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Abstract: This study aimed to prepare and characterise
polylactic acid (PLA) reinforced with cellulose nanofibre
(CNF) from a Pennisetum purpureum-based composite
scaffold and determine its structural and mechanical
properties. Porous scaffolds with CNF compositions of
5-20 wt% in the PLA matrix were developed using sol-
vent casting and particulate leaching of its porogen at
90 wt% of loadings. Morphology studies using field emis-
sion scanning electron microscopy revealed that the scaf-
folds had well-interconnected pores with an average pore
size range of 67-137 pm and porosity >76%. X-ray diffrac-
tion confirmed the interconnectivity and homogeneity of
the pores and the fibrous structure of the scaffolds. The com-
pressive strength of the fabricated scaffolds varied between
2.34 and 6.66 MPa, while their compressive modulus was
between 1.95 and 6.04 MPa for various CNF contents.
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Furthermore, water absorption and thermal degradation
studies showed that the scaffold had good hydrophilicity
and improved thermal stability. These findings highlight the
need to modify the pore structure and mechanical perfor-
mance simultaneously for tissue engineering. Thus, this
study concludes that the developed PLA scaffolds rein-
forced with CNF from Pennisetum purpureum are potential
candidates for cell attachment and extracellular matrix
generation.

Keywords: highly porous polylactic acid, Pennisetum pur-
pureum, cellulose nanofibres-reinforced scaffold, mechan-
ical properties, salt leaching technique
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PLA polylactic acid
TGA thermogravimetric analysis
XRD X-ray diffraction

1 Introduction

Soft tissue is comprised of a variety of tissues, including
skin, fat, tendons, muscles, nerves, articular cartilage, blood
vessels, and fascia. Its role in the human body includes
supporting, surrounding, and combining the body structure
and internal organs [1]. Autologous implantation has been
traditionally used to repair and regenerate damaged or dis-
eased tissues and organs. Due to complications associated
with autologous transplantations, such as rapid loss in
volume and easily absorb approximately 40-60% of soft
tissue cells, remain feasible, as reported by Yuksel et al.
[2]. The constraints associated with existing treatments have
led researchers to develop new biological replacements to
overcome the limitations of current clinical treatments by
exploring alternative biomaterials, such as polymeric scaf-
folds incorporated with nanocellulose.

With the development and emergence of nanotech-
nology, cellulose, the most abundant material on earth,
revitalised and gained significant attention as a novel
and leading material in the form of nanocellulose [3].
Nanocellulose is a unique and vital natural material
extracted from cellulose (found in bacteria, animals,
and plants) in the form of nanostructures. Typically,
nanocellulose can be classified as cellulose nanofibres
(CNFs), cellulose nanocrystals, and bacterial cellulose
[4-6]. Generally, CNFs can be obtained from plants,
especially from bast fibres or wood, by chemical or
mechanical treatment [7]. Therefore, CNF is a promising
biomaterial that has been highly recommended for use in
tissue engineering and regenerative medicine as a rein-
forcement of polymeric scaffolds for cell culture. The
most common features when outlining the importance of
CNFs are their high specific surface area, hydrophilicity,
renewability, adjustable morphological and mechanical
reinforcements, hiocompatibility, biodegradability, and non-
toxicity, as mentioned by Hickey and Pelling [8]. Associated
with tissue engineering and regenerative medicine topics,
these factors facilitate polymeric scaffolds with reinforced
CNF with enhanced properties, such as high mechanical
strength, surface modifications, and biological properties.

Pennisetum purpureum, commonly known as Napier
grass, comprises cellulose, hemicellulose, and lignin in
the proportions of 46, 34, and 20%, respectively [9]. It grows
rapidly and requires minimal nutrient supplementation.
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CNFs from Pennisetum purpureum were chosen for this
study because they are an abundant and sustainable
resource found across many Asian countries [10]. Recent
studies have confirmed the use of Pennisetum purpureum
fibres as a suitable reinforcement [11]. Reddy et al.
studied the structural and chemical composition of Napier
grass fibres and found morphological differences between
the treated and untreated fibres, with improved tensile pro-
perties identified in the former [9]. Subsequently, Ridzuan
et al. explored the potential of Pennisetum purpureum as
reinforcement for polymer composites. They found that
alkaline treatment increased the surface roughness and
improved the tensile stress of the fibres [12]. A further study
by De Aratijo Morandim-Giannetti et al. evaluated the effect
of delignification conditions on Napier grass and proved the
suitability of Napier grass as a source for composites with
low degradation under optimal conditions for the industrial
processes of bleaching and pulping [13]. Many studies have
highly recommended the use of CNFs as fillers in polymeric
scaffolds [14,15]. Radakisnin et al. synthesised CNFs from
Pennisetum purpureum using ball milling assisted by
acid hydrolysis treatment [16]. They found that chemical
and mechanical treatments had a minimal effect on its cel-
lulosic properties; as a result, the thermal stability and the
effective surface area available for contact were enhanced.
More recently, researchers have begun to study the benefits
of nanocomposites in biomedical applications [17], pro-
viding evidence for using CNFs from Pennisetum purpureum
as reinforcement in polymeric scaffolds.

