natureplast (Ifs, France).
LIG sample (BioPiva 100) was a softwood kraft lignin acquired by
UPM (Helsinki, Finland). To remove the high moisture content, LIG
was placed into the oven at 80 °C for 48 h. The physicochemical proper-
ties of this type of LIG can be found in a previously published paper [23].
DPPH (2,2-Diphenyl-1-picrylhydrazyl) was provided by Sigma Aldrich
(Dorset, UK). Staphylococcus aureus (ATCC 6538; LGC Standards, Mid-
dlesex, UK) was maintained on cryopreservative beads in 10% glycerol
at —80 °C and cultivated in Mueller Hinton Broth (MHB) at 37 °C
when required for the microbiological assessments.

2.2. Composite processing and characterization

LIG was incorporated in different percentages (up to 15% w/w) into
the PBS matrix. This process was carried out by means of a Brabender
plastograph internal mixing machine (Brabender GmbH & Co KG,
Brabender Plastograph EC, Germany). The working parameters were
established at 150 °C, 80 rpm and 10 min. Once the different obtained
materials were cooled, they were milled using a blade mill (IKA, MF
10.2 Impact grinding, France) to produce the pellets, which were dried
and stored until further processing. The physical characterization of
the obtained materials (pellets) was carried out by means of the melt
flow index (MFI) and density tests. MFI was carried out on a CEAST
plastometer (Pianezza, Italy) equipped with two thermal resistors that
heat a capillary. This test was carried out at 175 °C with a weight of
2.16 kg, measuring the amount of melted and discharged material in
10 min, according to the standard ISO 1133. Density was measured by
means of a pycnometer following the ISO standard ISO 1183-1.

Then, the PBS and LIG compounds were injection-moulded in a
220 M 350-90 U injection machine (Aurburg, Germany). The injection
process was carried out with a first pressure of 120 kg/cm? and a second
pressure of 37.5 kg/cm?. The injection temperatures in the different
zones of the injection machine were 150, 160, 170 and 175 °C, corre-
sponding the last temperature to the injection nozzle. Ten standard
test specimens from every LIG-PBS blend were used for each mechanical
test. The standard specimens used for tensile tests were 160 x 13.3
x 3.2 mm according to ASTM D638 and 127 x 12.7 x 3.2 mm for flexural
and impact tests according to ASTM D3641. Standard specimens were
kept in a climatic chamber (Dycometal, Spain) at 50% relative humidity
and 23 °C for at least 48 h before testing. The tensile and flexural prop-
erties of the samples were tested using an Instron TM 1122 universal
testing machine (Norwood, United States of America) equipped with a
5 kN load cell and an MFA2 extensometer for higher deformation accu-
racy. The test speed was 2 mm/min as established by ASTM D790. The
tests of the impact properties were carried out with the Charpy pendu-
lum (Madrid, Spain) with and without notch and the Izod pendulum ac-
cording to the ISO 178 standard.

To proceed with the materials characterization, the thermal proper-
ties of the different test specimens, glass transition temperature (T,)

and the melting temperature (T,,) were assessed using DSC Q100 differ-
ential scanning calorimeter (TA instruments, Bellingham, WA, USA).
Scans were run from —70 to 30 °C and from 30 to 350 °C at 10 °C/min
under a nitrogen flow rate of 50 mL/min, for the T, and Ty, respectively.

The Fourier Transform Infrared (FTIR) spectra of the different test
specimens were recorded using a Spectrum Two™ instrument (Perkin
Elmer, Waltham, MA, USA) by the attenuated total reflectance (ATR)
technique. The spectra were recorded from 4000 cm ™! to 400 cm ™!
with a resolution of 4 cm™"! and a total of 32 scans were collected.

The contact angle of water with the surface of the different blends
was evaluated using an Attension Theta equipment (Attension Theta,
Biolin Scientific, Gothenburg, Sweden). For this purpose 4 pL of water
were dropped into the material surface and the contact angle was mea-
sured after 1.94 s. OneAttension software analysed results to give an in-
dication of the wettability of the surface. Measurements were
performed in triplicate. The morphology of the different obtained test
specimens was evaluated by using scanning electronic microscopy
(SEM) (Hitachi TM3030; Tokyo, Japan) in EDX mode. Images were re-
corded using a magnification of x300.

Finally, a stability study was performed. For this study, replicates of
the test specimens (0.13-0.18 g) containing different LIG proportions
were incubated at 37 °C in screw-capped vials containing 3 mL of
phosphate-buffered saline (pH = 7.4) over a period of 45 days. After dif-
ferent interval times, the samples were separated from the degradation
medium and the excess of it was removed with a tissue paper and sub-
sequently they were dried at 80 °C in the oven to constant weight. The
degradation medium or phosphate-buffered saline was replaced after
each time interval and the mass loss was calculated using Eq. (1).

%weight loss = 100 (wo—w¢)/Wp (1)

where wy is the initial weight of the composite and w is the weight of
the sample at a defined time.

2.3. Antioxidant properties

DPPH (2,2-diphenyl-1-picrylhydrozyl) radical was employed to
measure the antioxidant activity of the different test specimens [39].
Briefly, 3 mL of a DPPH solution dissolved in methanol (23.6 mg/L)
was added to the test specimens (a square of 1 cm x 1 cm x 0.32 cm)
placed in a vial. A control sample of 23.6 mg/L of DPPH in methanol
was also measured. For test specimens containing 5, 10 and 15% LIG a
more concentrated DPPH solution (47.2 mg/L) was also used to measure
their antioxidant activity. The samples were then incubated in the dark
for 300 min at room temperature. At predetermined time intervals
(each 60 min), 300 pL sample was collected and the vials were immedi-
ately replenished with an equivalent volume of methanol. The absor-
bance of the different solutions was measured at 517 nm in triplicate
using a UV-vis plate reader (PowerWave XS Microplate Spectropho-
tometer, Bio-Tek, Winooski, USA). The radical scavenging activity was
calculated as Eq. (2).

RSC (%) = 100 (Ag—A; /Ao) 2)

where Ay = absorbance of the control sample and A; = absorbance in
the presence of the sample at any time. Decreased absorbance of the re-
action indicates a stronger DPPH radical scavenging activity.

