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Abstract
The mechanical, thermal, and morphological properties of a 3D porous Pennisetum purpureum
(PP)/polylactic acid (PLA) based scaffold were investigated. In this study, a scaffold containing
P. purpureum and PLA was produced using the solvent casting and particulate leaching method.
P. purpureum fibre, also locally known as Napier grass, is composed of 46% cellulose, 34%
hemicellulose, and 20% lignin. PLA composites with various P. purpureum contents (10%, 20%,
and 30%) were prepared and subsequently characterised. The morphologies, structures and
thermal behaviours of the prepared composite scaffolds were characterised using field-emission
scanning electron microscopy (FESEM), Fourier transform infrared spectroscopy (FTIR), and
thermogravimetric analysis (TGA). The morphology was studied using FESEM; the scaffold
possessed 70-200 µm-sized pores with a high level of interconnectivity. The moisture content
and mechanical properties of the developed porous scaffolds were further characterised. The P.
purpureum/PLA scaffold had a greater porosity factor (99%) and compression modulus (5.25
MPa) than those of the pure PLA scaffold (1.73 MPa). From the results, it can be concluded that
the properties of the highly porous P. purpureum/PLA scaffold developed in this study can be
controlled and optimised. This can be used to facilitate the construction of implantable tissueengineered cartilage.
Keywords: Polylactic acid; Pennisetum purpureum; scaffold; mechanical property;
biocomposites
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1. Introduction
Recently, hyaline cartilage has been studied extensively. It functions as a surface covering for all
the diarthrodial joints in the human body, protecting them from abrasion and wear [1]. Hyaline
cartilage is also frequently known as articular cartilage. Articular cartilage is a heterogeneous
and mechanically anisotropic tissue. Since cartilage does not contain nerves, it has very limited
capacity to repair itself because of its low cellular content and lack of blood vessels [2]. In,
recent years, the development of new artificial cartilage, used to repair and restore defective
cartilage, has been of considerable interest [3].
Biomedical composites can be used as a scaffold for tissue repair and regeneration; the
growth of cells prior to implantation; and the deposition of engineered tissue. Their development
offer significant market potential and attract continuous financial investment [4]. Concepts such
as long-term sustainability, ecological awareness, and the emerging “green” economy have
motivated the identification of green materials that are compatible with living human cells.
Unlike synthetic polymers, natural fibre composites (NFCs) have increased in popularity among
researchers because of their availability, carbon neutrality, low density, renewability, and
biodegradability. In addition, they can be used without damaging the environment [5]. Moreover,
the incorporation of fibre reinforcement within the polymer matrix of a composite is proven to
increase its mechanical strength. It is also known to improve other crucial parameters, such as
the degradation rate and structural properties of the composite, as well as the resultant cell
proliferation, and viability. [6]. In addition, these natural fibre reinforced polymer composites
have an extended lifespan, which could be used to improves the quality of life of human. They
could be used for various potential applications, and are considered suitable for orthopaedic
application and tissue engineering [7–12].
In tissue engineering, the most commonly used polysaccharides, such as starch, collagen,
chitosan, alginate, and gelatin, have been widely studied with regard to various biomedical
applications [13]. Several studies related to the application of 3D chitosan scaffold in
xenotransplantation have been published by Steck [14] and Ehrlich [15]; where the human
chondrocytes were seeded into chitosan scaffold before transplanted into mice for tissue
regeneration. Owing to its biocompatibility, Chevallay and Herbage suggested that collagen
could potentially be used as a material for scaffold synthesis; it can also be prepared in different

