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ABSTRACT

Fibres with nanocellulose isolated from oil palm empty fruit bunches (OPEFBs) were produced.
Nanocellulose and PVA-nanocellulose fibres were prepared by wet spinning in an acetone coagulation
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bath without drawing. The addition of nanocellulose was varied from 10% to 309%, to reveal the bene-

ficial effects of nanocellulose content on the properties of produced spun-fibres. Higher concentration
of nanocellulose increased the stiffness of spun-fibres. PVA and PVA-bacterial cellulose fibres were also

produced as a control and for comparison, respectively. The
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nanocellulose fibre formed a compact  ginning: biocompatibility

structure, while PVA fibres had hollow structures. The effect of the produced spun-fibres on the bio-
compatibility of calf pulmonary artery endothelial cells was assayed by an MTT test. Based on the MTT
assay the addition of nanocellulose increased the percentage of cell viability of the obtained spun-
fibres slightly. These results point towards the use of sustainable sources of nanocellulose as a benefi-

cial and biocompatible fibre material.

Introduction

Indonesia’s palm oil production in 2015 was 31.28 million
tonnes and continues to grow each year. Of the 11.3 million
ha of oil palm plantations, 50.77% were owned by private
companies, 37.45% owned by citizen farmers and the rest
were state-owned (Ministry of Agriculture of Republic of
Indonesia, 2016). Unfortunately, oil palm empty fruit bunches
(OPEFBs) are an abundant waste product of palm oil produc-
tion that can haw@pa negative impact on the environment.
OPEFBs contain 44.4% cellulose, 30.9% hemicellulose and
14.2% lignin (Sun, Fang, Mott, & Bolton, 1999). Given the
considerable cellulose content of OPEFBs, useful applfgations
of this waste stream may be found, such as their use as a raw
material for cellulose nanofiber producti

Cellulose is a major component of plant cell walls and
can be extracted from a variety of sources, including 0-
cellulose plants, marine animals (such as tunicates), algae,
fungi and bacteria. Besides cellulose, plant cell walls also
contain hemicellulose and lignin. Although wood is the

7
gain source of cellulose, currently non-wood plants are
gathering increased attention from many researchers
because of their abundant availability and low lignin con-
tent. Cellulose is almost never found isolated in @ature but
is always bound to other ingredients such as @nin and
hemicellulose. Cellulose is a homopolymer of -p-glucopyra-
nose units linked together by B-1,4-glucosidic bonds. The
building block for cellulose is a cellobiose, a dimer of glu-
cose. The cellulose molecules are connected together
through hydrogen bonding and contain about 40-70% crys-
tallised parts, while the rest is amorphous depending on the
source of cellulose (Nasir, Hashim, Sulaiman, &
Asim, 2017).
Due to biodegradability, nontoxicity and high abundance
in nature, cellulose is a very interesting material for future
lications, especially for medical devices. Many studies
ave been conducted on the application of cellulose and its
derivatives in the medical field, including artificial kidney
membranes, coating materials and pharmaceutical product
additives (Masahiro, Megumi, Kazuhiko, Hitoshi, &
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Takaichi, 1980; Spencer, Schmidt, Samtleben, Bosch, &
Gurland, 1985).

Nanocellulose (or cellulose nanofiber) is a general term for
materials with cellulose-based nanostructures where at least
one dimensi as length on the nanometre scale (1-100nm)
(Nasir et al., 2017; Seabra, Bernardes, Favaro, Paula, & Duran,
2018). Cellulose nanofibers can be isolated from various ligno-
cellulose sources, including OPEFBs. Nanocellulose from
OPEFB has been successfully isolated by chemical treatment
using sulfuric acid hydrolysis and mechanical treatment using
a combination of ultrafine grinding and ultrasonication
(Fahma, Iwamoto, Hori, Iwata, & Takemura, 2010; Fahma,
Sugiarto, Sunarti, Indriyani, & Lisdayana, 2017).