24. Antibacterial properties

The in vitro microbiological analysis was performed according to the
previous published works [40-42]. In brief, a bacterial suspension of S.
aureus (1 x 10® cfu mL™") in phosphate-buffered saline and supple-
mented with 0.5% of tryptone soya broth (TSB) (pH 7), was diluted
(1:100) with phosphate-buffered saline containing 0.5% TSB. Replicate
samples of the test specimens (a square of 1 cm x 1 cm x 0.32 cm)
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were placed in individual wells of a 24-well plate and then aliquots of
1 mL of the diluted bacterial suspension with a density of 1
x 10°% cfu mL™' were added, ensuring the test specimens were
completely covered. The plate was continuously shaken at 100 rpm in
an orbital incubator at 37 °C for 24 h. Then, the samples were removed
from the 24-well plate containing the bacterial suspension and the
nonadherent bacteria were removed by serial washing, first in
phosphate-buffered saline (1 x 10 mL), and secondly, in quarter-
strength Ringers Solution (QSRS) (3 x 10 mL) [43]. After the wash
step, test specimens were transferred into fresh QSRS (5 mL), sonicated
(15 min) and vortexed (30 s) to remove adherent bacteria. The sonica-
tion technique has previously been demonstrated not to affect bacterial
viability or morphology [44]. A viable count of the QSRS was performed
by the Miles and Misra serial dilution technique [45] followed by plating
onto Mueller-Hinton agar to enumerate the previously adhered bacteria
per sample.

3. Results and discussion
3.1. Surface and physio-mechanical properties of LIG/PBS composites

Fig. 1A shows the test specimens prepared using PBS and LIG. The
materials showed a homogeneous distribution of LIG through the mate-
rial. There were no obvious sections where LIG accumulated or any vis-
ible LIG particles. Moreover, it can be observed that higher LIG
concentrations yielded a darker material with a stronger brown colour.
This is due to the native brown/black colour of LIG. This suggests a good
mixing between PBS and LIG. However, in order to evaluate the misci-
bility of both materials, chemical analysis was performed (see
Section 3.2).

In order to evaluate the surface morphology of the materials SEM
was used (Fig. 1B). It can be seen that the inclusion of LIG yielded
slightly more rugged surfaces. This is not obvious for materials contain-
ing 2.5% (w/w) of LIG. However, when the biopolymer concentration
was increased the surface showed a more rugged structure. Moreover,
Fig. 1B shows a transversal cut of the composite containing 15% (w/w)

0% LIG

2.5%LIG

5% LIG

10% LIG

15% LIG

Contact Angle (%)

0 T T T T T T
0.0 25 5.0 75 10.0 12.5 15.0
LIG content (%)

of LIG. No LIG aggregates were observed within the materials
confirming that hot-melt extrusion yielded homogeneous mixture for
PBS and LIG.

Contact angle measurements were used to gain more information
about the surface properties of the materials. The contact angle of
water with the surface of the materials is shown in Fig. 1C. It can be
seen that there is not a clear trend. All the evaluated materials showed
similar contact angle values. Moreover, statistical analysis suggested
that the differences between all these measurements were not signifi-
cant (p > 0.05). Accordingly, it can be considered that the wettability
of the materials was not affected by the incorporation of LIG.

The obtained contact angles for pure PBS are similar to the ones pre-
viously reported for poly(lactic acid), a similar biodegradable polymer
[46]. Moreover, Ye et al. described that the combination of LIG and
poly(lactic acid) yielded more wettable materials (lower contact
angle) [46]. However, in the case of PBS this effect was not observed.

By assessing the melt flow index and the density of the different pro-
duced materials it is possible to evaluate to a certain extent the process-
ability of these materials. The incorporation of powdered LIG in the
production of PBS matrix materials caused virtually no change in the
density of the material. The density increases in the materials with the
higher LIG content (15% w/w) was only 0.011 g/cm’ (<1%) with respect
to the PBS matrix (from 1.236 to 1.247 g/cm?) (Fig. 2A). This low effect
on the density of the material would allow its incorporation into mate-
rials without increasing the weight of the final piece, as has been previ-
ously reported using organo-montmorillonite [47].

On the other hand, the melt flow index test (Fig. 2B) showed an in-
crease in the fluidity of the material by increasing the LIG content. These
results were surprising since the incorporation of mineral charges such
as talc or kaolin, with a low aspect ratio or fibers for reinforcement, con-
siderably decreases the fluidity of the material [48,49]. In this sense, the
most plausible explanation is the plasticization of the LIG, giving rise to
thermoplastic LIG which produces an increase in the fluidity of the ma-
terial. During the composite extrusion process, LIG at elevated temper-
atures can plasticize giving rise to a thermoplastic material with high
flowability, as has been reported [50]. Therefore, this increase in the

AL DIT x300 300pm

Fig. 1. Images of PBS test specimens prepared using different LIG concentrations (A). SEM images of the surface of the PBS/LIG materials and a transversal cut of the sample with 15% LIG

(B). Contact angle as a function of the LIG content for all the materials (C).
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Fig. 2. Effects of lignin content on density (A) and MFI (B).

fluidity index of the material could allow in future applications the ad-
dition of reinforcements such as natural fibers without loss of
processability.

The tensile properties (tensile strength of, Young's modulus Ef, and
tensile deformation £f) of the different materials produced represented
in the Table 1 showed a similar behavior to that which has been re-
ported previously by other authors when they added LIG in a polypro-
pylene matrix [51]. The tensile strength decreased as a greater amount
of LIG was incorporated, due to the low aspect ratio that this aromatic
polymer presents, acting as a filler. However, the stiffness of the mate-
rial represented by Young's modulus and the tensile deformation were
practically unaffected, maintaining values close to those obtained for
the PBS matrix (0.79 GPa and 17.85%, respectively). These results to-
gether with the small loss of flexural strength (of) (<10% for the

Table 1
Mechanical properties of composites with different lignin content.