In tissue engineering, polylactic acid (PLA) has been
approved by the Food and Drug Administration for use in
the controlled release of drugs and biodegradable polymers
[14,15]. As PLA is the most common and medically approved
material, it has been widely used to produce scaffolds, as
well as due to its superior biodegradability and biocompat-
ibility [18]. Dai et al. mentioned that PLA is widely used in
the field of tissue-engineered repair, and it decomposed into
pyruvate and glycolate and hydrolysed into water (H,0) and
carbon dioxide (CO,) eventually in vivo [19]. It can also be
degraded into lactic acid, where the degradation time of
PLA can be altered via copolymerisation [17,20,21]. In addi-
tion, this polymer is non-toxic and is removed by the body
using the normal metabolic system [22]. Recently, several
researchers have developed PLA scaffolds as preliminary
support platforms in tissue engineering [18,23]. However,
PLA scaffolds exhibit poor mechanical performance and
hydrophobicity. Donate et al. regarded that PLA exhibits
low osteoconductivity, inadequate cell adhesion on its sur-
face, and intrinsic acidic degradation [24].

Therefore, PLA reinforced with CNFs from Pennisetum
purpureum is viewed as highly favourable as a biocomposite
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in tissue engineering [14,25]. If both materials can be incor-
porated, CNFs will be able to neutralise the acidic degrada-
tion produced by PLA. Furthermore, the reinforcement of
CNFs could improve the mechanical properties, especially
its microstructure, to facilitate the bioactivity of the scaf-
folds [26]. According to Peng et al., solvent casting and
particulate leaching is a traditional construction method
used to fabricate scaffolds with a macroporous structure
for soft tissue engineering [27]. However, effectively blend-
ing PLA with CNFs using solvent casting and particulate
leaching remains a challenge due to the behaviour of
CNFs, which tend to agglomerate. Ultrasonication is a reli-
able mechanical method to disperse CNFs in liquids where
they increase the dispersion by breaking the agglomerations
in aqueous suspensions. However, the efficiency is highly
dependent on the applied force of the probe reported by
Chanda and Bajwa [28]. Hence, ultrasonication can be
used during the fabrication process to resolve this and pro-
duce scaffolds with well-dispersed CNF particles.

This study evaluates the performance of PLA scaffolds
reinforced with various CNFs from Pennisetum purpureum
using solvent casting and particulate leaching techniques.
The porosity and microstructural properties of the scaffolds
were evaluated under fixed environmental conditions, and
the pore size of each scaffold was measured using Image].
The compressive strength and modulus were measured
using a cantilever stress—strain tester machine to analyse
the influence of compressive strength, modulus, CNF com-
position, and the contribution of porogens to the scaffolds.
Based on these findings, PLA scaffolds with various CNFs
from Pennisetum purpureum were formulated, and their
properties, including water absorption, structural morphol-
ogies, and thermal properties, were determined.

2 Materials and methods

2.1 Materials

CNFs from Pennisetum purpureum (Napier fibres) were
developed using Napier grass supplied from a local
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plantation (Bukit Kayu Hitam, Kedah, in northern penin-
sular Malaysia). Dichloromethane (DCM), chloroform, and
ethanol were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). Analytical grade sodium chloride
(NaCl) was purchased from Merck (Darmstadt, Germany)
and was used as a porogen. Medical grade PLA (My
60,000) used to fabricate scaffolds was acquired from
Sigma-Aldrich (Missouri, United States).

2.2 Preparation of PLA/CNFs composite

Porous PLA/CNFs from Pennisetum purpureum (CNF-PP)
scaffolds were fabricated using solvent casting and par-
ticulate leaching. First, PLA pellets with known weight
were dissolved in an organic solvent to achieve a viscous
solution of 1.2 g/20 mL. The ratio of chloroform to DCM
was kept constant at 1:1. Next, the PLA solution was
stirred using a magnetic stirrer and heated at 70°C for
30 min. Then, CNFs from Pennisetum purpureum were
dispersed in the PLA solution. To uniformly disperse
CNF-PP in the PLA solution, the mixture was ultrasoni-
cated for 10 min at 40% amplitude to eliminate any CNF-
PP agglomerates. As a result, the contents of CNF-PP
were selected as 0, 5, 10, 15, and 20 wt%, as illustrated
in Table 1. Subsequently, the addition of porogen to the
PLA/CNF-PP solution was blended at a ratio of 9:1. Thus,
prior to mixing the porogen-PLA/CNF-PP mixture and
stirring for 2h, the PLA/CNF-PP mixture was ready for
casting. Subsequently, the cast scaffold was oven-dried
overnight at 40°C. Next, the prepared scaffolds were
immersed in deionised water for three days to leach out
the salt (porogen) and form the composite scaffolds,
which were refreshed every 8 h to remove the salt resi-
dual entirely. Subsequently, oven drying was carried out
for the salt-leached scaffolds at room temperature for two
days, and the resultant PLA/CNF-PP scaffolds were pre-
pared. Details on the structural, morphological, and thermal
properties of CNFs from Pennisetum purpureum (CNF-PP)
are described in detail in a previous study [16].