Cellulose nanofibers (nanocellulose isolated by mechanical
treatment) and cellulose nanocrystals (nanocellulose isolated
by chemical treatment) can potentially be used to produce
fibres, filaments and yarns. Hikansson et al. (2014) success-
fully produce mogeneous and fine filaments from cellulose
nanofibrils by a process combining a hydrodynamic alignment
with a dispersion-gel transition. Iwamoto, Isogai, and Iwata
(2011) reported that wet-spun-fibres were produced from cel-
lulose nanofibers isolated from WE¥pd and tunicate. The fibres,
produced at spinning rate of 100 m/min, had a Young's
modulus of 23.6GPa, tensile strength of 321 MPa and elong-
ation at break of 2.2%. Lundahl et al. (2016) also reported that
the continuous filaments could be prepared by a similar
met]'mat spinning rate 7.5 m/min. The obtained filaments
had tensile strength of 297MPa and Young’s modulus of
21GPa. Hooshmand, Aitomiki, Norberg, Mathew, and
Oksman (2015) prepared continuous nanocellulose-based fila-
ments from banana rachis by dry spinning. The strength and
modulus of the obtained filaments were around 131-222 MPa
and 7.8-12.6 GPa, respectively.

In addition to 100% nanocellulose-based materials,
researchers have rted fibres or filaments derived from
nanocellulose and PVA (Polyvinyl alcohol) mixtures. PVA is
a synthetic polymer that is soluble in water, nontoxic, bio-
compatible and has excellent mechanical properties. PVA
and nanocellulose can form a homogeneous mixture because
both are hydrophilic. Endo, Saito, and Isogai (2013) and
Peng, Ellingham, Ron Sabo, Turng, and Clemons (2014)
produced PVA-nanocellulose fibres using spinning, drawing
and drying processes. In the work done by Endo et al.
(2013), it was reported that only 1wt% TEMPO-oxidised
cellulose nanofibers (TOCN) added into PVA solution pro-
duced a spinning dope to produce PVA-TOCN fibres, fol-
lowed by a drawing process with maximum total draw ratio
(DR) of 20 to 230°C. In addition, Peng et al. (2014)
reported that spinning solutions were prepared by addition
of various amounts of short cellulose nanofibers (0, 1, 2, 3
and 6 wt%) into PVA solution.

The presence of PVA in these composites enhanced the
mechanical properties of the produced filaments. The suc-
cess of producing nanocellulose-based filaments is a promis-
ing for future studies of new nanocellulose-based composite
materials, including medical applications such as surgical
thread. The main requirement for polymer biomaterials in
medical applications is biocompatibility, or little to no

rejection by body tissue (Nguyen, Abueva, Ho, Lee, & Lee,
2018). The biocompatibility of these NC fibres, especially
using sustainably sourced nanocellulose, has not been exten-

sw@studied.

n this study, nanocellulose-based fibres were produced
by a direct wet spinning process in an acetone coagulation
bath with nanocellulose isolated from OPEFBs. Spun PVA
and PVA-bacterial cellulose fibres were also prepared as
control and comparison, respectively. produced wet-
spun-fibres were investigated using scanning electron
microscopy (SEM), thermogravimetric analysis (TGA),
Fourier transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD). In addition, the mechanical properties of
the spun-fibres were determined by tensile tests and the bio-
compatibility properties were assayed by an MTT test.

Materials and methods
Materials

Oil palm fibres from OPEFBs for the production of nanocel-
lulose were obtained from PTPN VIII, Kertajaya, Lebak,
West Java, Indonesia. PVA was supplied by Celvol TM
Sekisui Chemical Co. ltd. Bacterial cellulose sheets were sup-
plied by CV Graha Agri Industri Indonesia (a local com-
pany). Analytical grade sodium hydroxide was used as
received. H,O, and acetone were of technical grade and
used without further purification.

Isolation of cellulose fibres from OPEFBs

Cellulose fibres from OPEFBs were isolated by alkali treat-
ment using a two stage-bleaching treatment. First, OPEFBs
were dipped in a 30% H,O, solution, followed by submer-
sion in a mixture of 10% NaOH and 30% H,O, (1:2). The
obtained cellulose fibres were then used as starting materials
for producing nanocellulose.

Nanocellulose production from OPEFBs

Nanocellulose suspensions (1.85% of solid content) from
OPEFBs were isolated as described in our previous report
using a combination of ultrafine grinding and ultrasonica-
tion (Fahma et al, 2017). Cellulose pulp with a concentra-
tion of 1-2% was prepared initially using warring blender.
The suspension of cellulose fibres was then passed through
an ultrafine grinder (Masuko Co., Ltd) several times at
1500 rpm. Next, the suspension was treated by ultrasonica-
tion at 40% amplitude for 30 min. Finally, the produced
nanocellulose suspension in water was stored in refrigerator
to produce nanocellulose-based fibres. Bacterial cellulose
(BC) also went through the same process as described to
create nano-sized bacterial cellulose (NBC).