LIG content (%)  Tensile properties

Ef(GPa) of (MPa) &t (%)
0.0 0.79 + 0.02 39.37 £ 0.28 17.85 4+ 0.02
25 0.77 + 0.01 37.25 4+ 0.16 18.51 + 0.16
5.0 0.77 4+ 0.03 35.53 + 0.49 17.90 + 0.17
10.0 0.77 4+ 0.01 32.82 +£0.14 17.16 + 0.08
15.0 0.80 + 0.02 30.69 £ 0.22 1523 £ 0.35
LIG content (%)  Flexural properties

Ef(GPa) of (MPa) £ (%)
0.0 0.60 + 0.04 35.14 £+ 0.40 12.53 £ 0.23
25 0.60 + 0.05 33.66 £+ 0.09 12.83 £ 0.18
5.0 0.59 + 0.05 32.81 + 043 12.68 + 0.15
10.0 0.58 4- 0.03 31.73 £ 0.40 12.67 £ 0.13
15.0 0.60 + 0.05 31.52 £ 0.19 12.83 £ 0.18
LIG content (%)  Impact properties

Charpy Izod (J/m)

Without notch (KJ/m?)  With notch (KJ/m?)
0.0 Not break 8.96 + 0.26 87.46 + 4.22
2.5 Not break 6.46 4 0.34 61.92 £ 5.43
5.0 Not break 6.19 + 0.15 5447 + 149
10.0 Not break 5.04 + 043 41.98 4+ 2.92
15.0 Not break 248 +£0.23 28.80 + 3.01

maximum LIG content) allow us to expect a good behavior of this mate-
rial when used for biomedical applications such as catheters or anti-
infective materials, according to the results reported by Thakur et al.
2014 or Taurino et al. 2018 [21,52]. In this sense, the results obtained
showed that the properties of the flexural modulus (Ef) and the flexural
elongation (&f) are maintained contrary to what usually happens when
adding mineral fillers [48].

Finally, the impact properties were evaluated for Charpy pendulums
with and without notch and Izod. The results showed a significant de-
crease in the impact resistance of these materials when the LIG content
was increased. This phenomenon is common for composite materials
where particles or natural fibers are incorporated [53]. However, the
samples tested without notch continue to show good resistance to im-
pact since in none of the cases they were broken. In short, the addition
of LIG provided an environmentally friendly material without loss of
the desired characteristics of the virgin PBS. Therefore, it is clear that
LIG has great potential as a filler and reinforcement for composites re-
quiring similar properties to PBS.

3.2. Chemical characterization of LIG/PBS composites

Fig. 3 shows the FTIR spectra for the PBS/LIG materials. The full FTIR
spectra of LIG, PBS and PBS containing 15% (w/w) of LIG can be seen in
Fig. 3A. The infrared spectra of the composites containing LIG show the
same main peaks present in the PBS spectrum (Fig. 3A). However, LIG
containing composites present some differences in their FTIR spectra
when compared with PBS spectra. Fig. 3B shows a magnified section
of the FTIR spectra between 2800 and 3050 cm™'. Composites contain-
ing up to 10% (w/w) LIG showed a broad peak that is present in PBS
spectra. However, when LIG concentration reached 15% (w/w) two
sharper peaks were found at around 2925 and 2840 cm™'. These
peaks were not observed in the other composites due mainly to the
low LIG content. Similar peaks can be found in pure LIG (Fig. 3B). Never-
theless, these peaks appeared at slightly different wavenumbers in the
spectrum of pure LIG. These bands can be attributed to the CH stretching
of methylene groups of side chains and aromatic methoxyl groups
[35,54,55]. Moreover, the shifts observed for these two peaks in the
composite suggest that a certain degree of interaction between PBS
and LIG occurs when they are combined using hot melt extrusion. The
PBS carbonyl peak (ca. 1700 cm™') did not show any shift when the
polymer was combined with LIG (data not shown). Nevertheless, the
C-0-C stretching of the ester bonds in PBS (ca. 1150 cm™!) showed a

A B 8 -

15% LIG 19%\-"6
J/
f —\ G

3500 2500 1500 500 3000 2900 2800

Wavenumber (cm) Wavenumber (cm!)

c

2.5%LIG
5% LIG;
10% LIG|

15%LIG

LiG

1200 1150
Wavenumber (cm™)

1100 1060 1040 1020 1000
Wavenumber (cm™)

Fig. 3. FTIR spectra of LIG, pure PBS and PBS containing 15% (w/w) LIG (A). Expanded areas
of the FTIR spectra for PBS/LIG materials (B-D).
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chemical shift to higher wavenumbers when LIG was incorporated into
the material (Fig. 3C). Again, this confirms that there are some non-
covalent interactions between PBS and LIG. Similar behavior has been
reported before for PBS and polydioxanone blends [56]. This is consis-
tent with the findings obtained by Saffian et al. that reported the pres-
ence of hydrogen bonds between PBS and LIG [57]. Finally, LIG
showed a peak ca. 1030 cm™! that can be attributed to aromatic C=C
stretching (Fig. 3D) [35]. The presence of this peak in the composites
can be observed in Fig. 3D. The intensity of this peak increased with
the LIG concentration in the material. However, no shift was observed
for this particular peak.

Fig. 4A and B shows the DSC thermograms of PBS and PBS containing
15% (w/w) of LIG. Only the thermograms of the composite containing
15% (w/w) of LIG were displayed for clarity purposes. It can be seen
that the T, shifts to higher values when LIG was incorporated into the
material (Fig. 4A) while the Ty, did not show any changes (Fig. 4B).
The T, changes can be correlated with LIG content as shown in Fig. 4C.
On the other hand, T, was not affected by the LIG content within the
material (Fig. 4D). These results confirm what FTIR results suggested,
there are interactions between LIG and PBS.