forms with varying physical properties [16]. Martino et al. reviewed the current application of
chitosan in tissue engineering. They concluded that chitosan-based composite biomaterials are
suitable for various tissue engineering applications because of their suitable degradation
behaviour, and microstructures with desirable pore sizes [17]. Gong et al. studied the biological
performance of polylactic acid (PLA)/gelatin scaffold materials. They determined that the gelatin
particles increased the hydrophilicity and biocompatibility of the scaffolds [18]. Despite all these
promising findings, it is difficult to utilise collagen, chitosan, and gelatin, as reinforcement
material during the synthesis of scaffold. They are not ideal materials for tissue engineering
because they promote the immune activation of cells, and inflammatory reactions occur due to
their degradation behaviour [19]. However, these polysaccharides are still favoured as
reinforcement materials in tissue engineering studies. The use of plant-based fibres as
reinforcement in scaffolds is of novel interest with regard to tissue engineering applications. The
development of new plant fibre-based composites for various applications in biomedical fields is
of interest for future research.
Among all the synthetic polymers, PLA has been used widely in tissue engineering
applications because of its superior biodegradability and biocompatibility [20–23]. In particular,
PLA has been extensively studied to develop scaffold, which has been used to prepare bone
tissues, drug delivery systems, stents and artificial organs, for both research and commercial use
[24]. Chen et al. studied the morphology of a porous PLA scaffold prepared by thermally
induced phase separation. The scaffolds were prepared via solid―liquid phase separation and
liquid―liquid phase separation, where they exhibited anisotropic tubular morphologies and
isotropic morphologies, respectively [25]. Cheung et al. studied the influence of silkworm
silk/PLA on the mechanical and thermal behaviour of biocomposites. According to the authors,
the tensile properties of the silk fibre/PLA composites were superior to those of pure PLA. The
addition of the silk fibre further enhanced the thermal and physical properties of the composites,
forming an ideal scaffold. The findings provide the impetus for this material to be potentially
used as a material for tissue engineering [26].
A key challenge faced by the field of tissue engineering is the design of cartilage scaffold
with favourable microstructure and mechanical properties that promote cell growth and
attachment, and new tissue regeneration [27]. The use of P. purpureum as a reinforcement filler

in a PLA matrix offer many advantages; it results in the production of the biocomposites with
favourable mechanical properties and controllable biodegradability. Ridzuan et al. determined
that P. purpureum fibres could potentially be used as reinforcement materials in polymer
composites. They determined that the application of alkaline treatment increases the surface
roughness and minimises the hemicelluloses quantities of the fibre [28]. Hameem et al. studied
the tensile and flexural properties of P. purpureum and concluded that when polyester
composites were reinforced with P. purpureum, their mechanical properties improved [29].
Moreover, Ridzuan et al. studied the effect of elevated temperatures on the mechanical behaviour
of P. purpureum/glass-reinforced composites. The tensile and flexural strength of the composites
decreased as the temperature approached the glass transition temperature (Tg) at >60˚C; this was
owed to the softening of the composite’s matrix [30]. Similarly, Ridzuan et al. reported that
moisture absorption influences the mechanical properties of hybrid P. purpureum/glass–epoxy
composites [31]. They observed that as the glass fibre content of the samples is increased, the
degree of moisture absorption decreased and the tensile and flexural strength of the composites
increased. Recently, based on several studies, researchers suggested that P. purpureum fibres
could effectively be used as reinforcement in polymer composites for tissue engineering
applications [29–33].
To benefit from the outstanding properties of P. purpureum and its derivatives, we have
designed highly porous P. purpureum-PLA scaffolds, which are prepared using the solvent
casting and particulate leaching technique. This preparation method was selected because it can
be used to control the porosity and pore sizes of the scaffold. Furthermore, compared with other
methods, this technique requires less energy and time, and it is also inexpensive and consumer
friendly. The physical, morphological and mechanical properties of the resultant P. purpureumPLA biocomposite scaffolds with various compositions are subsequently discussed.
2. Materials and Methods
2.1. Materials
P. purpureum powder was prepared from P. purpureum fibre also well known as Napier fibre
which was purchased from a local plantation in Bukit Kayu Hitam, Kedah, in northern peninsular
Malaysia. PLA of label 4032D was acquired from NatureWorks LLC. Chloroform and