Production of nanocellulose-based fibres

PVA solution (10wt%) and a nanocellulose suspension in
water (1.85wt%) with varying nanocellulose contents (0, 10,




20 and 30wt%) were mixed together until the solution was
homogeneous. The mixt as spun without drawing in a
500 mL technical grade acetone coagulation bath using a
needle wi diameter of 0.95mm set on syringe and a
spinning rate of 10mL/min. After the spun-fibres were
taken from the acetone coagulation bath, ey were dried at
room temperature for 24h before being dried at 50°C for
1h. The spun PVA-NBC (70:30) fibre was also prepared
as comparison.

Characterisation

canning electron microscopy observation

The morphom; of the obtained nanocellulose, including sur-
face images a ross sections of the produced spun-fibres,
were observed by a scanning electron microscope (SEM Zeiss
EVOMA 10) operating at 16kV. The samples were coated
with gold to improve contrast before being observed. The
diameter of nanocellulose (NC) and NBC were measured
using Image] software using 50 different points.

X-ray diffraction analysis

In order to understand the structure, we conducted X-ray dif-
fraction analysis of all samples. The sample was cut into small
pieces around 1mm long and the analysis was performed
using an XRD B@ker D8 with a Ko Cu (4= 1.54060) X-ray
source set to 40 and 35mA. The degree of crystallinity
based on diffraction profile was calculated as the ratio of the
area under the crystalline diffraction peaks to the total area
under the curve (Wang, Sain, & Oksman, 2007).

%Jrier transform infrared spectroscopy analysis

Samples of all spun-fibres were cut into small pieces and
then dried before incorporation into KBr pellets. FTIR spec-
tra were obtaineffflising a Shimadzu FTIR Prestige in trans-
mittance mode with a resolution of 4cm™'. Each sample
was scanned 64 times.

Thermogravimetric analysis

Thermal degradation of all spun-fibres was observed using a
Hitachi STA 720 instrument. About 10 mg of samples were
observed and thermograms were obtained between 30°C
and 600°C at a heating rate 15°C/min with nitrogen purge
gas at a flow rate of 50 mL/min.

Tensile test and degree of swelling

The tensile tests of single spun-fibres were perform@@sing a
universal testing machine (Instron 3369P7905, A) by
applying a load cell of 50 N at a crosshead speed of 6 mm/
min with three measurements each. Three of each dried sin-
gle spun-fibres were swollen in deionised water at room tem-
perature for 2 h. The degree of swelling was calculated as:

%et weight — Dry weight)

100%
Dry weight 2

Degreeofswelling =
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In vitro biocompatibility analysis

The biocom ility of all spun-fibres on living tissue was
identified by cell viability analysis using an MTT assay. For
the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-zolium
bromide (MTT) assay, cells were grown with a concentra-
tion of 5000 cells in 1 L of growing media. All spun-
fibres were previously immersed in Dulbecco’s Modified
Eagle’s Medium (D-MEM) culture media for 7 days and 14
days. The extract was added after the cell reached 50% con-
fluence (24The MTT test was carried out on day 3, by
adding 10 pL of T solution (5mg/mL) per well and
incubating for 4 h at 37 °C. Formazan crystals were dissolved
in ethanol. The absorbance was measured at a wavelength
of 595nm.

Results and discussions

Morphology and crystallinity degree of nanocellulose
from OPEFBs

Figure 1(a) shows an SEM image of the nanocellulose from
OPEFBs isolated by mechanical treatment (combination of
ultrafine grinding and ultrasonication). The diameter of the
obtained nanocellulose was 33@‘: 6.8nm and their lengths
were several micrometres. The diam of the nanocellulose
produced in this study was similar with the results of our
previous study (Fahma et al, 2017). The only difference
between this work and our previous study is the starting
material for nanocellulose production. In our previous
study, the method of preparing cellulose fibres using 6%
KOH and 12% hypochlorite solution produced nanocellulose
from OPEFBs with a diameter of 27.23+821nm and a
length of several H,0, (see
Materials and Methods) was used in this study instead of
hypochlorite solution, however, because it is more environ-
mental friendly.