Previous studies suggested that LIG acts as a nucleating agent for PBS
and poly(3-hydroxybutyrate) [35,58]. Sahoo et al. reported changes in
PBS T, when combined with LIG using hot melt extrusion [35]. How-
ever, in this work increasing the LIG content up to 30% increased the
Tg by 5 °C. In the present work, with only 15% of LIG the T, of the mate-
rial was increased in ca 7 °C. Moreover, Sahoo et al. reported that when
the concentration of LIG in the materials increased, the T,, decreased
slightly [35]. This effect was not observed in the present work. However,
in order to observe this effect Sahoo et al. increased the LIG content up
to 65% [35]. Interestingly, Lin et al. reported that the combination of
PBS with calcium lignosulfonate (LIG derivative) has the opposite effect
as it contributes to reduce the T, of the polymers [38]. Interestingly, the
combination of lignosulfonate and PBS alters the crystallinity of PBS
[38]. It was described that composites containing up to 10% of lignosul-
fonates showed slightly higher T, values. Lin et al. suggested that the
rigid LIG-based filler inhibited the movement of the PBS segments im-
proving the crystallinity of the composite [38]. When up to 10% (w/w)
of the lignosulfonates were combined with PBS there were only slight
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Fig. 4. PBS and PBS containing 15% (w/w) LIG DSC thermograms showing the T, (A) and
Tm (B) regions. T, (C) and Ty, (D) as a function of LIG content.

changes on the T, However, no clear trend was observed. This behavior
is similar to the one reported in the present work.

Finally, the degradation kinetic experiments showed that neither
PBS nor PBS/LIG composites showed any significant weight change
over 45 days at 37 °C in phosphate-buffered saline (p > 0.05) (data
not shown). With the available results we can conclude that LIG did
not affect the degradability of the material under those conditions.

3.3. Antioxidant properties of the LIG/PBS composites

In order to check the antioxidant properties of the PBS/LIG compos-
ites, DPPH assay was carried out (Fig. 5A). This assay showed that PBS
did not show any antioxidant activity. When immersing a piece of PBS
into a DPPH solution the concentration of this organic compound
remained unchanged during the testing time (6 h). However, when
LIG was incorporated into the material the antioxidant activity of the
material increased. Fig. 5A shows how composites containing 2.5% (w/
w) of LIG were capable of reducing DPPH concentration over time
reaching its maximum effect after 5 h. Moreover, higher concentrations
of LIG in the material showed the same antioxidant activity as they were
able to noticeably reduce the DPPH concentration up to ca. 80% after 2 h
(Fig. 5A).

Fig. 5B shows the DPPH assay carried out with a higher DPPH con-
centration to evaluate if there is any difference between the antioxidant
capabilities of the composites containing between 5 and 15% (w/w) of
LIG. As expected, higher LIG concentration yielded composites with a
higher antioxidant activity during the first two hours of the study.
Again, after 3 h all the composites reached its maximum antioxidant
activity.

Similarly, other authors have studied the antioxidant properties of
LIG-based composites. Dominguez-Robles et al. combined poly(lactic
acid) (PLA) with LIG for wound care 3D printing applications [26].
DPPH concentration reductions of up to 80% after 5 h were reported in
this work. However, the composites reported by Dominguez-Robles
et al. contained a maximum of 3% of LIG. These results are similar to
the ones reported in the present paper for composites containing 2.5%
LIG. On the other hand, Kai et al. reported the antioxidant properties
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Fig. 5. Residual DPPH content as a function of time for PBS/LIG based materials using an
initial DPPH concentration of 23.6 mg/L (A). Residual DPPH content as a function of time
for PBS/LIG based materials containing 5-15% (w/w) LIG using an initial DPPH
concentration of 47.2 mg/L (B).
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of poly(lactic acid) LIG nanofibers [59]. However, Kai et al. obtained
DPPH concentration reductions up to ca. 60% after 72 h using the
same initial concentration of DPPH used in this study (23.6 mg/L) for
materials containing up to 50% (w/w) of LIG [59]. In the present study,
with a loading of 2.5% (w/w) of LIG superior antioxidant properties
were obtained.

Antioxidant materials have potential for biomedical applications as
they contribute to reduce the concentration of reactive oxygen species
and free radicals [8,60]. Moreover, the uncontrolled production of
these compounds is connected with the development of diseases such
as cancer, atherosclerosis or rheumatoid arthritis [28]. In addition to
the development of these conditions, it has been reported that high con-
centrations of reactive oxygen species precludes wound healing [61,62].
Accordingly, antioxidant materials can contribute to accelerate wound
healing.

3.4. Antibacterial properties of the LIG/PBS composites

In addition to the antioxidant properties, LIG has been reported to
have antibacterial properties [4,17,24]. Accordingly, the LIG-based com-
posites are expected to retain this property. Bacterial adherence to the
surface of the composites was studied with the Gram-positive S. aureus
as a model pathogen. This pathogen was selected since LIG has previ-
ously been reported to have greater activity against Gram-positive mi-
croorganisms than Gram-negative bacteria [17]. Moreover, S. aureus is
a common causative agent of medical device and bloodstream infec-
tions [63].

It can be seen that composites containing LIG showed significantly
greater resistance to adherence of S. aureus than PBS (Fig. 6A) (p <
0.05). Interestingly, the results suggested that the resistance to bacterial
adherence was independent of the LIG content as all the composites
showed a similar degree of adherent bacteria (p > 0.05). When com-
pared with PBS the materials showed a reduction in adherent bacterial
cells of ca. 90% (Fig. 6B). These results are extremely promising consid-
ering that anti-infective materials have potential to be used for biomed-
ical applications.

A previous work that studied the combination of PLA with LIG de-
scribed that the resulting composites did not show any antimicrobial
properties [26]. LIG content within the composites in this study was
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Fig. 6. S. aureus adhesion to PBS/LIG materials as a function of LIG content (A). S. aureus
adhesion reduction relative to PBS control for the PBS/LIG materials (B).

up to 3% (w/w). Considering the results obtained for PBS/LIG compos-
ites containing 2.5% (w/w) of LIG this suggest that the use of PBS instead
of PLA provides added value to the resulting materials. These results are
interesting as PLA is a biodegradable polymer [64] similar to PBS. How-
ever, the mixing procedure used to combine PLA and LIG was different
and can be the reason that explains the lack of antibacterial properties
for PLA/LIG composites.

