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Poly(lactic-co-glycolic) acid membranes developed for guided bone regeneration (GBR) in dental care have the
shortcoming of not being rigid enough to withstand soft tissue stress during healing, which may significantly affect the
bone formation process. This study aims to overcome the lack of mechanical properties of poly(lactic-co-glycolic) acid
(PLGA) membranes for GBR by using cellulose nanofibers to reinforce the membranes. The manufacture of cellulose
nanofibers begins with the wood pulping process of oil palm empty fruit bunches (OPEFB) residue. The fibers were
then oxidized using the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) system at pH 10-11 and mechanically
disintegrated using ultrasonication to produce nano-sized fibers (denoted as TEMPO-oxidized cellulose nanofibers —
TOCNS). The resulting TOCNs were incorporated into PLGA at concentrations of 0.4%, 0.8%, and 1.0% (wt/wt). The
incorporation of TOCNs modified PLGA membranes, increasing surface texture and crystallinity, as confirmed by
SEM, XRD, and FTIR. Membranes thinned with TOCNs addition, with pore size/volume peaking at 0.4% loading
(6.31 nm, 0.23 cm?/g), then reverting towards neat PLGA values at 1.0%. Optimal tensile strength was noted for 0.8%
TOCNs. PLGA-TOCNs composites degraded slower than neat PLGA. The research results are expected to support the
use of renewable natural fibers as reinforcement for PLGA membranes. The TOCNs can effectively modify PLGA
membrane properties, offering potential for tailoring these materials for biomedical applications.
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INTRODUCTION

Bone and tooth injuries are the main areas of
concern in tissue engineering and regenerative
medicine.! One of the regenerative augmentation
techniques is Guided Bone Regeneration (GBR).
The basic principle of GBR involves placing a
mechanical barrier (membrane) to protect the
blood clot and isolate the damaged bone from the
surrounding connective tissue, thereby providing
access to bone-forming cells to a remote space
for bone regeneration. Membranes used in GBR
must exhibit a combination of critical properties
beyond biocompatibility to ensure successful
clinical outcomes. The membrane must have

biocompatibility properties, must not affect the
surrounding tissue, so that it is effective for the
desired healing result and is safe for the patient.?
The mechanical stability of membranes is of
utmost importance because they need to maintain
the regenerative space against the collapse of soft
tissue.>? This is linked to the tensile strength and
the tear strength of the membrane, which permit
the membrane to withstand considerable forces,
without the risk of rupturing.* The membrane
should also show controlled and predictable
degradation rates, which is ideal when the
membrane degrades simultaneously with the
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newly formed bone; it should provide soft tissue
an adequate amount of stability, but not too much
to avoid the need for a secondary removal.’
Another membrane property is the barrier
function, which is the ability of the membrane to
prevent the ingress of epithelial or fibrous tissue
into the bone defect site.® The membrane surface
features, such as topography and porosity, are
also important as they regulate the diffusion of
nutrients and removal of wastes, and should not
allow wunrestricted cell movement into the
regenerative space.” Considerations such as
hydrophilicity must also be addressed, as it aids
in promoting cell and protein adsorption, as well
as  enhances  osteoconductive  functions.?
Incorporating bioactive materials into membranes,
such as antibiotic treatments or growth factors, is
more frequently seen in literature as a means to
actively promote bone healing and stave off
infection.’ Elasticity and conformability are other
important  characteristics of  membranes;
membranes must rigidly hold their barrier
functions while also adapting to varying defect
geometries.!” The properties described above are
necessary for next-generation GBR membranes
that strive to boost regenerative activity.

Many Dbarrier membranes have been
developed for clinical applications, which are
classified into resorbable and non-resorbable
membranes. The resorbable membrane has the
advantage of being able to be absorbed by the
body. In the area of GBR, resorbable membranes
are increasingly favoured, as they are
biodegradable and require no secondary surgical
removal. The most common types of membranes
include the collagen membrane, which has
excellent biocompatibility, and a resorption time
that aligns with the various stages of bone
healing,!' or the polycaprolactone (PCL) based
membranes, which have a slower degradation
rate and the potential for greater mechanical
reinforcement.!? Also, gelatin-based membranes
are increasingly used due to gelatin’s hydrophilic
characteristics and its ability to promote cellular
adhesion.” In contrast, non-resorbable
membranes require a second surgical removal
because they cannot be absorbed or degraded in
the body.!! Previous studies have shown that non-
resorbable titanium mesh membranes impede
fibroblast cell migration in degenerative
areas.'*!’>  Non-resorbable =~ membranes are
selected for cases requiring longer barrier
function. Examples include e-PTFE membranes,
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which are appreciated for their dimensional
stability and cell occlusivity,'® and titanium mesh
membranes, which are superior in mechanical
strength and keep space in large defect
reconstructions.!”!8 Additionally, some
innovations like membranes made of magnesium
based alloys, which slowly degrade over time
with a low inflammatory reaction.!” Thus, GBR
membranes are changing over time, as they need
to be adapted to the clinical requirements and
concerns like the dimensions of the defect, the
expected time of healing, and the patient.

Currently, the most widely used polymer in the
development of resorbable membranes in GBR is
poly(lactic-co-glycolic) acid (PLGA). PLGA-
based membranes have been approved by the
Food and Drug Administration (FDA) for
biomedical  applications. However, such
membranes have unsatisfactory mechanical
properties. The PLGA membrane is not rigid
enough to withstand soft tissue stress during
healing, so its degradation process is
unpredictable, which significantly affects the
bone formation process. The results of a previous
study showed a fluvastatin-loaded degradable
PLGA membrane for GBR, only effective for
minimal bone formation under the PLGA
membrane.?!