Nanocellulose isolated from OPEFBs by chemical treat-
ment using sulfuric acid hydrolysis had a thickness of
1-3.5nm observed by Atomic Force Microscope (AFM)
(Fahma et al, 2010). In ther report, Rohaizu and
Wanrosli (2017) found that nanocrystalline cellulose (NCC)
from OPEFBs and microcrystalline cellulose (OPEFBs-
MC solated via TEMPO-oxidation and ultrasonication
had an average length and width of 122 and 6nm,
respectively.

Figure 1(b) shows the SEM image of nano-sized bacterial
cellulose (NBC) used to make spun-fibre as a comparison.
The NBC had an average diameter of 40+9.9nm. NBC
diameters seems more uniform than NC isolated
from OPEFBs.

From the XRD profile of nanocellulose (Figure 1(c)), a
broad peak of nanocellulose OPEFBs is visible at 15.1-16.5°
and a steep peak at 22.5°, The lattice planes 11 0and 110
appear to overlap due to low crystallinity of nanocellulose
from OPEFBs. Based on the XRD profile of the nanocellu-
lose we assign the structure as cellulose I. Generally, the
XRD pattern of cellulose with high crystallinity consists of
three lattice peaks corresponding to 1 i0,110and 200

micrometres. treatment
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ggure 1. SEM images of NC from OPEFBs (a) and NBC (b), XRD profile of nano-sized bacterial cellulose (NBC), nanocellulose (NC) and cellulose (c).

reflections between 15.0 and 15.6°, 16.3 and 16.5” and 22.3
and 22.6°, respectively (Zhao, Moser, Lindstrom,
Henriksson, & Li, 2017). This high crystallinity pattern was
seen in nano-sized bacterial cellulose, which had three cor-
responding peaks in its XRD profile. The degree of crystal-
linity of NBC and NC from OPEFBs were 71.7+0.7% and
60.4 + 1.4%, respectively, while the crystallinity of cellulose
was 55.1%. mechanical treatment using a combination
of ultrafine grinding and ultrasonication randomly breaks
apart both crystalline and amorphous regions, which caused
a decrease in the crystallinity of nanocellulose. This damage
of cellulose crystals is believed to separate the bundles of
fibrils to form nanofibers (Mtibe, Mokhothu, John,
Mokhena, & Mochane, 2018). The decrease in crystallinity
occurred due to inter-molecular and intra-molecular hydro-
gen bonds of cellulose being broken, leading to depolymer-
isation of cellulose during the severe mechanical treatment
(Phanthong et al., 2018).

Morphology of nanocellulose-based spun-fibres

All spun-fibres were successfully produced by a wet spin-
ning method using an acetone coagulation bath. The fibres
took several minutes to dehydrate in the acetone bath before
forming sturdy fibres. The dehydration time of NC fibres
was the longest compared to the others (around 15-20 min).
The neat PVA fibre took 5-7min to dehydrate, while all
PVA-NC and PVA-NBC fibres took 10-15min.

15

The surfaces and cross sections of the produced spun-
fibres were observed by SEM (Figure 2). The NC fibre
(Figure 2(a)) appears to have a round and compact cross sec-
tion. In contrast, the cross section of all PVA-NC (70:30,
80:20 and 90:10), PVA-NBC and neat PVA fibres have
irregular circular shape and are hollow or display some por-
osity, (Figure 2(c with diameters ranging from 100 to 125
pm. Porosity was believed to be caused by air trapped in the
suspension during the wet spinning and coagulation proc-
esses (Hooshmand et al,, 2015). From Figure 2(ab), the wet
spinning of nanocellulose seemed an effective technique for
alignment in acetone coagulation. Iwamoto et al. (2011) also
observed that the cross section of fibres spun from tunicate
cellulose nanofibers had cylindrical shape with porous struc-
tures. The difference in cross section shape might also be
related to the viscosity of the subperm'l The higher the vis-
cosity of the suspension, the less nanofibers moved upon
dehydration in acetone coagulation bath. However, there are
many factors that may affect the cross section morphology of
filaments produced, including the spinning system, spinning
rate, drawing ratio and coagulation bath compuosition.