Nosocomial infections are caused by bacterial attachment to surfaces
of implanted or indwelling medical devices that results in biofilm for-
mation [65]. These infections are hard to treat as they are resistant to an-
tibacterial treatment [66]. Accordingly, they prolong hospital stays
while increasing patient morbidity/mortality and healthcare costs
[66]. Therefore, extensive efforts have been made during recent years
to develop antimicrobial materials [40,52,67-69]. Despite its antibacte-
rial activity there is only one published work that describes the use of
LIG for potential biomedical applications [24]. Accordingly, the findings
presented here are promising for future applications of LIG-based com-
posites in biomedical applications.

4. Conclusions

The present work described the preparation and characterization of
LIG and PBS composites. Moreover, the antioxidant and antimicrobial
properties of these materials were evaluated. The obtained results
showed that these two polymers can be combined using hot-melt ex-
trusion. The resulting materials contained up to 15% (w/w) of LIG. The
combination of LIG with PBS yielded composites with similar stiffness
to the one measured for PBS. Additionally, the composites showed a
small loss of flexural strength when LIG was added. FTIR and DSC con-
firmed that there were interactions between PBS and LIG. Finally, the
antimicrobial and antioxidant properties of the composites were evalu-
ated. The results showed that LIG containing materials showed both an-
timicrobial and antioxidant properties. Furthermore, only a small
amount of LIG (2.5%) was required to achieve both activities.

It is important to note that the process used to prepare PBS/LIG com-
posites is environmentally friendly as no organic solvent was required.
Moreover, PBS is a biodegradable polymer and LIG is a biopolymer
from renewable sources. Accordingly, the resulting composites can be
considered green materials.

The composites presented in the present work have potential for
biomedical applications due to their antibacterial and antioxidant prop-
erties. The uses of LIG for pharmaceutical and biomedical applications
have been barely explored. In order to achieve its full potential, more re-
search needs to be conducted and this biopolymer will need approval by
regulatory bodies, such as the US Food and Drug Administration (FDA),
for pharmaceutical/biomedical applications. The results presented here
and in other work presented by other authors are promising first steps
in achieving this.

CRediT authorship contribution statement

Juan Dominguez-Raobles: Conceptualization, Methodology, Investi-
gation, Formal analysis, Data curation, Writing - review & editing, Su-
pervision, Funding acquisition. Eneko Larrafieta: Conceptualization,
Methodology, Data curation, Writing - review & editing, Funding acqui-
sition. Mun Leon Fong: Investigation, Formal analysis. Niamh K. Mar-
tin: Investigation, Formal analysis. Nicola J. Irwin: Methodology,
Funding acquisition. Pere Mutjé: Supervision. Quim Tarrés: Conceptu-
alization, Writing - review & editing. Marc Delgado-Aguilar: Methodol-
ogy, Investigation, Formal analysis.

Acknowledgements
This work was supported by the Wellcome Trust Biomedical Vaca-

tion Scholarship (SS 213361/Z/18/Z) and the Society for Applied Micro-
biology Student Placement Scholarship.



98

J. Dominguez-Robles et al. / International Journal of Biological Macromolecules 145 (2020) 92-99

References

(1]

2

3

[4

5

(6

[7

8

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

(22]

[23]

[24]

(25]

[26]

[27]

(28]

[29]

R.C. Thompson, CJ. Moore, F.S. vom Saal, S.H. Swan, Plastics, the environment and
human health: current consensus and future trends, Philos. Trans. R. Soc. Lond.
Ser. B Biol. Sci. 364 (2009) 2153-2166.

D. Kai, M. Tan, P.L. Chee, Y.K. Chua, Y.L Yap, XJ. Loh, Towards lignin-based func-
tional materials in a sustainable world, Green Chem. 18 (2016) 1175-1200.

R. Pucciariello, C. Bonini, M. D'Auria, V. Villani, G. Giammarino, G. Gorrasi, Polymer
blends of steam-explosion lignin and poly(&-caprolactone) by high-energy ball mill-
ing, J. Appl. Polym. Sci. 109 (2008) 309-313.

X.Dong, M. Dong, Y. Lu, A. Turley, T. Jin, C. Wu, Antimicrobial and antioxidant activ-
ities of lignin from residue of corn stover to ethanol production, Ind. Crop. Prod. 34
(2011) 1629-1634.

D. Kai, ZW. Low, S. Liow, A. Abdul Karim, H. Ye, G. Jin, et al., Development of lignin
supramolecular hydrogels with mechanically responsive and self-healing proper-
ties, ACS Sustain. Chem. Eng. 3 (2015) 2160-2169.

J. Dominguez-Robles, R. Sanchez, P. Diaz-Carrasco, E. Espinosa, M.T. Garcia-
Dominguez, A. Rodriguez, Isolation and characterization of lignins from wheat
straw: application as binder in lithium batteries, Int. . Biol. Macromol. 104 (2017)
909-918.

M. Azadfar, AH. Gao, M.V. Bule, S. Chen, Structural characterization of lignin: a po-
tential source of antioxidants guaiacol and 4-vinylguaiacol, Int. ]. Biol. Macromol.
75 (2015) 58-66.

D. Kai, K. Zhang, L. Jiang, H.Z. Wong, Z. Li, Z. Zhang, et al., Sustainable and antioxidant
lignin-polyester copolymers and nanofibers for potential healthcare applications,
ACS Sustain. Chem. Eng. 5 (2017) 6016-6025.

J. Dominguez-Robles, Q. Tarrés, M. Delgado-Aguilar, A. Rodriguez, F.X. Espinach, P.
Mutjé, Approaching a new generation of fiberboards taking advantage of self lignin
as green adhesive, Int. J. Biol. Macromol. 108 (2018) 927-935.

J. Dominguez-Robles, M.S. Peresin, T. Tamminen, A. Rodriguez, E. Larrafieta, A.S.
Jaaskeldinen, Lignin-based hydrogels with “super-swelling” capacities for dye re-
moval, Int. J. Biol. Macromol. 115 (2018) 1249-1259.

S. Costa, 1. Rugiero, C. Larenas Uria, P. Pedrini, E. Tamburini, Lignin degradation effi-
ciency of chemical pre-treatments on banana rachis destined to bioethanol produc-
tion, Biomolecules 8 (2018) https://doi.org/10.3390/biom8040141.