In addition to the widely researched PLGA,
various other polymers have emerged as promising
options for GBR, each with unique mechanical,
biological, and degradation properties that meet
clinical requirements. Polycaprolactone  has
received considerable attention due to its strong
mechanical properties and prolonged degradation
timeline, which is beneficial for extended bone
regeneration periods; when combined with
hydroxyapatite, it notably improves
osteoconductivity and maintains space over time.'?
Chitosan, a natural polymer, is recognized for its
antimicrobial effects and compatibility with
biological tissues; its application in electrospun
membranes promotes cell adhesion and growth,
making it suitable for GBR  purposes.’
Polydioxanone (PDS), a synthetic and absorbable
polymer with a moderate degradation rate, has been
effectively utilized in barrier membranes due to its
significant initial mechanical strength and
consistent degradation pattern, minimizing the
likelihood of early collapse.”> Another significant
option is polyurethane (PU), which allows for
precise adjustments of elasticity and degradation
through  chemical methods, resulting in



customizable scaffolds with improved angiogenic
properties.’ Gelatin, derived from collagen, is
frequently combined with synthetic polymers like
PCL to improve biocompatibility and manage
degradation rates while facilitating osteogenesis.*
In addition, silk fibroin has been recognized for its
remarkable tensile strength and  slow
biodegradation, which aids in cellular infiltration
and blood vessel formation in GBR applications.’
Although polyethylene glycol (PEG) is highly
hydrophilic and degrades quickly, it is often
chemically altered or blended to overcome its
mechanical limitations, allowing its application in
GBR scaffolds compatible with soft tissues.?
Lastly, polyvinyl alcohol (PVA) has shown
encouraging barrier properties and compatibility
with cells, often serving as a matrix for delivering
bioactive substances in GBR systems.® These
developments in polymeric materials for GBR
highlight a move towards multifunctional scaffolds
that integrate bioactivity, mechanical support, and
biodegradability in a manner adaptable to clinical
needs.

Cellulose nanofibers are nanomaterials derived
from a saccharide polymer (polysaccharide) called
cellulose. The addition of nanocellulose from oil
palm empty fruit bunches (OPEFB) to the
polymeric membrane poly(methyl vinyl ether-co-
maleic acid)-poly(ethylene glycol) showed an
increase in the mechanical properties of the
membrane and the elasticity of the membrane only
with the addition of 5% cellulose nanofibers.*
Although the crystallinity of cellulose nanofibers is
suspected to be the main factor determining their
mechanical properties, the crystalline nature of
cellulose does not prevent it from being degraded.”
Softwood nanofibers obtained from the oxidation of
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) are
known to have a crystallinity index of up to 74%,
with a uniform diameter of 3-4 nm and a fiber
length of 1 micron.2® Our previous research in the
extraction of cellulose nanofibers from OPEFB
using TEMPO-mediated oxidation showed that the
resulting nanofibers had thermal resistance and
crystallinity of up to 55%.%* The crystallinity index
of cellulose nanofibers determines its mechanical
properties and heat resistance. Thus, cellulose
nanofibers can be used as a reinforcement to
improve the properties of membrane composites.

Cellulose nanofibers (CNFs) obtained from
OPEFB have distinct advantages compared to
CNFs sourced from traditional materials, such as
wood, cotton, or bacterial cellulose. CNFs derived

Cellulose

from OPEFB provide a sustainable and
environmentally friendly option by transforming a
plentiful agricultural waste into a valuable resource,
which promotes zero-waste initiatives and
alleviates the environmental impact associated with
the palm oil industry.”” They are notably cost-
effective since OPEFB is an abundant byproduct,
making the production of CNFs economically
beneficial in regions that cultivate palm 0il.?® The
moderate crystallinity index of OPEFB CNFs
(~55%) enhances their process ability and
versatility, striking a balance between mechanical
strength, thermal stability, and controlled
biodegradability that is ideal for biomedical uses.?
The chemical reactivity of OPEFB fibers is
improved due to the presence of surface hydroxyl
groups, facilitating straightforward chemical
modifications for advanced applications, such as
biosorbents and biomedical membranes.*® In
addition, leveraging local resources supports the
establishment of domestic CNF industries,
decreasing dependence on wood-derived CNFs that
are generally imported from suppliers outside the
region.’!

The production of resorbable PLGA membranes
for clinical uses in dental bone treatment is still
primarily conducted overseas. Therefore, it is
essential to develop technology for creating PLGA-
based resorbable membranes reinforced with
cellulose nanofibers to enhance their application in
GBR within the medical field. Specifically, it is
anticipated that the inclusion of CNFs will
considerably enhance the mechanical strength,
elasticity, and thermal stability of the PLGA
membranes. These enhancements are due to the
unique characteristics of CNFs, including their
nanoscale size, high aspect ratio, and crystalline
structure. Despite cellulose being biodegradable,
the crystallinity index of the nanofibers, which has
previously achieved up to 55% through TEMPO-
mediated oxidation of OPEFB, offers a robust
nanofibrillar network that serves as a reinforcing
structure within the polymer matrix. This structural
reinforcement boosts load-bearing capacity and
stability without sacrificing the degradability that is
crucial for resorbable membranes. The choice of
OPEFB as a raw material is deliberate as it is
plentiful, being an agricultural waste product in
regions that produce palm oil, thus providing a
cost-effective  and  sustainable source  of
nanocellulose. Additionally, utilizing this biomass
helps to mitigate the environmental issues related to
OPEFB disposal. In this regard, developing PLGA-
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CNF composite membranes with local resources
like OPEFB not only aims to substitute imported
commercial membranes, but also strives to produce
membranes  with  enhanced  biomechanical
properties, optimized degradation profiles, and
potential  surface  modifications that are
antimicrobial or bioactive, which are vital for
effective space maintenance and guided bone
regeneration. Therefore, this research aims to
analyze the characteristics of PLGA membranes
supported by nanocellulose sourced from OPEFB
and to assess the impact on enhancing the
properties of the PLGA membranes. The study will
concentrate on  assessing the mechanical,
morphological, and degradation characteristics of
the developed membranes to confirm their clinical
applicability.