The NC fibre (Figure 2(b)) also appeared to have a
coarser and more fibrous structure than that of all PVA-
NC, PVA-NBC and neat PVA fibres (Figure 2(d-1)). The
surfaces of the PVA-NC, PVA-NBC and neat PVA fibres
were Smo The surface morphology of all produced
spun-fibres was similar to that previously reported by Endo
et al. (2013), where the morphological surface of a PVA/
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Figure 2. SEM| es of the nanocellulose-based spun-fibres. The cross section
PVA-NC 90:10 (g and h), PVA-NBC (i and j) and PVA fibers (k and 1).

TOCN (TEMPO-oxidized cellulose nanofibers) composite
smooth and homogenous, nearly identical to the PVA
drawn fibre. The diameter of fibres observed was 20.6 +0.0
pm. However, the result obtained from Peng et al. (2014)
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showed that PVA/SCNF (short cellulose nanofibrils) had an
irregular surface and circular cross section with diameters
ranging from 45 to 55 pm. Both diameters were smaller
than the diameters of our produced spun-fibres.
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X-ray analysis

The XRD profiles of all spun-fibres are shown in Figure 3.
The neat PVA fibre did not show a crystalline peak but
rather an amorphous peak located at 20=19.5°. PVA-NC
composite fibres displayed a clear peak near 20 =19.5°, with
an additional peak at 20 = 22.5° becoming visible with
increasing NC content from 10% to 30%. This peak is
attributed to the nanocellulose structure pattern increasingly
being formed. With 10% NC, the peak at 22.57 is not vis-
ible. At 20% NC, the peak at 19.5° shifted to 19.8” and the
peak at 22.5° appears as a shoulder, although its intensity is
low. Once the fibre reaches 30% NC, the intensity of the
peak at 20 = 22.57 is clearly above the noise. This shows
that with the addition of NC up to 30%, the degree of crys-
tallinity of the composite fibre (PVA-NC) increased. The
XRD profile of PVA-NBC (70:30) also showed two peaks
located at 20 = 19.5° and 22.5° assigned to PVA and cellu-
lose patterns. Its degree of crystallinity was lower than that
of PVA-NC (70:30).

Peng et al. (2014) fouf@that the addition of up to 2-3%
SCNF slightly increased the degree of crystallinity of fibres
from 62.8 to 63.0%, whereas the addition of SCNF at higher
concentration resulted in lower degree of crystallinity.
However, the neat PVA fibre still had the highest degree of
crystallinity compared to PVA/SCNF fibres which was
64.4%. The addition of SCNF at a higher concentration
probably reduced the orientation due to the formation of

F networks that inhibit molecular alignment. Overall,
there was no signific ifference in the degree of crystal-
linity values obtained. A similar treff was also observed by
Endo et al. (2013), where there wa significant difference
in the PVA crystallite orientation%neat PVA and PVA/
TOCN fibres. The diffraction peaks of neat PVA and PVA/
SCNF or PYA/TOCN were not reported in either study.

Mechanical properties

able 1 shows the mechanical properties of all produced
spun-fibres. The tensile strength of our spun NC fibre was
lower than that of spun-fibre produced by Iwamoto et al.
(2011). This might be due to the difference in crystallinity
of wood and OPEFBs. This result was also quite small com-
pared to that obtained by Peng et al. (2014), where the ten-
sile strength of pure PVA and PVA/SCNF ranges from 525
to 868 MPa with modulus ranges from 10 to 32 GPa. When
compared to Endo et al. (2013), this result was far lower,
where the tensile strength and modulus achieved by add-
ition of only 1% TOCN to PVA was 1.6GPa and 57 GPa,
regEPRtively.
ndo et(2013} and Peng et al. (2014) produced spun-
fibres with a combination of wet spinning, drawing and dry-
ing, while we produced spun-fibre without drawing. We
used nanocellulose isolated from OPEFB, which has charac-
teristics that differ from those of nanocellulose from other
sources used in these studies. In addition, we also used
higher nanocellulose content.
According to Moon, Martini, Nairn, Simonsen, and
Youngblood (2011), there are several factors that affect the
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Figure 3. XRD profiles of nanocellulose-based spun-fibres.

mechanical properties of nanocellulose, including crystal
structure, crystallinity, anisotropy, defects and isolation
approaches. In addition, the choice of isolation method gen-
erally has a strong effect on the crystallinity of the nanocel-
lulose. Cellulose ofibers (CNF) isolated by mechanical
treatment contain both amorphous and crystalline regions
and usually have a high aspect ratio. In contrast, cellulose
nanocrystals (CNC) isolated by acid hydrolysis have almost
no amorphous fraction remaining. Importantly, higher crys-

inity nanocellulose tends to produce fibres with better
mechanical properties.