S. Thakur, P.P. Govender, M.A. Mamo, S. Tamulevicius, Y.K. Mishra, V.K. Thakur,
Progress in lignin hydrogels and nanocomposites for water purification: future per-
spectives, Vacuum 146 (2017) 342-355.

R. Mohammadinejad, H. Maleki, E. Larrafieta, A.R. Fajardo, A.B. Nik, A. Shavandi,
et al., Status and future scope of plant-based green hydrogels in biomedical engi-
neering, Appl. Mater. Today 16 (2019) 213-246.

V.K. Thakur, M.K. Thakur, Recent advances in green hydrogels from lignin: a review,
Int. J. Biol. Macromol. 72 (2015) 834-847.

R. Sanchez, E. Espinosa, ]. Dominguez-Robles, .M. Loaiza, A. Rodriguez, Isolation and
characterization of lignocellulose nanofibers from different wheat straw pulps, Int. J.
Biol. Macromol. 92 (2016) 1025-1033.

D. Liu, Y. Li, Y. Qian, Y. Xiao, S. Du, X. Qiu, Synergistic antioxidant performance of lig-
nin and quercetin mixtures, ACS Sustain. Chem. Eng. 5 (2017) 8424-8428.

] Espinoza-Acosta, P. Torres-Chavez, B. Ramirez-Wong, C. Lopez-Saiz, B. Montafio-
Leyva, Antioxidant, antimicrobial, and antimutagenic properties of technical lignins
and their applications, Bioresources 11 (2016).

M. Tanase-Opedal, E. Espinosa, A. Rodriguez, G. Chinga-Carrasco, Lignin: a biopoly-
mer from forestry biomass for biocomposites and 3D printing, Materials (Basel)
12 (2019) https://doi.org/10.3390/ma12183006.

J. Sameni, S.A. Jaffer, M. Sain, Thermal and mechanical properties of soda lignin/
HDPE blends, Compos. Part A Appl. Sci. Manuf. 115 (2018) 104-111.

E. Espinosa, J. Dominguez-Robles, R. Sanchez, Q. Tarrés, A. Rodriguez, The effect of
pre-treatment on the production of lignocellulosic nanofibers and their application
as a reinforcing agent in paper, Cellulose 24 (2017) 2605-2618.

V.K. Thakur, M.K. Thakur, P. Raghavan, M.R. Kessler, Progress in green polymer com-
posites from lignin for multifunctional applications: a review, ACS Sustain. Chem.
Eng. 2 (2014) 1072-1092.

D. Stewart, Lignin as a base material for materials applications: chemistry, applica-
tion and economics, Ind. Crop. Prod. 27 (2008) 202-207.

J. Dominguez-Robles, S.A. Stewart, A. Rendl, Z. Gonzalez, R.F. Donnelly, E. Larraneta,
Lignin and cellulose blends as pharmaceutical excipient for tablet manufacturing via
direct compression, Biomolecules 9 (2019) https://doi.org/10.3390/biom9090423.
E. Larrafieta, M. Imizcoz, ] X. Toh, NJ. Irwin, A. Ripolin, A. Perminova, et al,, Synthesis and
characterization of lignin hydrogels for potential applications as drug eluting antimicro-
bial coatings for medical materials, ACS Sustain. Chem. Eng. 6 (2018) 9037-9046.

S. Erakovic, A. Jankovic, G.C. Tsui, C.Y. Tang, V. Miskovic-Stankovic, T. Stevanovic,
Novel bioactive antimicrobial lignin containing coatings on titanium obtained by
electrophoretic deposition, Int. ]. Mol. Sci. 15 (2014) 12294-12322.

J. Dominguez-Robles, N.K. Martin, M.L. Fong, S.A. Stewart, NJ. Irwin, M.L. Rial-
Hermida, et al., Antioxidant PLA composites containing lignin for 3D printing appli-
cations: a potential material for healthcare applications, Pharmaceutics 11 (2019)
https://doi.org/10.3390/pharmaceutics11040165.

P. Figueiredo, K. Lintinen, A. Kiriazis, V. Hynninen, Z. Liu, T. Bauleth-Ramos, et al., In
vitro evaluation of biodegradable lignin-based nanoparticles for drug delivery and
enhanced antiproliferation effect in cancer cells, Biomaterials 121 (2017) 97-108.
A. Barapatre, KR. Aadil, B.N. Tiwary, H. Jha, In vitro antioxidant and antidiabetic ac-
tivities of biomodified lignin from Acacia nilotica wood, Int. J. Biol. Macromol. 75
(2015) 81-89.

R. van Lith, E.K. Gregory, J. Yang, M.R. Kibbe, G.A. Ameer, Engineering biodegradable
polyester elastomers with antioxidant properties to attenuate oxidative stress in tis-
sues, Biomaterials 35 (2014) 8113-8122.

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

(44

[45]
[46]

[47]

[48]

[49]

[50]
[51]

[52]

[53]

[54]

R.C. Feneley, .B. Hopley, P.N. Wells, Urinary catheters: history, current status, ad-
verse events and research agenda, ]. Med. Eng. Technol. 39 (2015) 459-470.

D.R. Park, The microbiology of ventilator-associated pneumonia, Respir. Care 50
(2005) 742-763(discussion 763-5).

P. Liminana, D. Garcia-Sanoguera, L. Quiles-Carrillo, R. Balart, N. Montanes, Develop-
ment and characterization of environmentally friendly composites from poly(butyl-
ene succinate) (PBS) and almond shell flour with different compatibilizers, Compos.
Part B-Eng. 144 (2018) 153-162.

I. Grigoriadou, N. Nianias, A. Hoppe, Z. Terzopoulou, D. Bikiaris, J. Will, et al., Evalu-
ation of silica-nanotubes and strontium hydroxyapatite nanorods as appropriate
nanoadditives for poly(butylene succinate) biodegradable polyester for biomedical
applications, Compos. Part B-Eng. 60 (2014) 49-59.