dichloromethane were purchased from Fisher Chemical Co. and were used as organic solvents.
Analytical-grade sodium chloride (NaCl) was purchased from Sigma-Aldrich, Germany and used
as a porogen.
2.2 Extraction and preparation of Pennisetum purpureum powder
The P. purpureum grass leaves were removed from the internodes of each stem. Subsequently,
the stems were crushed and then immersed in a tank filled with water. The stems were immersed
in the water-filled tank for approximately two to three weeks for the retting process to occur.
Prior to the extraction process, the soaked P. purpureum grasses were thoroughly washed with
running water. The fibres were extracted manually from the stems, and the extracted raw fibres
were then sun-dried to remove any excess moisture present within the fibres. To prepare the P.
purpureums into powder form, the dried fibres were cut into small pieces, and then ground and
sieved. The powder was ground once again and sieved using a 63 µm sieve to obtain fine P.
purpureum powder.
2.3. Preparation of porous PLA scaffold reinforced with Pennisetum purpureum as a filler
The PLA and P. purpureum composite scaffolds with a porous microstructure were prepared by
a salt-leaching and solvent casting method. The PLA pellets were dissolved in chloroform and
dichloromethane (volume ratio of 1:1) to obtain a viscous solution (60.0 g/L). To produce a
composite scaffold consisting of PLA and P. purpureum, the desired amount of fibre powder
(composition listed in Table 1) was dispersed in a solution of PLA using a magnetic stirrer; the
temperature was maintained at 70 °C for 2 h. Subsequently, NaCl was added to the solution, and
the solution was stirred again for 20-30 min to obtain a homogenous composite. The PLA
composite and NaCl were blended to a ratio of 1:9. The salt―PLA composite solution was then
cast into a rectangular Teflon mould (width, length, and thickness of 13 mm, 25 mm, and 13 mm,
respectively), to produce samples suitable for mechanical testing. The dried PLA composites
were placed in distilled water for 48h to leach out the salts; every 4 h, the distilled water was
refreshed to complete elimination of the salt. The leached scaffolds were stored overnight in a
vacuum drier at room temperature. The resultant scaffolds were then stored in a desiccator prior
to characterizations.

2.4. Characterization
2.4.1. Porosity measurement
In this study, a scaffold with four different compositions was prepared; therefore, the porosity of
each composition had to be appropriately calculated. The four compositions were subsequently
sampled, with three specimens representing each composition. The overall results were
determined using the average value of the results of three specimens. The porosity of each
scaffold was measured using Archimedes’ principle [34].
The porosity of each scaffold was determined using the following equation:
𝑃=

(𝑊2 − 𝑊3 − 𝑊𝑠 )/𝜌𝑒
× 100%
(𝑊1 − 𝑊3 )/𝜌𝑒

(1)

where WS is the weight of the scaffold; W1 is the initial weight of the glass vial filled with
ethanol; W2 is the weight of the glass vial following immersion of the specimen; W3 is the
weight of the glass vial on removal of the specimen; and 𝜌𝑒 is the density of ethanol
(0.789mg/mL).
2.4.2. Field-emission scanning electron microscope (FESEM) analysis
The morphology of the composite scaffolds was observed using a field-emission scanning
electron microscopy (FESEM). All the samples were coated with a thin layer of platinum (Pt) via
sputtering (Quorum, Q150R S). Subsequently, the coated samples were observed using a
FESEM-NOVA NanoSEM 450 at an acceleration voltage of 3 kV.
Table 1. Composition, porosity and average pore size of the P. purpureum/PLA scaffold.
Pennisetum

Porosity

Average pore

(%)

size (µm)

PLAC

99.6

105 ± 36

0.24

PLA-PP10

99.4

170 ± 45

2.4

0.48

PLA-PP20

99.1

103 ± 21

2.4

0.72

PLA-PP30

99.2

158 ± 23

Samples

PLA (g)

S1

2.4

0.00

S2

2.4

S3
S4

purpureum (g)

Sample code

2.4.3. Fourier-transform infrared spectroscopy (FTIR) analysis
The FTIR spectra of the prepared P. purpureum/PLA scaffolds were studied using an FTIR
spectrometer (Perkin-Elmer RX1, UK). The samples were ground and mixed thoroughly with
potassium bromide (KBr), where the KBr concentration of the sample was 20%. The spectra
were collected over the range of 400―4000 cm-1. The FTIR spectra were recorded in
transmittance mode.
2.4.4. Thermogravimetric analysis.
The thermal stabilities of the PLA, P. purpureums, and various composites blends were
determined using a thermogravimetric analyser (TGA-50, Shimadzu, Japan); the results are
shown in Table 1. The weights of the scaffolds were 10.0―12.5 mg. The fabricated samples (1012.5 mg) were analysed over the temperature range of 30―600 °C at a heating rate of 20
°C/min. The TGA analysis was performed under a nitrogen atmosphere, with a nitrogen flow rate
of 20 mL/min. The mass loss of the scaffolds was recorded and plotted as a function of
temperature [35].
2.4.5. Moisture content analysis
The prepared scaffolds with various compositions were kept in an exsiccator for one week,
which was maintained at 20 °C with a relative humidity of 58%. Subsequently, they were
weighed in petri dishes and dried in a vacuum oven at 40 °C for 24 h [36]. The moisture content
is defined as the percentage weight loss of the initial sample that occurs during drying. The
following formula is used to calculate the moisture content:
𝑀𝐶 =