Table 1: Composition, porosity, and average pore size of CNFs-reinforced PLA-based scaffolds

Scaffold samples CNF content (wt%)

Porogen content (%)

Porosity (%) Average pore size (pm)

PLAc 0 90
PLA/CNF-PP5 5 90
PLA/CNF-PP4q 10 90
PLA/CNF-PPy5 15 90

PLA/CNF-PP,, 20 90

85.87 134.00 + 40.18
80.63 136.68 + 67.31
80.98 102.98 + 41.63
81.01 81.48 + 24.23
76.89 67.58 + 18.96
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2.3 Morphological study using field
emission scanning electron microscopy
(FESEM)

The morphological analysis of the PLA scaffolds rein-
forced with various CNFs from Pennisetum purpureum
was characterised by FESEM (Zeiss Merlin; Jena, Germany)
at an accelerating voltage of 20 kV. Each specimen was cut
to an approximate dimension of 10 mm x 10 mm. The sam-
ples were mounted on aluminium stubs and subsequently
sputter-coated with gold to avoid unwanted charges and to
enhance conductivity. The surface morphology, pore size,
and interconnectivity of the pores of the scaffolds were
also evaluated in this testing. The pore sizes of each scaffold
were further measured from the FESEM images using Image]
software.

2.4 Porosity measurements

As mentioned by Lopes et al. [22] and Massai et al. [29], in
the generally adopted theoretical model, the microstruc-
ture of a porous scaffold can be obtained internally by
dividing the pore space into a collection of single pores,
where it can be defined as parts of the void space limited
by solid surfaces. Thus, the porosity of the scaffold can be
described as a void fraction of the scaffolds.

The porosity of the scaffolds was evaluated using the
ethanol displacement technique. Archimedes’ principle
of buoyancy was used for the porosity tests. Absolute
ethanol was used as a liquid displacement as it easily
penetrated the pores and did not induce shrinkage or
swelling as a non-solvent of the scaffold composite. The
initial weight of dry scaffolds, W;, was measured and
then the dry scaffold was immersed in ethanol with a
known weight, Wegmanol, in @ specimen bottle. A series
of low-pressurisation cycles above the ethanol saturation
pressure were conducted to force ethanol into the pores
[30]. The process was repeated until no air bubbles were
observed on the surface of the specimens. Subsequently,
the total weight of the ethanol and ethanol-impregnated
scaffold was recorded as W,. The samples were then kept
in ethanol for 2 h. The ethanol-impregnated scaffold was
removed, and the residual ethanol weight was recorded as
Ws. The void volume of the scaffold is calculated as
follows:

W, - 2W - W

pethanol

)

Wom =

The total volume of the scaffold was calculated as:
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W,-W-W

pethanol

VroraL = )

The accessible porosity was determined as the ratio
of the volume of the void scaffold to the total volume of
the scaffold, as follows:

W, - 2W - W

Porosity (%) = 100 x .
y (%) W, W, W

3

2.5 X-ray diffraction (XRD) analysis

XRD was performed to determine the crystalline systems
present in each scaffold using a D2 phase Bruker diffract-
ometer with Cu-Ka radiation (A = 1.5418 A) at 30 mA and
40 kV. The diffraction pattern of the scaffolds was scanned
in the range of 10° < 20 < 80° at a scan rate of 4°/min and a
step size of 0.02° in continuous mode. The crystallinity
index (CrlT) was estimated using the peak height method,
as shown in equation (4):

Crl (%) = 100 x 1200 = fam )

Loo
where Lo and I, represent the intensities of the crystal-
line and amorphous regions of the scaffolds, respectively.

2.6 Fourier transform infrared (FTIR)
analysis

Infrared spectra were used to identify the functional
groups present in the scaffolds. The scaffolds were ana-
lysed using FTIR spectroscopy (RX1; Perkin-Elmer, UK).
The ground precipitate of the scaffolds was mixed with
KBr. The absorption spectra were recorded in the range of
400-4,000 cm ™! with a resolution of 1cm™.

2.7 Thermogravimetric analysis (TGA)

The thermal stability of PLA scaffolds with different compo-
sitions of CNFs from Pennisetum purpureum was evaluated
using a TG analyser and derivative thermogravimetry (DTG
60H; Shimadzu, Japan). Scaffolds weighing 10 mg were
mounted on an alumina crucible and evaluated over a tem-
perature range of 30-800°C under a nitrogen atmosphere at
a heating rate of 20°C/min.

2.8 Water absorption measurements

The water absorption measurements were evaluated using
a simplified method. The specimens were cut with a
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dimension of 10 mm x 10 mm x 10 mm, dried to a constant
weight, Wpry, and then immersed and soaked in distilled
water at room temperature of 25°C for the required time (1,
2, 4, 8, 12, and 24h). The soaked specimens were then
removed from the distilled water and weighed, and the
excess water on the surface of the specimens was gently
blotted with a filter paper to obtain Wygt. The percentage
of water absorption for the specimens at various times was
calculated as follows:

Water absorption (%) = 100 x M, (5)

Whry
where Wpry and Wygr are the weights of the dried scaf-
folds and wet scaffolds at the required times, respectively
[31]. For each scaffold, four specimens were tested, and
the mean values were recorded.

2.9 Mechanical analysis

The compression strength and modulus properties of the
scaffolds were determined to evaluate the effect of CNF-
PP addition on the mechanical properties of the PLA scaf-
folds. Testing was performed according to ASTM D695-96
[32] standard using an Autograph AG-X Plus Universal
Tensile Tester machine (Shimadzu). The specimens were
cut into rectangular sections (13 mm thickness x 25 mm
length x 13mm width). The test was carried out at a
cross-head speed of 1.0 mm/min using a 10 kN load cell.
In order to obtain flat surfaces, the top and bottom layers
of the scaffolds were detached. The dimensions of the spe-
cimens were measured manually before testing using a
Vernier calliper. The compression strength of the scaffolds
was determined as the stress at which the samples were
compressed to 30% of their original thickness. The com-
pression modulus was measured from the slope of the
stress—strain curve. Five samples were evaluated for each
scaffold, and the average values were recorded.