The lowest elongation at break was the spun NC fibre, at
3.36%. This was because PVA has good tensile strength and
plastic properties while nanocellulose does not, leading to
facile breaking. The nanocellulose dispersed well in the PVA
solution, producing a PVA co site fibre with good hom-
ogenisation and a spun-fibre with a high tensile strength.
The additio NC and NBC into the PVA matrix, how-
ever, led to a decrease in tensile strength and elongation at
break in the spun composite fibre. This might be because
the addition of NC (up to 30%) or NBC increased the stiff-
ness of the spun composite fibre significantly, Peng et al.
(2014) stated that such a decrease in tensile strength of
fibres may be caused by the orientation of the crystalline
PVA being interrupted as result of nanocellulose network
formation, which limit the molecular alignment.

Table 2 shows the mechanical properties of all produced
spun-fibres in wet condition. This mechanical property test
was performed shortly after the spun-fibres were immersed
in distilled water for 2h. Wet fibre testing was carried out
to determine whether there was a change in the mechanical
properties when fibre was hydrated. In general, when
the fibre was wet, the tensile strength and modulus of spun-
fibres decreased significantly while the elongation at break
increased. This is likely because wet conditions caused the
mixture of PVA and nanocellulose to swell (Figure 4) allow-
ing the spun-fibre to stretch more easily when pulled in the
tensile test.

Swelling degree

The swelling degree of nanocellulose-based spun-fibres is
shown in Figure 4. The highest swelling degree was PVA-
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ge 1. Mechanical properties of all produced spun-fibres (dried fibres).
m

ples Tensile strength (MPa) sSD Tensile modulus (MPa) sD Elongation at break (%) sD
PVA 93.57 7.32 76.42 57.97 177.02 143.88
NC 47.29 208 1534.60 656.17 3.36 1.30
PVA-NBC {70:30) 53.77 483 264.94 4563 2044 1.70
PYA-NC (70:30) 31.82 2.16 236.34 3.65 1346 071
PYA-NC (80:20) 31.05 1.63 396.00 3734 1132 362
PVA-NC (90:10) 21.18 1.60 136.75 39.01 1632 5.83
ge 2. Mechanical properties of all produced spun-fibres in wet condition.
mples Tensile strength (MPa) SD Tensile modulus (MPa) sD Elongation at break (%) SD
PVA 63.6 11.20 2417 4.35 295,43 7.07
NC 28.52 24,60 912.49 249.84 2.86 0.42
PVA-NBC (70:30) 19.29 3.15 76.64 10.97 59.2 141
PVA-NC (70:30) 17.56 4.12 65.53 15.70 49.48 18.15
PVA-NC (80:20) 14.59 0.0 54.43 0.12 46.08 8.7
PVA-NC (90:10) 16.63 230 48.86 48.91 47.75 2523
90 100
20 90 —PVA
PVA-NC 90:10
70 . 80 —PVA-NC 80:20
= - —PVA-NC 70:30
£ 60 g . \ —NC
] § " \ PVA-NBC (70:30)
g 50 \
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g 40 . 240
= z \
T 3 30
= il
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10 - ——
0 . - ]
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(70:30)  (70:30)  (80:20)  (90:10) Temperature (°C)

Figure 4. Swelling degree of nanocellulose-based spun-fibres.

NC (90:10) fibre (77.55%), followed by PVA-NC (80:20)
fibre (75.60%) and neat PVA fibre (74.05%). The lowest
swelling degree was NC fibre (36.25%). The addition of
nanocellulose can reduce the swelling degree of the fibre as
found in the PVA-NC (70:30) (69.99%) fibre and PVA-NBC
(70:30) fibre (68.80%). Swelling degree can affect the tensile
strength of fibres in wet condition (Table 2). The higher the
swelling degree of the fibre the smaller its mechanical prop-
erties. The spun-fibre is expected to still have good tensile
strength even though it is wet because it will be difficult to
use if the fibre has a high swelling degree and is easily bro-
ken. Figure 4 shows that with addition of nanocellulose up
to 30% and NBC, the swelling degree of PVA
matrix decreased.