EXPERIMENTAL
Materials

Raw and bleached Kraft pulp of OPEFB was
kindly supplied by the Research Center for Biomass
and Bioproducts, National Research and Innovation
Agency (Cibinong, Indonesia). Ethanol, poly(lactic-
co-glycolic) acid (PLGA) and 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) were
purchased from Sigma Aldrich (Singapore); 1.4
dioxane, sodium bromide (NaBr), sodium hydroxide
(NaOH) and sodium borohydride (NaBH4) were
purchased from Loba Chemie (Mumbai, India).
Sodium hypochlorite (NaClO) (10% concentration)
was purchased from Bratachem Chemical Company,
Bogor, Indonesia. All reagents were used without any
further purification. The water used in this study was
deionized water (DI). Saline solutions (0.9% NaCl)
were bought from Otsuka, PT Widatra Bhakti,
Indonesia.

Preparation of TOCN s

The mechanical pre-processing of raw OPEFB pulp
begins with washing, drying, and mechanical grinding to
reduce size and eliminate residual oil and debris. This is

followed by an alkaline treatment, or delignification,
where the ground fibers are treated with a sodium
hydroxide (NaOH) solution, typically at concentrations
of 2-10%, and heated to 80—100 °C. This step removes
lignin and hemicelluloses, leaving behind primarily
cellulose fibers. An optional but common bleaching step
may then be applied using agents, such as sodium
hypochlorite (NaOCI) or hydrogen peroxide (H:0:), to
further purify the cellulose and remove any remaining
lignin. While similar to commercial bleached Kraft pulp
production, this process generally results in slightly less
refined cellulose. In some protocols, mechanical refining
through high-speed blending or milling is performed to
enhance fiber fibrillation before oxidation. Finally, the
resulting bleached Kraft pulp can either be dried for
storage or directly subjected to TEMPO-mediated
oxidation to produce OPEFB derived TEMPO-oxidized
cellulose nanofibers (TOCNS).

In this study, the bleached Kraft pulp of OPEFB
was soaked in a 0.01 M HCI solution for 30 min for
demineralization. TOCNs were prepared by the
TEMPO/NaBr/NaCIO system at pH 10 according to
our prior study.’ In brief, a 2.5 g of dry weight of
demineralized Kraft pulp (about 85% of cellulose
content) was suspended in water (250 mL) containing
TEMPO (16 mg/g cellulose) and NaBr (100 mg/g
cellulose). The oxidation reaction was initiated by
adding 1.7 M NaClO aq as oxidant. The pH of the
suspension was maintained at 10 by adding 0.5 M
aqueous NaOH during the reaction. After 2 h, the
reaction was quenched by adding ethanol (2 mL),
followed by the addition of NaBHs (100 mg/g
cellulose), and the resultant mixture was further stirred
for 1 h. The obtained suspension was thoroughly
washed using deionized water by centrifugation in
3500 rpm for 10 minutes and then sonicated by an
ultrasonic homogenizer for 30 min by applying the
“on and off” method (“on” for 5 minutes, then “off”
for 3 minutes). The obtained TOCNs were kept at 4 °C
until further use. The morphological appearance of the
raw pulp, the bleached Kraft pulp, TOCNs in aqueous
solution, and TOCNs after freeze drying is shown in
Figure 1.

Figure 1: Morphological appearance of (a) raw OPEFB pulp, (b) bleached Kraft OPEFB pulp,
(c) OPEFB TOCNSs in aqueous solution, and (d) OPEFB TOCNs after freeze drying
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Preparation of PLGA-TOCNSs

About 100 mg of PLGA was dissolved in 5 mL of
1.4-dioxane and stirred at 60 °C for 20 minutes. The
solution of TOCNSs, with the concentration of 1%, 0.8%,
and 0.4% (w/v), was added into the respective PLGA-
1,4-dioxane solutions and stirred until well dissolved.
The solutions then were homogenized under sonication
with the output voltage of 24 V for 2-3 minutes. The
solutions were then poured into a mold and dried at room
temperature for 72 hours. The notation of the respective
membranes was done in accordance with the amount of
nanocellulose added, as follows: PLGA-TOCNs 0.4%
(0.4); PLGA-TOCNSs 0.8% (0.8); PLGA-TOCNSs 1% (1).
A PLGA only membrane was also prepared as a control

(0).

Thickness and porosity measurement

The thickness of each membrane was measured with
a micrometer under no pressure at four random locations
on each membrane sample, and the mean was calculated.
Then, pore volume and pore size distribution were
assessed using the Brunauer—-Emmett-Teller (BET)
technique, which was applied to nitrogen adsorption—
desorption isotherms. The evaluation took place at 77 K,
using a surface area and porosity analyzer (Surface Area
and Pore Analyzer Micromeritics Tristar II Plus 3020,
Micromeritics Inc., Georgia, USA). Before the analysis,
the samples were degassed under vacuum at 100 °C for
12 hours to eliminate moisture and gases.