3 Results and discussion

3.1 Morphology and porosity study of
scaffolds

For biocompatibility in tissue engineering, a scaffold
should have an ideal pore size, porosity, high intercon-
nectivity, and good cytotoxicity to enhance cell attach-
ment and proliferation [33]. In the present study, CNFs
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from Pennisetum purpureum as a reinforcement filler to
control pore size and porosity to promote good cytocom-
patibility, were introduced. Figure 1 shows the FESEM
images of PLA scaffolds with different CNF contents. It
is clear that the addition of CNF decreased the pore size,
as reported by Zhang and Cui [34], who obtained similar
findings. The average pore sizes estimated from the FESEM
measurements are listed in Table 1. Figure 1(a)—(e) show
that the produced PLA/CNF scaffolds had a highly inter-
connected pore structure. Moreover, when the CNF content
was increased, the overall homogeneity of the scaffold
structure was significantly enhanced, leading to a reduc-
tion in the pore size. In addition, surface roughness is a
crucial factor affecting cell adhesion, growth, and matura-
tion, as mentioned by Cai et al. [35]. Therefore, increases
in CNF content will greatly enhance the surface rough-
ness of the scaffolds to aid extracellular matrix (ECM)
generation.

Based on Figure 1(a) and (b), the surfaces of the
PLA: and PLA/CNF; scaffolds were smoother and more
uniform. In contrast, a rough and irregular surface was
observed on the PLA/CNF-PP,o, PLA/CNF-PP;5;, and
PLA/CNF-PP,, scaffolds, caused by the dispersion of
CNFs. In the pore walls, fibrous structures were visible
in the FESEM images (Figure 1d and e). The distributions
of the CNFs on the cross-sectional surface of the scaffolds
were uniform, illustrating that the biocomposite scaffolds
with uniform distribution of CNFs were obtained and
attached strongly to the PLA matrix. Image analysis
indicated that the average pore sizes were reduced by
134 + 40.18, 136.68 + 67.31, 102.98 + 41.63, 81.48 + 24.23,
and 67.58 + 18.96 um for PLA¢, PLA/CNF-PPs;, PLA/CNF-
PP;o, PLA/CNF-PP;5, and PLA/CNF-PP,,, respectively. The
exact values of the pore size were measured using Image]
software. As shown in Table 1, although increasing the
CNF content reduced the pore size or porosity, this trend
continued for CNF concentrations above 15 wt%. As described,
the PLA/CNF scaffold with 20 wt% of CNFs had the smallest
pores and the lowest porosity among all the scaffolds. As
shown in Figure 1(e), the arrangement of the CNF network
was denser and, as estimated, led to a decrease in the
porosity of PLA/CNF-PP,. This finding could be attributed
to the changes in viscosity and conductivity and was influ-
enced by the CNF content, as reported in a previous study
[36]. These results illustrate the strong effects of CNF rein-
forcement on the pore structure of the fabricated scaffolds
and their influence on the cell adhesion and proliferation
of the PLA/CNF scaffolds.

Large standard deviations were obtained for all scaf-
folds, with average pore sizes in the range of 67-137 um.
The largest average pore sizes were observed for the pure
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Figure 1: FESEM structure of (a) PLAcontroL, (b) PLA/CNF-PPs, (c) PLA/CNF-PP;q, (d) PLA/CNF-PPys, and (e) PLA/CNF-PP,,.

PLA scaffold and scaffold containing minimal CNFs and porosity, PLA/CNF-PP;; was considered ideal for
(PLA/CNF-PPs). When comparing the scaffolds with different tissue engineering. Based on the FESEM analysis shown
CNF contents, PLA/CNF-PP;; showed a relatively homogenous  in Figure 1(d), PLA/CNF-PP;; had a well-entangled net-
surface structure and was highly interconnected. Therefore, work of CNFs on the pore walls. This fibrous structure
due to its average pore size, homogeneity, interconnectivity, and the roughness of the pore wall may enhance cell
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fixation and allow for the development of an ECM after
implantation. This is attributed to the fact that the surface
roughness of the scaffold aids vascularisation, that is, the
amount of diffusion to and from the implanted scaffold for
nutrient/oxygen supply and the removal of waste products
[30-32]. Based on these findings, micropore sizes below
50 pm allow for scaffold vascularisation (removal of waste
products and the supply of nutrients for cells), while pore sizes
above 100 pm (large pores) support scaffold colonisation by
fibroblasts [33-35,37-39].

Figure 2 shows the porosity percentage of the PLA-
based biocomposite scaffolds with various CNF contents.
Porosity is the percentage of void space, measured by
calculating the volume of voids over the total volume.
Ethanol was used to prevent the scaffolds’ expansion
and collapse due to air drying. The calculated porosities
are displayed in Table 1, illustrating that all the fabricated
scaffolds showed an ideal porosity [36,40]. The percentage
of scaffold porosity was enhanced by 85.87, 80.63, 80.98,
81.01, and 76.89% in PLA¢, PLA/CNF-PPs5, PLA/CNF-PP,,,
PLA/CNF-PP;5, and PLA/CNF-PP,,, respectively. These
results indicate that porosity decreases with an increasing
CNF content. These findings are in agreement with the
FESEM observations.