S.0. Han, HJ. Ahn, D. Cho, Hygrothermal effect on henequen or silk fiber reinforced
poly(butylene succinate) biocomposites, Compos. Part B-Eng. 41 (2010) 491-497.
S. Sahoo, M. Misra, A.K. Mohanty, Enhanced properties of lignin-based biodegrad-
able polymer composites using injection moulding process, Compos. Part A Appl.
Sci. Manuf. 42 (2011) 1710-1718.

L. Ferry, G. Dorez, A. Taguet, B. Otazaghine, ].M. Lopez-Cuesta, Chemical modification
of lignin by phosphorus molecules to improve the fire behavior of polybutylene suc-
cinate, Polym. Degrad. Stab. 113 (2015) 135-143.

S. Chen, S. Lin, Y. Hu, M. Ma, Y. Shi, ]. Liy, et al., A lignin-based flame retardant for
improving fire behavior and biodegradation performance of polybutylene succinate,
Polym. Adv. Technol. 29 (2018) 3142-3150.

N. Lin, D. Fan, P.R. Chang, J. Yu, X. Cheng, ]. Huang, Structure and properties of poly
(butylene succinate) filled with lignin: a case of lignosulfonate, J. Appl. Polym. Sci.
121 (2011) 1717-1724.

S.S. Qazi, D. Li, C. Briens, F. Berruti, M.M. Abou-Zaid, Antioxidant activity of the lig-
nins derived from fluidized-bed fast pyrolysis, Molecules 22 (2017) https://doi.
org/10.3390/molecules22030372.

E. Larrafieta, M. Henry, N.J. Irwin, J. Trotter, A.A. Perminova, R.F. Donnelly, Synthesis
and characterization of hyaluronic acid hydrogels crosslinked using a solvent-free
process for potential biomedical applications, Carbohydr. Polym. 181 (2018)
1194-1205.

C.P. McCoy, N.J. Irwin, C. Brady, D.S. Jones, L. Carson, G.P. Andrews, et al., An
infection-responsive approach to reduce bacterial adhesion in urinary biomaterials,
Mol. Pharm. 13 (2016) 2817-2822.

E. Mathew, ]J. Dominguez-Robles, S.A. Stewart, E. Mancuso, K. O'Donnell, E.
Larrafieta, et al., Fused deposition modeling as an effective tool for anti-infective di-
alysis catheter fabrication, ACS Biomater. Sci. Eng. 5 (2019) 6300-6310.

R. Wang, K.G. Neoh, Z. Shi, E.T. Kang, P.A. Tambyah, E. Chiong, Inhibition of
escherichia coli and proteus mirabilis adhesion and biofilm formation on medical
grade silicone surface, Biotechnol. Bioeng. 109 (2012) 336-345.

D.S. Jones, J.G. McGovern, A.D. Woolfson, S.P. Gorman, Role of physiological condi-
tions in the oropharynx on the adherence of respiratory bacterial isolates to endo-
tracheal tube poly(vinyl chloride), Biomaterials 18 (1997) 503-510.

A.A. Miles, S.S. Misra, J.O. Irwin, The estimation of the bactericidal power of the
blood, J. Hyg. 38 (1938) 732-749.

H. Ye, Y. Zhang, Z. Yu, Effect of desulfonation of lignosulfonate on the properties of
poly(lactic acid)/lignin composites, Bioresources 12 (2017) 4810-4829.

YJ. Phua, W.S. Chow, Z.A. Mohd Ishak, Poly(butylene succinate)/organo-montmoril-
lonite nanocomposites: effects of the organoclay content on mechanical, thermal,
and moisture absorption properties, J. Thermoplast. Compos. Mater. 24 (2011)
133-151.

Y.W. Leong, M.B. Abu Bakar, Z.A.M. Ishak, A. Ariffin, B. Pukanszky, Comparison of the
mechanical properties and interfacial interactions between talc, kaolin, and calcium
carbonate filled polypropylene composites, J. Appl. Polym. Sci. 91 (2004)
3315-3326.

Q. Tarrés, ].K. Melbg, M. Delgado-Aguilar, F.X. Espinach, P. Mutjé, G. Chinga-Carrasco,
Bio-polyethylene reinforced with thermomechanical pulp fibers: mechanical and
micromechanical characterization and its application in 3D-printing by fused depo-
sition modelling, Compos. Part B-Eng. 153 (2018) 70-77.

C. Wang, S.S. Kelley, RA. Venditti, Lignin-based thermoplastic materials,
ChemSusChem 9 (2016) 770-783.

G. Toriz, F. Denes, RA. Young, Lignin-polypropylene composites. Part 1: composites
from unmodified lignin and polypropylene, Polym. Compos. 23 (2002) 806-813.
R. Taurino, C. Sciancalepore, L. Collini, M. Bondi, F. Bondioli, Functionalization of PVC
by chitosan addition: compound stability and tensile properties, Compos. Part B-
Eng. 149 (2018) 240-247.

H. Oliver-Ortega, AJ. Méndez, X F. Espinach, Q. Tarrés, M. Ardanuy, P. Mutjé, Impact
strength and water uptake behaviors of fully bio-based PA11-SGW composites,
Polymers 10 (2018) 717.

C.G. Boeriu, D. Bravo, R.J.A. Gosselink, ].E.G. van Dam, Characterisation of structure-
dependent functional properties of lignin with infrared spectroscopy, Ind. Crop.
Prod. 20 (2004) 205-218.

[55] J. Dominguez-Robles, E. Espinosa, D. Savy, A. Rosal, A. Rodriguez, Biorefinery process

[56]

[57]

[58]

combining Specel® process and selective lignin precipitation using mineral acids,
Bioresources 11 (2016) 7061-7077.

M. Ebrahimpour, A.A. Safekordi, S.M. Mousavi, A. Heydarinasab, A miscibility study
on biodegradable poly butylene succinate/polydioxanone blends, J. Polym. Res. 25
(2018) 35.

H. Ahmad Saffian, K. Hyun-Joong, P. Md Tahir, N.A. Ibrahim, S.H. Lee, C.H. Lee, Effect
of lignin modification on properties of kenaf core fiber reinforced poly(butylene
succinate) biocomposites, Materials 12 (2019).