Scanning electron microscopy (SEM)

The morphology of raw pulp, TOCNs, and PLGA-
TOCNs membranes were observed on a scanning
electron microscope (Zeiss Type EVO 50, Germany)
equipped with a navigation camera at the Centre for
Standardization of Sustainable Forest Management
Instrument of Agency of Instrument Standardization,
Ministry of Environment and Forestry, Bogor, Indonesia.
PLGA and PLGA-TOCNs samples were mounted on
carbon tape without any coating, and observed at an
accelerating voltage of 10 kV.

Transmission electron microscopy (TEM)

The length and width of TOCNs were measured by a
transmission electron microscopy (TEM) (JEM 2100-HC,
JEOL Ltd.,, Tokyo, Japan). The TEM equipment
operated at an accelerating voltage of 120 kV, as
mentioned in a previous study.’® A 5-uL sample of NS
suspension (0.1% concentration) was applied onto a
TEM grid coated with carbon. Subsequently, a drop of
sodium phosphotungstate solution (1% weight/volume)
was added before the sample was dried. The excess
liquid was eliminated using filter paper. Subsequently,
the grids were subjected to vacuum drying for a duration
of 30 minutes. The length of 50 individual crystals was
quantified using image processing software (Image-J
version 1.51s) on TEM images.

Cellulose

X-ray diffraction (XRD)

X-ray diffraction (XRD) data were recorded on a
Shimadzu X-ray diffractometer (XRD 7000) operated at
40 kV and 30 mA. The specimens were scanned
stepwise over the scattering angle (20) range from 5° to
40°, at a scanning speed of 0.6°/min with CuKa
radiation (A = 1.541). The crystallinity index, Crl (%),
was calculated using the method reported by Segal et
al3*

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded on a spectrophotometer.
Prior to analysis, a 100 mg portion of the sample was
ground and mixed with 5 mg of KBr. The resulting
mixture was pressed into transparent pellets and
analyzed in the spectral range of 400-4000 cm™ with a
resolution of 2 cm™ for each sample.

Mechanical testing

The mechanical properties of the membranes were
evaluated to measure the stress—strain value, the tensile
strength, and the elastic modulus of experimental
membranes using a universal testing machine (AG-IS,
Shimadzu, Kyoto, Japan). Membrane specimens, with
the size of 20 x 25 mm, were prepared and attached to
holders, equipped with a 50 kgf load cell and a cross-
head speed of 50 mm/min.

pH measurement and degradation rate

Membranes with a diameter of 8§ mm were suspended
in 50 mL of saline solution in conical tubes at a pH of
7.4 and 37 °C. Slight changes in the pH of the solution
containing the membranes were measured every 7 days
using a pH meter. Each type of experimental membrane
was replicated three times. Each membrane was kept in a
50 mL saline solution (Otsuka, Jakarta, Indonesia) at
37 °C and was monitored to evaluate its degradation rate.
Each sample was weighed and the result was recorded
before being placed back into the PBS solutions during 4
weeks. The samples were removed, rinsed with distilled
water, dried at room temperature and their dry mass was
weighed with an analytical balance. The degradation rate
was measured and statistical analysis was carried out by
one way ANOVA, with post hoc Tukey test at p<0.05.

RESULTS AND DISCUSSION
Macroscopic analysis
Macroscopic images provide a qualitative

assessment of the impact of TOCNSs incorporation
into the PLGA membrane on its surface
morphology (Fig. 2). The surface of the neat PLGA
appears smooth, uniform, with minimal visible
texture and porosity. There are no noticeable
patterns or irregularities. This is consistent with the
typical characteristics of PLGA membranes
prepared via solvent casting or similar methods.
Previous studies have also reported similar smooth
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surfaces for neat PLGA membranes.®> This
characteristic smoothness can be attributed to the
inherent properties of PLGA during the membrane
formation process, where the polymer -chains
arrange themselves to minimize surface energy.

The incorporation of TOCNs (TEMPO-oxidized
cellulose nanocrystals) tends to cause a slight
increase in surface texture, characterized by faint,
small-scale roughness or fine granularity. The
surface of PLGA-TOCNs 0.4 becomes slightly
more textured, but still relatively uniform. Sample
PLGA-TOCNs 0.8 shows a more pronounced
texture, with visible concentric or directional
patterns forming across the surface. This suggests a
transition towards a more structured or processed
texture. The surface of PLGA-TOCNs 1.0 no
longer exhibits uniformity, indicating significant

surface modification or structural changes. Similar
observations have been reported in other polymer-
nanoparticle composite systems, where the
presence of nanoparticles introduces surface
roughness.*® The increased roughness and pattern
formation could potentially influence the
membrane's surface area and wettability, impacting
its interaction with the surrounding environment.
Research on similar nanocomposite films suggests
that increased nanoparticle concentration can lead
to aggregation and pattern formation.’” The
observed changes of PLGA-TOCNs 1.0 are

studies showing that high
of nanoparticles in polymer
can lead to instability and non-

consistent  with
concentrations
composites
uniformity.*®

Figure 2: Neat PLGA (0) and PLGA-TOCNS (0.4, 0.8, 1.0%) samples

Figure 3: TEM image of OPEFB-TOCNS (scale bar: 500 nm)

TEM analysis

To further demonstrate the size of the fibrillated
raw pulp of OPEFB fibers, TEM analysis was
performed. The results of the TEM analysis are
shown in Figure 3. TEM examinations revealed that
the raw pulp treatment, employing TEMPO-
mediated oxidation and mechanical disintegration

830

through sonication, effectively reduced the size of
the fibers. Transmission Electron Microscopy
(TEM) analysis reveals nanoscale dimensions in
OPEFB fibers, as shown in Figure 3. However, the
staining techniques used in TEM can affect the
perceived size, potentially widening the image
during analysis. This approach is particularly



effective in characterizing mesoporous structures,
defined by pore diameters ranging from 2 to 50
nm.%