Interestingly, PLA/CNF-PP;, PLA/CNF-PP,,, and PLA/
CNF-PP;; were found to have similar porosities irrespective
of the CNF content. When the CNF content increased while
maintaining a constant polymer matrix to porogen ratio
(1:9), the density tended to increase due to the denser
packing of the CNF network and, as predicted, this led to
a decrease in porosity [41,42]. This also contributes to the
deposition of CNFs on the pore walls, reducing the avail-
ability of void areas. Among the scaffolds, those with 20 wt%
of CNF (PLA/CNF-PP,y) showed the lowest porosity of
76.89%, contributing to the compact arrangement of the
CNF network. This also led the scaffold to have a structure
with a reduced homogeneity. These results indicate that the
reinforcement of CNFs on PLA-based scaffolds plays an
important role in controlling the porosity of the scaffolds.
On the other hand, researchers have found that a higher
porosity may weaken the mechanical performance of the scaf-
folds, which is not desirable in tissue engineering [21,43,44].
Therefore, cell viability and proliferation can be developed by
modifying the pore size, porosity, or both [45].

3.2 XRD analysis

XRD measurements were performed to determine the
crystalline structure of the biocomposite scaffolds after
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Figure 2: Porosity measurements of PLA scaffolds with different CNF
contents.

reinforcing different CNF contents with a PLA matrix.
Figure 3 shows the XRD spectra of the PLA/CNF scaffolds.
Generally, the shape of the XRD patterns acquired from
the PLA scaffolds with different CNF contents from
Pennisetum purpureum were similar to those of the pure
PLA scaffold, despite the weakening of diffraction peaks
in the PLA/CNF scaffolds with an increasing CNF content.
The characteristic peaks of CNF from Pennisetum pur-
pureum were not observed in the diffraction pattern
of the PLA/CNF scaffolds. After the addition of CNF,
the intensity of the characteristic peaks was reduced.
Broad diffraction with a major semi-crystalline peak was
observed at 20 = 16.8°, while another minor peak was
observed at 26 = 19.3°.

The crystallinity percentage of the PLA/CNF scaffolds
was calculated using the XRD diffraction patterns. As shown
in Table 2, the crystallinity of the PLA., PLA/CNF-PPs, PLA/
CNF-PP;4, PLA/CNF-PP;5, and PLA/CNF-PP,, scaffolds was
65.66, 62.09, 61.48, 61.91, and 61.26%, respectively. These
results indicate that an increased CNF content in PLA/CNF
scaffolds decreases their crystallinity. The PLA: scaffold
showed the highest degree of crystallinity at 65.66%, where
sharper diffraction was demonstrated with an intense peak
at 16.8° compared to PLA scaffolds with CNF reinforcements.
The difference in crystallinity between scaffolds with varying
CNF contents did not differ significantly. The crystallite size
was calculated using the Scherrer equation; the crystallite
sizes of the PLA, PLA/CNF-PP;, PLA/CNF-PP,,, PLA/CNF-PP;,
and PLA/CNF-PP,, scaffolds were 4.22, 4.04, 3.03, 3.04,
and 2.96 nm, respectively. The interplanar spacings of
the PLA., PLA/CNF-PPs, PLA/CNF-PP;,, PLA/CNF-PP;s,
and PLA/CNF-PP,, scaffolds were 5.30, 5.30, 5.28, 5.29
and 5.31, respectively. Based on the varying contents of
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Figure 3: XRD analysis of PLA scaffolds with different CNF contents.

CNF in the PLA/CNF scaffolds, the crystallisation readings
showed slight differences in the interplanar spacing. Similarly,
Ma et al. also studied the XRD of a PLA/hydroxyapatite/gra-
phene oxide nanocomposite, and apart from weakening the
diffraction peak of PLA, they also obtained a diffraction pat-
tern similar to that of the nanocomposites [46].

As shown in Figure 3, the degree of crystallinity of the
PLA/CNF scaffolds was influenced by two factors: (1) the
addition of CNFs and (2) the CNF content distinguishing
the interfacial bonding between the polymer matrix and
fillers. By varying the CNF content in the PLA/CNF scaf-
folds, the crystalline structure of the scaffolds could be
altered. This may impact the mechanical behaviour and
degradability of the fabricated scaffolds. Nevertheless,
based on the results and interpretations, it can be con-
cluded that the PLA/CNF scaffolds contain similar diffrac-
tion patterns, which may be attributed to the concept that
all the scaffolds possess similar microstructures and com-
positions. This is consistent with the findings from the
FTIR spectrum (Figure 4).