Thermal stability

Figure 5 shows that each produced spun-fibre has a distinct
thermal decomposition profile, NC, PVA-NC (70:30) and
PVA-NC (80:20) fibres showed gradual thermal transitions
with broader temperature range than neat PVA, PVA-NC
(90:10) and PVA-NBC fibres. Based on thermal behaviour,
the thermal stability of NC fibre and PVA fibre with
high nanocellulose content (20% and 30%) is higher than
that of neat PVA and PVA-NBC fibres. This suggests the

Figure 5. TGA profiles of nanocellulose-based spun-fibres.

existence of strong, mutually reinforcing interactions
between PVA and NC through the interaction of hydroxyl
(-OH) groups (Figure 6). PVA-NBC fibre also showed an
increase in thermal resistance when compared to neat
PVA fibre.

All samples appear to have undergone two stages of ther-
mal degradation. The first de.miation occurred at tempera-
tures below 200 °C, which 1s due to the evaporation of
physically and chemically bonded water, or other volatile
components found in the sample (Chen & Wang, 2002). At
the second stage of degradation, NC fibre lost 60% mass at
361 °C, PVA-NC (70:30) at 381 °C, PVA-NC (80:20) fibre
at 343 °C, PVA-NC (90:10) fibre at 291 °C, PVA-NBC fibre
at 337 °C and neat PVA fibre at 329 °C. This degradation is
likely pyrolysis of nanocellulose and the degradation of the
PVA matrix, which involves dehydration reactions and for-
mation of volatile products (Qua, Hornsby, Sharma, Lyons,
& McCall, 2009).

The TGA curves indicate that the NC fibre showed the
highest thermal stability, while the neat PVA fibre showed
the lowest thermal stability, which was proven by the high-
est mass residue of NC compared to PVA at 600 °C. \/ﬁ
the addition of nanocellulose, PVA-NC composite fibre ha
a higher thermal stability than that of the neat PVA fibre.
This shows that the nanocellulose added was dispersed well
without any significant aggregation, thus causing a delay in
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the therigl degradation of PVA. Nanocellulose also helped
prevent out-diffusion of volatile decomposition products.
When the nanocellulose is well dispersed in PVA matrix it
acts as a barrier for vapour diffusion; thus, vapour does not
pass through the crystal structure of PVA (Fahma, Hori,
Iwata, & Takemura, 2013). At 600 °C, NC fibre produced
22.6% residue, PVA-NC (70:30) fibre 6.4%, PVA-NC (80:20)
fibre 4.3%, PVA-NC (90:10) fibre 9.3%, PVA-NBC fibre
4.5% and neat PVA fibre 2.3%.

Transmittance

3900 3400 2900 2400 1900 1400 900 100
Wavenumber (¢m )
PVA PVA-NC (90:10) PVA-NC (80:20)
PVANC (T0:30) —NC —PVANBC (70:30)
—NBC

Figure 6. FTIR profiles of nanocellulose-based spun-fibres.
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Figure 7. Cell viability by MTT assay for 1 week (a) and 2 weeks (b).
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FTIR analysis

An analysis was performed to identify the chemical
groups of the spun-fibres. The FTIR spectra of all produced
spun-fibres are shown in Figufif§. Wide absorption peaks
were found at 3421cm ', 3419cm ' and 3410cm ' corre-
sponding to stt&hing vibrations of O-H groups found in
NC, NBC and neat PVA fibres. After the addition of NC
and NBC, the stretching vibration of the O-H groups in
neat PVA fibre was shifted to 3415cm™', which indicates
the probable interaction of PVA and NC fibres as well as
PVA and NBC fibres. The absorption of O-H groups was
also increased after the addition of NC and NBC, suggesting
hydrofill bonding between the components.

At 2900cm ", the stretching vibration of the C-H groups
was also observed in all spun-fibres. At 1639cm ', a peak
suggesting the presence of O-H bending of the absorbed
water can be clearly seen (Zain, Yusop, & Ahmad, 2014). In
spectra of NC, NBC, PVA-NC and PVA-NBC fitfff} the
peak at 1429cm ' is related to the asymmetric angula
deformation of C-H bonds (Vasconcelos et al, 208 A
small peak observed at 1160cm ™" was believed to be related
to the pyranose ring C-O-C asymmetric stref@ling of cellu-
lose. The band found at 1060cm ' shows C-O and C-H
stretching mrations, which confirm the structure of cellu-
lose (Zain et al., 2014). The peak observed at 897 cm ™" indi-
cates the presence of b-glycosidic bonds in the glucose ring

VA

NC  PVA-NBC PVANC PVA-NC PVASNC
(70:300 (7030 (50200 (90 10y
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0o |
w
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x
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Figure 8. Appearance of cell viability due to nanocellulose-based spun-fibres analysed by MTT for 1 week: (a) control, {b) NC, (c} PVA, (d) PVA-NC (90:10), () PVA-

NC (80:20), (f) PVA-NC (70:30) and (g) PVA-NBC.




of NC and NBC (Borsoi, Ornaghi, Scienza, Zattera, &
Ferreira, 2017).