The efficacy of mechanical treatment in
disrupting the association of microfibrils relies on
the arrangement of microfibrils in the original
tissue. Nevertheless, in the absence of oxidation,
the microfibrils failed to disperse in water alone
through mechanical treatment. Hence, TEMPO-
mediated oxidation effectively facilitates the
disintegration process by weakening the adhesion
between microfibrils and promoting electrostatic
repulsion between them, resulting in the
introduction of substantial quantities of carboxylate
groups.>?? Similarly to the previous research by
Kong et al.,** this TEM image demonstrate that the
utilization of TEMPO in the oxidation process
leads to the transformation of a significant portion
of raw pulp of OPEFB fibers into separate

Cellulose

nanofibers, characterized by a nearly consistent
width of 3-4 nm and a length of several microns.
Consequently, this results in an increased aspect
ratio.’

SEM images

Surface morphology images of the membranes
are provided in Figure 4. The morphological
changes from the original OPEFB fiber to the
TOCNs obtained from this material can be
observed. The initial pulp revealed that the
combination of TEMPO-mediated oxidation
conducted at pH 10-11 and ultrasonication

effectively produced nanofibrillated fibers from the
OPEFB pulp. These results are in good accordance
with those of the previous study, where TEMPO-
mediated oxidation was performed at pH 10 and
6.8.4

Figure 4: SEM images of a) raw pulp, b) TOCNs, c¢) Surface (upper) and cross-section (lower) topography of PLGA-
TOCNs membrane samples 0, 0.4, 0.8, 1.0% (scale bar: 10 um, magnification: 500%)

In addition, the polymeric matrix was
supplemented with TOCNs of different lengths,
constituting a concentration of 5 wt%. Figure 4 (a
and b) reveals a significant change in the size of
fibers, from the large OPEFB fibers to much
smaller and fine fibers, indicating successful

defibrillation. This led to the formation of
membranes with slightly different properties.
Utilizing longer TOCNs can lead to improved
transparency, thermal conductivity, and mechanical
characteristics.'
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Figure 4 (c) shows the surface and cross-section
topography of PLGA and PLGA-TOCNs
membranes. The PLGA-only membranes show
smooth, homogenous, and compact surfaces, with
ridges or directional textures, both on the surface
and in cross-section. The typical SEM morphology
of these membranes prepared via solvent casting
show the ridges or directional textures, which likely
arose from the solvent evaporation process during
membrane formation, leading to preferential
alignment of the polymer chains. These features
suggest a dense and well-packed polymer
structure.'> The SEM of PLGA-TOCNs 0.4 shows
moderately smooth, showing a less fibrous
structure or visible layered features, compared to
PLGA.

The surface of PLGA-TOCNs 0.8 becomes
rougher and appears more heterogeneous, with
visible pits and depressions. The cross-section
topography reveals a fibrous or layered internal
structure. The surface of PLGA-TOCNs 1.0
exhibits significant roughness with distinct pits and
craters, compared to other PLGA-TOCNs
membranes. Fibrous features dominate the structure,
with an irregular surface, compared to other
samples. The presence of 1% TOCNs enhanced the
visibility of the fibrous structure in the membranes.

This suggests that at this higher concentration,
the TOCNSs significantly disrupt the PLGA matrix,
leading to substantial changes in the membrane
morphology. The pits and craters could be
attributed to the aggregation of TOCNSs, phase
separation between the PLGA and TOCNs, or the
formation of voids during drying. The dominant
fibrous features indicate that the TOCNs network
becomes more interconnected and pronounced at
this concentration. This significant change in
morphology could drastically affect the membrane's
mechanical ~ properties,  permeability, and

degradation rate. In line with this, a previous study
revealed that the incorporation of TOCNs into an
alginate polymeric membrane resulted in a decrease
in membrane shrinkage and a reduction in the
groove-like structure of the membrane.*

The integration of TOCNs into the PLGA
matrix results in two distinct yet complementary
impacts on the surface of the membrane, depending
on the observation scale. On a macroscopic scale,
the membranes show a slight increase in surface
texture, appearing as fine granularity. This effect
arises from the physical incorporation of nanofibers
within the PLGA matrix, potentially enhancing the
surface area. On the microscopic scale, as observed
by SEM, the nanofibers help create a more uniform
and continuous surface morphology, likely due to
better compatibility and dispersion of TOCNs
within the PLGA polymer, which could be
beneficial for biological interactions, such as cell
attachment and proliferation.

XRD analysis

Figure 5 illustrates the XRD patterns for raw
pulp of OPEFB, TOCNs, PLGA, and TOCNs-
PLGA membranes. The TOCNs clearly had the
crystal structure of cellulose I, whose crystallinity
index and crystal size on the [100] plane were
almost equal to those of the original OPEFB pulp.
The crystallinity index (Cr.l.) dropped from 61% in
raw pulp to 46% in TOCNSs, suggesting partial
disruption of crystalline regions due to surface
oxidation.*® Moreover, the crystal width on the
(200) plane (~22.5° 20) exhibited a slight reduction
after oxidation, although the cellulose I structure
remained preserved.** These findings demonstrate
that oxidation primarily impacts the surface and
disordered areas of the cellulose microfibrils, where
sodium carboxylate groups are introduced, without
undermining the overall crystalline framework.'?