K. Weihua, Y. He, N. Asakawa, Y. Inoue, Effect of lignin particles as a nucleating agent
on crystallization of poly(3-hydroxybutyrate), J. Appl. Polym. Sci. 94 (2004)
2466-2474.


http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0005
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0005
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0005
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0010
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0010
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0015
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0015
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0015
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0020
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0020
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0020
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0025
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0025
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0025
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0030
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0030
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0030
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0030
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0035
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0035
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0035
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0040
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0040
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0040
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0045
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0045
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0045
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0050
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0050
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0050
https://doi.org/10.3390/biom8040141
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0060
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0060
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0060
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0065
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0065
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0065
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0070
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0070
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0075
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0075
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0075
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0080
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0080
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0085
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0085
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0085
https://doi.org/10.3390/ma12183006
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0095
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0095
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0100
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0100
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0100
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0105
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0105
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0105
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0110
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0110
https://doi.org/10.3390/biom9090423
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0120
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0120
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0120
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0125
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0125
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0125
https://doi.org/10.3390/pharmaceutics11040165
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0135
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0135
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0135
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0140
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0140
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0140
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0145
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0145
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0145
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0150
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0150
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0155
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0155
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0160
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0160
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0160
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0160
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0165
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0165
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0165
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0165
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0170
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0170
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0175
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0175
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0175
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0180
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0180
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0180
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0185
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0185
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0185
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0190
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0190
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0190
https://doi.org/10.3390/molecules22030372
https://doi.org/10.3390/molecules22030372
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0200
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0200
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0200
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0200
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0205
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0205
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0205
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0210
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0210
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0210
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0215
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0215
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0215
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0220
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0220
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0220
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0225
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0225
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0230
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0230
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0235
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0235
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0235
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0235
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0240
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0240
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0240
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0240
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0245
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0245
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0245
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0245
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0250
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0250
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0255
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0255
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0260
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0260
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0260
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0265
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0265
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0265
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0270
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0270
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0270
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0275
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0275
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0275
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0280
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0280
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0280
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0285
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0285
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0285
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0290
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0290
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0290

[59]

[60]

[61]

[62]

[63]

J. Dominguez-Robles et al. / International Journal of Biological Macromolecules 145 (2020) 92-99 99

D. Kai, W. Ren, L. Tian, P.L. Chee, Y. Liu, S. Ramakrishna, et al., Engineering poly
(lactide)-lignin nanofibers with antioxidant activity for biomedical application,
ACS Sustain. Chem. Eng. 4 (2016) 5268-5276.

R. Moseley, M. Walker, R.J. Waddington, W.Y. Chen, Comparison of the antioxidant
properties of wound dressing materials—carboxymethylcellulose, hyaluronan benzyl
ester and hyaluronan, towards polymorphonuclear leukocyte-derived reactive oxy-
gen species, Biomaterials 24 (2003) 1549-1557.

S. Dhall, D. Do, M. Garcia, D.S. Wijesinghe, A. Brandon, J. Kim, et al., A novel model of
chronic wounds: importance of redox imbalance and biofilm-forming bacteria for
establishment of chronicity, PLoS One 9 (2014), e109848.

S. Dhall, D.C. Do, M. Garcia, J. Kim, S.H. Mirebrahim, J. Lyubovitsky, et al., Generating
and reversing chronic wounds in diabetic mice by manipulating wound redox pa-
rameters, J. Diabetes Res. 2014 (2014), 562625.

S.Y.C. Tong, J.S. Davis, E. Eichenberger, T.L. Holland, V.G. Fowler, Staphylococcus au-
reus infections: epidemiology, pathophysiology, clinical manifestations, and man-
agement, Clin. Microbiol. Rev. 28 (2015) 603-661.

[64]

[65]
[66]

[67]

[68]

[69]

A.S. Stewart, ]. Dominguez-Robles, R.F. Donnelly, E. Larrafieta, Implantable poly-
meric drug delivery devices: classification, manufacture, materials, and clinical ap-
plications, Polymers 10 (2018).

D.J. Weber, D. Anderson, W.A. Rutala, The role of the surface environment in
healthcare-associated infections, Curr. Opin. Infect. Dis. 26 (2013).

C.W. Hall, T.F. Mah, Molecular mechanisms of biofilm-based antibiotic resistance
and tolerance in pathogenic bacteria, FEMS Microbiol. Rev. 41 (2017) 276-301.
NJ. Irwin, C.P. McCoy, D.S. Jones, S.P. Gorman, Infection-responsive drug delivery
from urinary biomaterials controlled by a novel kinetic and thermodynamic ap-
proach, Pharm. Res. 30 (2013) 857-865.

H. Shi, H. Liu, S. Luan, D. Shi, S. Yan, C. Liu, et al,, Effect of polyethylene glycol on the
antibacterial properties of polyurethane/carbon nanotube electrospun nanofibers,
RSC Adv. 6 (2016) 19238-19244.

C.P. McCoy, N.J. Irwin, L. Donnelly, D.S. Jones, J.G. Hardy, L. Carson, Anti-adherent
biomaterials for prevention of catheter biofouling, Int. J. Pharm. 535 (2018)
420-427.


http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0295
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0295
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0295
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0300
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0300
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0300
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0300
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0305
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0305
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0305
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0310
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0310
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0310
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0315
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0315
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0315
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0320
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0320
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0320
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0325
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0325
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0330
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0330
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0335
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0335
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0335
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0340
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0340
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0340
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0345
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0345
http://refhub.elsevier.com/S0141-8130(19)38455-7/rf0345

	Lignin/poly(butylene succinate) composites with antioxidant and antibacterial properties for potential biomedical applications
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Composite processing and characterization
	2.3. Antioxidant properties
	2.4. Antibacterial properties

	3. Results and discussion
	3.1. Surface and physio-mechanical properties of LIG/PBS composites
	3.2. Chemical characterization of LIG/PBS composites
	3.3. Antioxidant properties of the LIG/PBS composites
	3.4. Antibacterial properties of the LIG/PBS composites

	4. Conclusions
	CRediT authorship contribution statement
	Acknowledgements
	References