In neat PVA, absorption at 1431 cm™ " is due to bending
vibrations of CH-OH group (Lifl}, Qi, Knight, Shao, &
Chen, 2013), while the small peak at 1143cm™' was
assigned to the crystalline structure of PVA. The stretching
of C-O groups was also found at 1097 cm ''in the PVA
spectrum, which ns assigned as a secondary alcohol (Lobo
& Bonilla, 2003). The peak at 850 cm ! showed the presence
of C-C stretching vibration in PVA (El Miri et al., 2015).

1

In vitro biocompatibility

The in vitro biocompatibility of nanocellulose-based spun-
fibres was evaluated by MTT assays. The MTT assay was
performed with two different soaking time periods: 7 and
14 days. From Figure 7, it can be concluded that the materi-
als soaked for 2 weeks had a smaller number of living cells
than those tested in the 1-week immersion liquid. Cells that
had longer exposure time to the immersion liquid produced
fewer living cells. Based on the MTT assay, all spun-fibres
had more than 50% cell viability until 2 weeks. The
increased cell viability due to nanocellulose inclusion in
spun-fibres is shown in Figure 8. The NC fibre did not
show any difference in cell viability between a 7-day or 14-
day test period. The other fibres, however, showed a
decrease in the cell viability from soaking for 7 days to a
14 day immersion. After a 7 day immersion, PVA-NBC fibre
had a cell viability of 81.69%, while at 14 days the viability
decreased to 67.28%. The PVA-NC (70:30) fibre showed a
decrease in cell viability from 70.58% at 7 days immersion
to 69.34% at l4day immersion. Similarly, spun-fibre cell
viability decreased from 69.96% to 67.9% for PVA-NC
(80:20) fibre and from 68.52% to 66.26 for PVA-NC (90:10)
fibre, after the additional 7-day soak. Clearly, the nanocellu-
lose was able to maintain cell viability for 14 days, In the
control study, living cells were evenly distributed throughout
the cell medium (Figure 8(a)). After any spun-fibre was
contacted with the cell, the number of living cells decreased
(Figure 8). Therefore, while all fibres caused damage to liv-
ing cells, nanocellulose-based fibres maintained more viable
cell conditions.

Conclusion

Nanocellulose-based filaments were cessfully produced
by wet spinning. The nanocellulose was isolated from oil
palm empty fruit bunches (OPEFBs) by mechanical treat-
ment usi?a combination of ultrasonication and ultrafine
grinding. Scanning electron microscopy (SEM) revealed that
the spun nanocellulose fibre was compact (non-hollow),
while all PVA-nanocellulose fibres had hollow, porous struc-
tures. The spun nanocellulose fibre had a tensile strength of
47.29+2.08 MPa, modulus Young’s of 1.5+0.66GPa and
elongation ? break of 3.36+1.3%. In contrast, the neat
PVA fibre had the highest tensile strength and elongation
compared to other spun-fibres. With the addition of nano-
cellulose up to 30%, the tensile strength of the produced
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spun-fibre increased, although it was still smaller than the
neat PVA fibre. The PVA-nano-sized bacterial cellulose
fibres had tensile strength 53.77+4.83 MPa, which was
higher than that of PVA-nanocellulose fibres. Generally, all
PV A-nanocellulose fibres had higher swelling degrees than
the nanocellulose fibre. In vitro biocompatibility evaluation
based on the MTT test showed that when it was compared
with the s PVA fibre, the presence of nanocellulose in
spun-fibres not have a significant effect on cell viability.
In vitro biocompatibility assay by the MTT test also showed
that cells grew more than 50% around all nanocellulose-
based spun-fibres. Given the increased cell viability and
moderate tensile strength retention, nanocellulose from
OPEFBs are shown to be a promising and environmentally
friendly fibre additive for medical applications.
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