TN

—1.0
0.8
0.4

PLGA
I e OP-TOCN
Raw Pulp
10 15 20 25 35 40
20/degree

Figure 5: XRD patterns of raw pulp, TOCNs, PLGA, and PLGA-TOCNs of 0.4, 0.8, 1.0%
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The XRD curves of raw OPEFB pulp and
TOCNs reveal that the oxidation procedure
employing TEMPO successfully preserves the
crystalline structure of cellulose. The diffraction
peaks for both the raw pulp and TOCNs display
typical characteristics of cellulose I, with notable
reflections at about 20 = 154° and 22.6°,
corresponding to the (101) and (002) planes,
respectively.*® This observation confirms that the
TEMPO-mediated oxidation maintained the
cellulose 1 crystalline structure, consistent with
earlier studies.*'? The findings indicated that the
TEMPO oxidation reaction occurred on the surface
of cellulose, without affecting the crystal
structure.>?**¢ This is an important revelation, as
preserving the crystallinity of nanocellulose is
generally beneficial for improving the mechanical
characteristics of composite materials.

In contrast to TOCNSs, the XRD pattern of neat
PLGA shows a broad amorphous halo instead of
distinct crystalline peaks, indicative of its randomly
distributed copolymeric lactic and glycolic acid
structure, preventing efficient packing and long-
range order.?**” The amorphous nature of PLGA
contributes to its flexibility and biodegradability.
On the other hand, when TOCNs are added at
concentrations of 0.4%, 0.8%, and 1%, a gradual
increase in crystallinity is noted in the composite
membranes compared to the neat PLGA. This
improvement is linked to the nucleation effect of
TOCNs, which offer a structured surface that
encourages partial alignment and crystallization of
adjacent PLGA chains. The TOCNs may serve as a
template, aiding the arrangement of PLGA
segments and resulting in better structural
organization within the polymer matrix.?

FTIR analysis
Figure 6 displays the FTIR spectra
differentiating between the raw OPEFB pulp and
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TOCNSs, which confirms the chemical alterations
resulting from the TEMPO-mediated oxidation and
the following nanofibrillation procedures. The
pronounced peak around 1618 cm™, related to the
stretching vibration of asymmetric carboxylate
groups (—COQO"), indicates the successful
transformation of cellulose hydroxyl groups into
carboxylate functionalities on the surface of the
nanocellulose. This specific peak, which is absent
in the OPEFB raw pulp, strongly signifies the
oxidative transformation of cellulose hydroxyl
groups into carboxyl groups — a crucial chemical
modification linked with TEMPO oxidation,**
where similar spectral indicators confirmed
oxidation effectiveness in nanocellulose derived
from lignocellulosic biomass. The existence of a
minor shoulder at approximately 1734 cm™ in the
TOCNs sample implies that some trace lignin
remains, likely due to incomplete removal of lignin
or residual ester linkages. Previous studies have
documented similar shoulders in TEMPO-oxidized
celluloses, attributing them to minor carbonyl
groups from leftover lignin or hemicellulose
derivatives.’>*3!  Additionally, the diminished
intensity at 1517 cm™!, which corresponds to the
aromatic C-O stretching mode associated with the
guaiacol rings of lignin, confirms substantial lignin
removal from the pulp during the oxidation
process.*” This observation aligns with findings by
Raju et al.,* who noted that reduced aromatic peak
intensities correlate directly with effective lignin
extraction from steam-exploded and oxidized
cellulose fibers. Collectively, these spectral features
suggest that, while TEMPO oxidation effectively
introduces carboxyl functionalities, essential for the
dispersion of nanofibrils and surface charge, the
procedure may leave trace amounts of lignin,
influencing the thermal stability and hydrophilicity
of TOCNE.

M

—TOCNs

Raw pulp

4000 3000 2000 1000 0
a Wavenumber (cm™)

PLGA

4000 3000 2000 1000 0

b Wavenumber (em)

Figure 6: FTIR spectra of (a) raw pulp and TOCNSs; (b) PLGA and PLGA-TOCNSs 0.4, 0.8, and 1.0%
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The presence of this residual lignin, indicated by
minor peaks, has been highlighted in valorization
studies of OPEFB fibers, underscoring the
difficulty in achieving complete delignification
during the production of green nanocellulose.*®
These chemical modifications improve the
hydrophilicity and reactivity of the resulting
nanofibrils, which are vital for future functional
applications. Recent analyses also suggest that
residual lignin provides beneficial UV resistance
and antioxidant properties, potentially increasing
the material's value for applications.’! As a result,
the FTIR spectra shown in Figure 6 not only
confirm  the  successful  oxidation  and
functionalization of cellulose, but also present
essential evidence of lignin retention — an important
consideration for the ultimate use of the material.

The FTIR spectra of PLGA display distinctive
peaks indicative of ester functional groups and
aliphatic C—H stretches, which are key identifiers of
its chemical composition. Notably, the sharp
absorption peak located between 1750 and 1745
cm is associated with the C=O stretching
vibrations of ester bonds, as consistently found in
structural analyses of PLGA biopolymers.>*>*
Furthermore, the aliphatic C-H stretching
vibrations generally fall within the range of 2990 to
2940 cm™, which is attributed to the asymmetric
and symmetric stretching modes of methyl and
methylene groups present in the polymer chains.?>3
These reference peaks act as benchmarks for
evaluating any structural changes when PLGA
interacts with reinforcing nanofibers, such as
TOCNs. With the addition of TEMPO-oxidized
cellulose nanofibrils, notable spectral changes
occur, particularly the heightened O—H stretching
bands found between 3600 and 3000 cm™,
indicating hydroxyl groups introduced by TOCNs
and their hydrogen bonding capacity with the ester
linkages in PLGA."® At the same time, the
absorption band in the range of 1200 to 1000 cm™,
related to C—O stretching vibrations of ester bonds
and possible contributions from carboxylates,
becomes more pronounced, signaling synergistic
chemical interactions between PLGA and
TOCNs.”