3.3 FTIR analysis

IR spectroscopy is commonly used to interpret functional
groups and identify intermolecular and intramolecular
elements in scaffolds [47]. The most relevant FTIR results
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of the pure PLA and PLA scaffolds reinforced with various
CNF contents from Pennisetum purpureum are shown
in Figure 4. The weak absorption band at 2,997 cm™
was assigned to the C—Hj stretching vibration. A band
shift related to the CHj stretching in the monomer
in 2,997-2,923 cm™! was observed in the PLA scaffolds
with a varying content of CNF from Pennisetum pur-
pureum. These bands, which show a shift in monomer,
also displayed a change in peak intensity, indicating the
distribution of the polymeric chains. The —C=C- stretching
vibration appeared weak and broadband at 2,160 cm™.
The absorption band corresponding to the C=O0 stretching
vibration found at 1,751 cm™ belonged to the ester group.
The band around 1,452cm™ was related to the C-Hj
bending vibration, whereas C-H bending and C-O stretching
vibrations were observed at 1,368 and 1,190 cm ™, respectively.
At 1,084 cm™, a C—C vibration was detected in PLA/CNF
scaffolds. The absorption bands observed at 868 and
747 cm ™ indicated the presence of aromatic C-H bending.
Based on the results, all scaffolds demonstrated identical
bands, indicating no change in the chemical structure
despite variations in the CNF content. However, differ-
ences were observed among the intensities of the stretching
bands of the scaffolds. In elaboration, the intensities of the
absorption band at 1,751cm™ of pure PLA were greater
than that of PLA scaffolds reinforced with CNF, which
can be associated with the overlapping effects of CNF con-
tent. In addition, the original strong band of the PLA ele-
ment at 1,084 cm™ was found to become significantly
weaker and broader with an increased CNF content. These
results indicate that the main spectrum characteristics
of the pure PLA scaffold were very similar to those of the
PLA scaffolds reinforced with a varying CNF content from
Pennisetum purpureum, demonstrating an apparent cross-
linking between the PLA (carboxyl group) and CNF
(hydroxyl group) of the prepared scaffolds, which is in
agreement with the literature [48-53].

3.4 Thermal analysis

The effect of CNF reinforcement on the thermal behaviour
of PLA/CNF composite scaffolds was studied using TGA.

Table 2: XRD analysis data of PLA scaffolds with different CNF contents

Sample name Crystallite size (D, nm)

Interplanar spacing (A) Crystallinity (%)

PLAC 4.22
PLA/CNF-PPs 4.04
PLA/CNF-PPy, 3.03
PLA/CNF-PP5 3.04
PLA/CNF-PP,, 2.96

5.30 65.66
5.30 62.09
5.28 61.48
5.29 61.91
5.31 61.26
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Figure 4: FTIR analysis of PLA scaffolds with different CNF contents.

The TG curves illustrate the thermal stability of the com-
posite scaffolds, while the DTG curves indicate the decom-
position temperature of the composite scaffolds. Therefore,
the TG and DTG curves as a function of the temperature or
time of the PLA/CNF composite scaffolds were collected, as
displayed in Figure 5(a)—(e). The thermal parameters,
including the initial degradation temperature, degradation
temperature at 50% weight loss, final degradation tem-
perature, and weight of char residue, are summarised in
Table 3 for all the composite scaffolds.

The initial degradation temperature of the PLAc,
PLA/CNF-PP;, PLA/CNF-PP;o, PLA/CNF-PP;5, and PLA/
CNF-PP,, scaffolds was 324.9, 321.2, 310.0, 305.7, and
299.9°C, respectively. Therefore, it is evident that the
values of the scaffolds reinforced with CNF showed a
considerable decrease. The initial degradation tempera-
ture of the PLA/CNF scaffolds was 25°C lower than that of
PLAcontroL. The decrease in the initial degradation tem-
perature of these scaffolds was attributed to the incorpora-
tion of CNFs into the PLA matrix, where the polymer chain
may be restricted by the dispersion of CNF [45,54-57].
Table 3 shows the degradation temperatures of all scaf-
folds at 50% of weight loss. In the case of the PLA¢, PLA/
CNF-PPs;, PLA/CNF-PP,o, PLA/CNF-PP;5, and PLA/CNF-
PP,y scaffolds, these values were 349.9, 346.1, 340.0,
340.7, and 342.5°C, respectively. The degradation tem-
perature decreased slightly as the CNF content increased.
The thermal stabilisation of the PLA/CNF scaffolds could
be attributed to the dispersion of CNF in the PLA matrix,

which influences the interfacial bonding between the PLA
matrix and CNF filler.

In addition, the final degradation temperatures of
the PLAc, PLA/CNF-PPs;, PLA/CNF-PP,,, PLA/CNF-PP;s,
and PLA/CNF-PP,, scaffolds were 361.4, 355.2, 346.5,
348.2, and 347.9°C, respectively. Thus, the thermal stabi-
lity of the PLA/CNF scaffolds was significantly reduced
by increasing the CNF content. Figure 5(b)—(e) show that
the values of the initial and final degradation tempera-
tures of the PLA/CNF scaffolds were lower than that of
PLAcontrOL- A similar finding was also obtained in the
case of silver nanoparticles/cellulose studied by Indira
Devi et al. [11]. The TG curves of the PLA/CNF scaffolds
are illustrated in Figure 5(a)-(e). By analysing the curves,
the percentage of char residue weight after the thermal
analysis appears to reflect the influence of the CNF rein-
forcements on the PLA matrix. The PLA, PLA/CNF-PPs,
PLA/CNF-PP,,, PLA/CNF-PP,s, and PLA/CNF-PP,, scaf-
folds had char residue weight percentages of 2.0, 2.7,
3.2, 5.7, and 11.2%, respectively. Thus, the char residue
weight of the PLA/CNF scaffolds after TGA analysis was
less than 12% of the total weight. However, the char
residue weights of the PLA/CNF scaffolds were higher
than that of PLAcontror. This is predictable because
PLA is almost completely degraded, while CNF remains
in the form of residue even at 800°C. In addition,
improvements in char formation may be attributed to
the high heat resistance exerted by the CNF reinforce-
ments [58].
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Figure 5: TGA and DTG analysis of (a) PLAcontrows (b) PLA/CNF-PPs, (c) PLA/CNF-PPyq, (d) PLA/CNF-PPys, and (e) PLA/CNF-PP.q.