(𝑊𝑜 − 𝑊𝑜𝑑 )
× 100%
𝑊𝑜

(2)

where, MC is the moisture content, Wo is the initial weight of the sample, and Wod is the weight
of the scaffold after drying.
2.4.6. Compressive properties
The mechanical behaviours of the fabricated samples were determined by executing compression
strength test according to ASTM F451-95. The cross-head speed was 1 mm/min and the load

capacity was 2 kN. Rectangular samples of appropriate dimensions (13mm (width) × 25mm
(length) × 13mm (thickness)) were prepared. The length, width, and thickness of the samples
were verified manually using a Vernier calliper. Three identical specimens were tested to
represent composite; the mean compressive strengths of the various compositions were recorded,
and the average values were reported. The compression modulus was determined from the slope
of the initial linear portion of the stress―strain curve plotted using the test results.
3. Results and Discussion
3.1 Morphology and pore microstructure of scaffolds
The FESEM images were examined to elucidate the effect of the suspension composition as well
as that of crosslinking on the scaffold morphology. The PLAC scaffold had a wide pore-size
distribution. When the P. purpureum content was increased, the overall homogeneity of the
structure was slightly enhanced and there was a reduction in the average pore size (Figures
1b―d). The results obtained for the PLA-PP10, PLA-PP20, and PLA-PP30 scaffolds were superior
to those of the PLAC scaffold.
The morphologies of the PLAC, PLA-PP10, PLA-PP20 and PLA-PP30 scaffolds, with
various filler contents, are shown in Figures 1a―d. The surface of the pure PLA and PLA-PP10
scaffolds were relatively smoother and uniform (Figures 1a and b). In contrast, the surface of the
PLA-PP20 and PLA-PP30 scaffolds was rough and irregular (Figures 1c and d). As the P.
purpureum content increased, the pore-size distribution of the material broadened, this is
considered optimal for cartilage applications.
When the typical microstructures of the prepared scaffolds were compared, sample PLAPP30 showed the formation of a finely blended and interconnected fibrous structure (Figure 1d).
Fibrous structures were also observed for the PLA-PP10 and PLA-PP20 scaffolds; however, the
pore sizes were considerably larger and smaller, respectively than those observed for PLA-PP30.
The cell size and scaffold porosity can also be controlled by changing the filler content, as shown
in previous studies [37,38].
The pore sizes measured using FESEM, of all the modified scaffolds are summarised in
Table 1. Considering the scaffolds with various filler contents, all the samples exhibit high