The FTIR spectra of the PLGA membrane
combined with different concentrations of
TOCNSs display important chemical interactions,
especially visible in the absorption range of 1600
to 1640 cm™!, where a distinct and amplified peak
is noted, particularly in the 0.4% PLGA-TOCNs
sample. This peak is linked to C=O stretching
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vibrations, mainly due to ester functionalities
associated with PLGA, but its increased intensity
indicates contributions from the carboxylate
groups in TOCNs and possible hydrogen bonding
interactions at the interface between the polymer
and filler. Recent research confirms that C=0O
stretching in this region functions as a sensitive
marker for polymer—nanofiber interactions,
particularly through mechanisms such as
hydrogen bonding and electrostatic
interactions.>*®® This spectral behavior implies
incomplete hydrogen bonding saturation at
moderate TOCN concentrations, resulting in
functional groups still available for identification.
At higher TOCN concentrations (0.8%—1%), a
reduction in the intensity of this peak suggests
that available hydrogen bonding sites are
saturated, leading to more integrated molecular
interactions within the composite matrix, aligning
with observations by Tuanchai et al. and Bukhari
et al’% These findings, when analyzed
alongside characteristic ester (1750 cm™) and
aliphatic C-H (2990-2940 cm™) absorptions,
provide strong evidence of structural and
interfacial modifications essential to the
composite’s functional attributes. Concurrently,
the region around 1200 to 1000 cm™,
representing  C=0  stretching  vibrations
originating from both PLGA ester groups and the
carboxylate functionalities of TOCNSs, displays
heightened intensity, suggesting overlapping
chemical influences from both materials and
confirming successful blending.®! This spectral
behavior corroborates previous studies where
cellulose  nanofibers  enhance  interfacial
compatibility within hydrophobic matrices like
PLGA, driven by interactions such as hydrogen
bonding and polar group engagement.®
Importantly, the shifts and changes in intensity of
both hydroxyl and carbonyl absorption bands
highlight improved molecular interactions at the
composite interface, indicating better dispersion
and interfacial adhesion.> The intensified peak
observed in the FTIR spectra of the
PLGA/TOCNSs composite is found around 1030—
1050 cm™, which is associated with the C—-O-C
stretching vibration of cellulose nanofibrils
present in TOCNs. The increase in intensity of
this peak, when compared to pure PLGA,
suggests that TOCNs have been successfully
integrated and are interacting within the PLGA
matrix.**® Furthermore, this interaction could
involve hydrogen bonding between the hydroxyl



and carboxyl groups of TOCNs and the ester
groups of PLGA, slightly modifying the
vibrational environment and thereby enhancing
the peak's intensity. These structural alterations
directly impact the physicochemical
characteristics of the material, as noted in
surface-modified PLGA composites designed for
biomedical scaffold applications.®' Therefore, the
alterations observed in the FTIR spectra reinforce
the incorporation of TOCNs and the chemical
synergy at the interfacial level within the PLGA
network, resulting in enhanced composite
stability and performance.

Thickness and pore size measurement

The average thickness of the PLGA-only
membrane was found to be 1.12 mm, which is
significantly thicker compared to the PLGA-
TOCNs 04, 0.8, and 1.0 membranes, with
respective thicknesses of 0.08 mm, 0.10 mm, and
0.19 mm (Table 1). This decrease in thickness with
the incorporation of TOCNs indicates an
improvement in porosity and a restructuring of the
matrix.

The pore measurement data from Table 1
provides valuable insights into the relationship
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between the membrane's microstructure and its
mechanical properties. The PLGA-TOCNs 0.4
membrane exhibits the highest pore volume (0.23
cm’/g) and a significantly larger average pore
diameter (6.31 nm) compared to the other
membranes, which are beneficial for promoting cell
infiltration, nutrient exchange, and waste removal,
though these characteristics might also create points
of stress concentration that could weaken tensile
strength. In addition, the inclusion of TOCNs led to
an increase in pore size and volume, with
measurements ranging from 3.23 to 6.31 nm, which
corresponds to the mesoporous classification set by
IUPAC (2-50 nm).*>63-%5 These modifications are
attributed to cross-linking interactions between the
carboxylate groups present in TOCNs and the
PLGA chains, which enhance porosity and may be
beneficial for the penetration, migration and the
proliferation of cells. In addition, the higher pore
volume of PLGA-TOCNs membranes indicate an
interconnected porous structure of the membranes,
which is advantageous in terms of transporting
nutrients and waste products of cell metabolism.*
However, the larger pores may act as stress
concentration points, leading to premature failure
under tensile loading.

Table 1
Average of pore measurements of PLGA-TOCNs membranes

Samples Thickness Average pore size  Average pore volume
(mm) distribution (nm)* (cm’/g)"
PLGA 1.12 3.01 0.02
PLGA-TOCNs 0.4 0.08 6.31 0.23
PLGA-TOCNSs 0.8 0.10 4.86 0.03
PLGA-TOCNs 1.0 0.19 3.23 0.06

* Pore size and pore volume were measured based on BET method

Mechanical tests

The membrane composed solely of PLGA
demonstrates a significantly lower tensile strength
when compared to those made from PLGA-TOCNs
(Fig. 7). After the peak stress, the PLGA membrane
experiences a significant decline in stress,
indicating failure or degradation of the material.
The PLGA only membrane exhibits a very low
Young’s modulus, of approximately 0.002 MPa,
reflecting limited stiffness and flexibility, with an
extended strain range of about 10%. On the other
hand, PLGA generally has a Young’s modulus that
lies between 1.4-2.8 GPa, influenced by its
lactic/glycolic ratio and molecular weight.>* This
suggests that the pure PLGA material is relatively

fragile and susceptible to breaking under tensile
forces.