With the reinforcement of CNF from Pennisetum pur- scaffolds were similar. As shown in the figures, the TG
pureum, the thermal behaviour of the PLA/CNF scaffolds and DTG curves revealed that all the scaffolds degraded
did not change significantly, and the findings for all the via a single-stage weight loss with an approximately
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Table 3: TGA results obtained for the PLA¢, PLA/CNF-PPs, PLA/CNF-PPy4, PLA/CNF-PP;5, and PLA/CNF-PP,, scaffolds

Sample name Initial degradation

Degradation at 50% weight

Final degradation Char residue weight at

temperature (°C) loss (°C) temperature (°C) 800°C (%)
PLAC 324.9 349.9 361.4 2.0
PLA/CNF-PPs  321.2 346.1 355.2 2.7
PLA/CNF-PPy,  310.0 340.0 346.5 3.2
PLA/CNF-PPy;  305.7 340.7 348.2 5.7
PLA/CNF-PPy, 299.9 342.5 347.9 11.2

narrow temperature range, illustrating the uniform solu-
bility of CNF in the PLA matrix. Therefore, the reinforce-
ment of CNF from Pennisetum purpureum in the PLA
matrix slightly increased the release rate of the scaffolds;
hence, the thermal stability of the PLA/CNF scaffolds
was reasonably reduced. The results obtained from the
thermal analysis showed that the biocomposite scaffolds
based on the PLA and CNFs from Pennisetum purpureum
as reinforcement are in good agreement with the findings
for the thermal decomposition of polymer CNF compo-
sites [10,17,47].

3.5 Water absorption measurement

The ability of a scaffold to absorb water can be considered
an important criterion for evaluating fluid uptake from
the surrounding medium [59]. Hence, this measure-
ment plays a crucial role as an indicator of the suitability
of a scaffold for tissue engineering. The percentages of
water absorption for scaffolds with various CNF contents
are shown in Figure 6. The water absorption behaviour of
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Figure 6: Water absorption measurements of PLA scaffolds with
different CNF contents as a function of soaking time.

PLA scaffolds reinforced with CNF from Pennisetum pur-
pureum was found to follow non-Fickian in nature [60],
whereas the surface area to volume ratio, scaffold size,
structure, and the chemistry at the nanoscale control the
diffusion and absorption of the scaffolds [8]. For PLA/
CNF-PPs, it was found that by adding up to 5wt% of
CNF, the percentage of water absorption showed an
increasing trend compared to that of PLAc. By further
increasing the CNF content, a similar trend was observed
for PLA/CNF-PP,,, where the percentage of water absorp-
tion of PLA/CNF-PP; and PLA/CNF-PP;, was almost
the same. These occurrences occurred because of the
hydroxyl group, which acts as a binder between PLA
and CNF. In PLA/CNF-PP;s, it is evident that by adding
15 wt% of CNF, the water absorption ability of the scaffold
showed the most satisfactory improvement. However, at
the highest CNF content (20 wt%), the water absorption of
the scaffold was lower than that of the scaffolds with CNF.
This may be due to the compact arrangement of CNF with
the PLA matrix, which influences the porosity and inter-
connectivity of the PLA matrix with fillers in the scaffold.
These findings are supported by the FESEM images and
porosity measurements shown in Figures 1(e) and 2. Simi-
larly, Ilyas et al. also studied the water absorption of bio-
nanocomposites by mixing sugar palm nanocrystalline
cellulose with sugar palm starch using the solution casting
method. They mentioned that the high crystallisation of
nanocellulose concentration in the nanocomposites might
attribute to the decrease in the coefficient of diffusion and
equilibrium water uptake of the nanocomposites [61].
Based on these results, CNF from Pennisetum purpureum
has a good hydrophilic feature. Therefore, it can be con-
cluded that the addition of CNF to scaffolds increases the
ability of the scaffolds to absorb water significantly, as
shown in Figure 6. Even though the PLA matrix is not a
useful candidate for cell attachment and proliferation, the
reinforcement of CNF not only enhances the mechanical
strength and structural properties but also help to improve
the hydrophilicity of the scaffolds, which contributes to a
friendly environment for cell culture.
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Table 4: Mechanical properties of PLA scaffolds with different CNF contents

Samples Compression strength (MPa) Increase (%) Compression modulus (MPa) Increase (%)
PLAconTROL 2.37 + 0.65 0 1.95 + 0.67 0
PLA/CNF-PPs 2.96 +1.17 25 2.79 + 1.10 43
PLA/CNF-PPyq 4.13 + 1.24 74 4.20 +1.41 115
PLA/CNF-PP5 6.66 + 1.99 181 6.04 +1.69 210
PLA/CNF-PP,q 3.26 + 1.27 38 3.16 + 1.06 62