Generally, adding TOCNs improves the tensile
strength of the PLGA membranes, highlighting the
reinforcing properties of the nanocellulose. Sample
PLGA-TOCNs 0.4 shows a  significant
enhancement in modulus, achieving around 0.6-0.8
MPa. Membrane PLGA-TOCNs 0.8 highlights
additional improvement, with modulus values
nearing 1.2-1.5 MPa. Meanwhile, PLGA-TOCNSs
1.0 reaches the highest mechanical performance,
with Young’s modulus close to 1.8-2.0 MPa. This
pattern illustrates a direct relationship between the
concentration of TOCNs and the stiffness of the
material, which can be attributed to strong
interfacial interactions and hydrogen bonding
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between the cellulose nanofibers and the PLGA
matrix. The increase in mechanical strength is also
a result of the high intrinsic stiffness of TOCNs
(about 110-150 GPa), which serve as efficient
reinforcing fillers.?®% The data also indicates that
the membrane stiffness increases slightly with the
addition of TOCNs. The increased stiffness could
be attributed to the high Young's modulus of
cellulose, which is significantly higher than that of
PLGA.* The TOCNs nanofibers effectively stiffen
the PLGA matrix, making the composite membrane
more resistant to deformation under stress.

The tensile strength of PLGA-TOCNs decreases
as the additive concentration increases. Among the

PLGA-TOCNs samples, the optimal concentration
for tensile strength is 0.8% TOCNSs. This implies
that at this concentration, the TOCNs nanofibers
are adequately distributed within the PLGA matrix,
allowing for effective stress transfer and resulting
in optimal reinforcement. However, the clustering
of TOCNSs can lead to points of stress concentration,
which diminishes the overall tensile strength.
Additionally, higher concentrations may hinder the
effective transfer of stress from the PLGA matrix to
the nanofillers.

0,025 |

PLGA
0,02 |

0015 |

001 |

Stress (MPa)

0,005 |

0 2 4 6 8 10
Strain (%)

b 2 —_—1.0
16 + 0.8

=4 0.4

0 1 2 3 4 5
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Figure 7: Tensile strength of (a) PLGA, (b) PLGA-TOCNs 0.4, 0.8, 1.0%
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Figure 8: pH measurement of PLGA and PLGA-TOCNSs (0.4, 0.8, 1.0%) for 28 days

pH measurement and degradation rate

The pH of all the membranes starts near neutral
(pH 7.4) on day 0 and decreases gradually over 28
days (Fig.8). The PLGA sample shows the steepest
decline in pH, indicating more significant
acidification or degradation compared to other
samples. The PLGA-TOCNs 0.8 and 1.0
membranes demonstrated greater pH stability over
28 days, compared to PLGA and lower TOCNs
concentrations (e.g., 0.4%). The data on pH
changes and degradation rates provide insights into
the degradation mechanisms and the influence of
TOCNs incorporation. The decrease in pH is a
characteristic feature of PLGA degradation, as the
hydrolysis of the ester bonds in PLGA produces
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acidic by-products (lactic acid and glycolic acid)
that lower the pH of the surrounding
environment.’*® The finding that the PLGA sample
experiences the most significant drop in pH
indicates that it hydrolyzes more quickly than the
PLGA-TOCNs membranes.

The integration of TOCNs into PLGA had a
substantial  impact on the  degradation
characteristics of the composite membranes. Over a
28-day period, the average degradation rates for
PLGA, PLGA-TOCNs at 0.4%, 0.8%, and 1.0%
were found to be 36.63%, 28.92%, 19.96%, and
17.31%, respectively. Statistical evaluation via one-
way ANOVA followed by Tukey’s post hoc test (p
< 0.05) indicated that the degradation rate of



unmodified PLGA was significantly greater than
that of both PLGA-TOCNs 0.8% and 1.0%. This
pattern implies that a higher concentration of
TOCNSs effectively reduces the degradation rate.
Several factors may play a role in this stabilization
phenomenon. First, PLGA-TOCNs 0.8% and 1.0%
demonstrated a smaller pore size and lower pore
volume when compared to both PLGA and PLGA-
TOCNs 0.4%, which likely limits water absorption
and hydrolytic chain scission. Additionally, the
carboxylate groups on the surface of the TOCNs
might provide a buffering effect, lessening the
acidification that is wusually associated with
degradation products of PLGA, such as lactic and
glycolic  acids.>*® The pH measurements
corroborate this observation, with PLGA exhibiting
a more pronounced pH decrease over 28 days,
while PLGA-TOCNs 0.8% and 1.0% displayed
enhanced pH stability. This buffering capability,
combined with decreased porosity, enhances
structural integrity and regulates biodegradation,
which are essential for biomedical uses such as
scaffolds and membranes. These findings are
consistent with earlier studies indicating that the
incorporation of nanocellulose into biodegradable
polymers not only improves mechanical strength,
but also influences degradation rates.5®7°

CONCLUSION

The results of the study indicate that the
utilization of nanofibers produced from OPEFB by
TEMPO-mediated  oxidation  changes  the
morphology of the PLGA membrane, leading to the
formation of a more porous structure, which is
stimulated by cross-linking between nanocellulose
(TOCNs) and PLGA polymers. This study provides
an overview of the utilization of non-wood fibers
from OPEFB waste that can be used to develop
functional membrane scaffolds or membrane
enhancer, starting from PLGA membranes, which
are widely used for guided bone regeneration
applications. However, this study has its limitations,
as it does not include in vivo tests of the material,
and it noteworthy that the behavior of the
membranes in clinical application could be
different. Therefore, the material’s biocompatibility
and long-term stability need further investigation.
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