3.6 Mechanical properties

The influence of the addition of CNFs from Pennisetum
purpureum on the mechanical performance of the fabri-
cated scaffolds was investigated through compressive
tests. According to reviews, an ideal scaffold for tissue
regeneration should steadily transfer stress to the newly
formed tissue during cell proliferation; thus, an appro-
priate material and fabrication technique are crucial for
tuning both the microstructure and mechanical proper-
ties [62]. Table 4 presents the mechanical properties of
pure PLA and PLA scaffolds reinforced with 5, 10, 15, and
20 wt% of CNF from Pennisetum purpureum. The com-
pressive strength and modulus were approximately 70%
of the initial height of the samples. The PLA: scaffold
had an average compressive strength of 2.37 + 0.65 MPa
and a compressive modulus of 1.95 + 0.67 MPa. On the
other hand, the PLA/CNF-PP; and PLA/CNF-PP;, scaf-
folds had an average compressive strength of 2.96 + 1.17
and 4.13 + 1.24MPa, and a compressive modulus of
2.79 + 1.10 and 4.20 + 1.41 MPa, respectively. Thus, the
compressive strength increased by 25 and 74% from
PLA( to PLA/CNF-PP; and PLA/CNF-PP,, scaffolds, while
the compressive modulus increased by 43 and 115%
from PLA. to PLA/CNF-PP; and PLA/CNF-PP,, scaffolds,
respectively. Meanwhile, the compressive strength of the
PLA/CNF-PP;5 and PLA/CNF-PP,, scaffolds were 6.66 + 1.99
and 3.26 + 1.27 MPa, while the compressive modulus of the
PLA/CNF-PP;5 and PLA/CNF-PP, scaffolds were 6.04 + 1.69
and 3.16 + 1.06 MPa, respectively. Thus, the compressive
strength increased by 181 and 38% from the PLAc
to PLA/CNF-PP;5; and PLA/CNF-PP,, scaffolds, whereas
the compressive modulus increased by 210 and 62%
from the PLA: to PLA/CNF-PP;5 and PLA/CNF-PP,, scaf-
folds, respectively.

As expected, the reinforcement of CNFs from Pennisetum
purpureum improved both the compressive strength and
modulus of the fabricated scaffolds, which clearly illustrates
the specific advantage of PLA/CNF composites in the pre-
paration of scaffolds for tissue engineering. PLA/CNF-PP;;
displayed a significantly higher compressive strength and

modulus than scaffolds with different CNF compositions.
On the other hand, the enhancement of the compression
properties of PLA/CNF scaffolds may be associated with the
dispersion of CNFs. The rigid network of hydrogen bonding
between PLA and CNFs resulted in an excellent load transfer
from the polymer matrix to the CNFs. However, the increment
of CNFs from 15 to 20 wt% led to a noticeable decrease in the
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Figure 7: (a) Compression strength and (b) compression modulus of
PLA scaffolds with different CNF contents.
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compression properties, as shown in Table 4. As shown
in Figure 7(a) and (b), PLA/CNF-PP,, showed a marked
decrease in compressive strength and compressive modulus,
approximately 38 and 62%, respectively, compared to PLA/
CNF-PP;, and PLA/CNF-PP;s. Thus, despite the fact that the
reinforcement of CNFs improves their mechanical properties,
CNFs tend to agglomerate at higher contents and may cause
poor performance [63]. In addition, a weak microstructure
and heterogeneous porosity were subjected to higher CNF
content, as proven by the PLA/CNF-PP,, scaffold. Nasri-
Nasrabadi et al. [64] and Shuai et al. [65] investigated the
influence of the addition of CNFs to starch and nano-
hydroxyapatite to poly(lactide-co-glycolide). In both
studies, the reinforcement of fillers showed a marked
increase in the compression properties of the composite
scaffolds. However, when the filler content was increased
over 15-30 wt%, the compressive properties decreased.

The compressive strength of trabecular bone differs
depending on bone density (2-10 MPa) [66,67]. As pre-
viously mentioned, CNFs from Pennisetum purpureum
were found to improve the compression properties of
the PLA composite scaffolds; values significantly similar
to those of trabecular bone were obtained for all the scaf-
folds. Soft tissue substitute composites must have mechan-
ical properties identical to those of the host tissue. When the
difference between compression modulus is large, a hetero-
geneous distribution of load will be created, leading to the
failure of the implant [68]. However, this study demon-
strated that the combination of PLA and CNFs from Penni-
setum purpureum allowed for the fabrication of scaffolds
with higher strength, modulus, and rigidity.

4 Conclusion

In this study, PLA scaffolds reinforced with CNFs from
Pennisetum purpureum with interconnected pores were
developed using solvent casting and particulate leaching
techniques. The morphology of the scaffolds was found to
vary depending on the content of the CNFs. In addition,
FESEM images showed that the scaffolds had good por-
osity and interconnected pores, a high surface area, and
good fluid retention capacity, which in turn encouraged
cell attachment and proliferation. The XRD and FTIR
spectra showed no significant changes in the PLA matrix
structure by reinforcing the CNFs. The decomposition
temperature of the composite scaffolds was lower than
that of the PLA control due to interfacial bonding between
the PLA matrix and the CNF fillers. The water absorption of
the scaffold was enhanced by the inclusion of fillers up to
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15 wt%, while PLA with 20 wt% fillers showed a decreasing
trend due to the compact arrangement of CNFs, as illu-
strated in the FESEM images. The tendency of CNFs to
agglomerate plays a crucial criterion in improving the
hydrophilicity of the composite scaffolds. TGA analysis
indicated a considerable decrease as the CNF content
increased. The reinforcement of 15wt% CNFs enhanced
the compressive strength by approximately 181% and com-
pressive modulus by 210%. However, a further increase
in the CNF content to 20 wt% (PLA/CNF-PP,,) led to
a significant decrease in the compressive strength and
modulus. The compressive strength and modulus of the
scaffolds were found to be within the range of properties
shown for trabecular bone. These results suggest that
PLA/CNF scaffolds with a maximum of 15wt% of CNF
from Pennisetum purpureum have the potential for use in
tissue engineering as a biomaterial.
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