standard deviations value with regards to the pore sizes. The maximum average pore size (135181 µm) was determined in the case of the PLA-PP30 scaffold. The pure PLA, PLA-PP10, and
PLA-PP20 scaffolds had average pore sizes of 69-141 µm, 125-215 µm, and 82-124 µm,
respectively.
The PLA-PP30 scaffold was considered suitable for cartilage applications based on its
average pore size, pore microstructure, pore homogeneity, and the high level of interconnectivity
between its pores. As shown in Figure 1d, the P. purpureum particles are well-dispersed
throughout the PLA matrix, which enhances the strength and flexibility of the material.
Moreover, pores with rough walls are necessary to aid cell migration and extracellular matrix
(ECM) growth following implantation. Therefore, it seems crucial to develop pore walls with the
rougher surface to enhance the diffusion of the oxygen/nutrients supply as well as waste removal
[25][38,39].
All the scaffolds were highly porous (>99%) with low weights, as illustrated in Table 1.
This fulfilled the basic requirements determined from literature [38,40,41]. These samples
possessed relatively similar porosities irrespective of the P. purpureum content; this is likely to
be attributed to the porogen content of the specimens, which was fixed throughout the fabrication
process. The porogen (NaCl) to matrix ratio constant was kept (9:1); however, as the P.
Purpureum content increased, the level of porosity decreased from 99.6% to 99.1%, which was
owed to the compact arrangement of the fibre network. As expected, this also slightly reduced
the degree of homogeneity of the structure.
Figure 1b―d show cross-sectional FESEM images of the porous scaffolds of PLA-NF10,
PLA-NF20, and PLA-NF30. It can be observed that the scaffolds exhibit optimum levels of
porosity (as shown by the porosity data in Table 1); in addition, the filler is evenly distributed
throughout the scaffolds. In addition, the FESEM images also verified the fibrous structure of the
scaffolds as well as the degree of interconnectivity between the pores. Possibilities to make an
interesting host system is high with the presence of open, interconnected pores created by the
fibre network as reviewed by Ehrlich [42]. The PLA-PP30 scaffold exhibited a microstructure
with large pores and homogeneous pore structure. In addition, there was a high degree of
interconnectivity between the pores (Figure 1d). These observations indicate that the scaffolds
can highly be suitable for use in cartilage tissue engineering.

(a)

(b)

(c)

(d)

Figure 1: FESEM images showing micro-scaled pores of porous P. purpureum/PLA scaffolds:
(a) PLAC, (b) PLA-PP10, (c) PLA-PP20 and (d) PLA-PP30.
3.2 FTIR analysis
FTIR analysis is widely employed and was used to interpret and determine the functional groups
and structural elements present within the prepared scaffolds [43]. For comparison, the pure
component was also analysed. Among the various composites, it could be observed that there
were slight differences between the FTIR absorbance spectra of the scaffolds with regard to the
shapes and positions of the absorbance peaks.
In the case of the pure PLA scaffold (Figure 2a), characteristic bands at 2922 cm-1,
attributed to ―CH bending vibration was observed in the spectrum. In the FTIR spectrum of the
pure PLA scaffold, peaks were also observed at 754 and 870 cm-1 (―CH bending vibration);

1045 and 1184 cm-1 (C―O stretching vibration); 1455 cm-1 (―CH3 bending vibration); and
1755 cm-1 (C═O stretching vibration on ester group) [44][45].
The presence of the P. purpureum and PLA was determined via the FTIR analysis of the
scaffolds. The FTIR spectra of the pure PLA and P. purpureum-PLA scaffolds are shown in
Figures 2 and 3. The characteristic peak at 1756 cm-1 (C═O of PLA) indicates the stretching
vibration of the carbonyl groups of the PLA. The peaks at 2995 cm-1 (―CH3 bending vibration);
1755 cm-1 (C═O stretching vibration); 1455 cm-1 (―CH3 bending vibration); 1360 cm-1 (―CH
bending vibration); and 1132 and 1184 cm-1 (C―O stretching vibration) confirm the presence of
the PLA within the P. purpureum-PLA scaffolds. Typical bands, such as those at 1088 and 1045
cm-1, are owed to the presence of the P. purpureum.
Comparing the results of the pure PLA and P. purpureum-PLA scaffolds, it can be
determined that two noticeable changes occur in each scaffold. The presence of ―CH3, with
bending vibration, was detected in the blended composites but not in the pure PLA scaffold.
Furthermore, the intensity of the stretching bands attributed to the ester group, located at 1755
cm-1, became significantly weaker as the P. purpureum content of the PLA matrix blend
increased. All these differences indicate that obvious interactions occur amongst the ester and
carboxyl groups of the composites.
This indicates that the degree of crystallinity of the material increases as the P. purpureum
content of the PLA matrix increases. Based on the results obtained for P. purpureum-PLA
composites, it could be observed that the intensity of several characteristic bands decreased when
the fillers content was increased, which indicates that cross-linking occurs between the P.
purpureum and PLA of the composite scaffolds.
3.3 Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) measures the weight change of a material as a function of
temperature or time in a controlled atmosphere. Derivative thermogravimetric (DTG) analysis
was used to determine the decomposition temperature of the biocomposites. Following the TGA,
the thermogravimetric (TG) curves and derivative thermograms (DTG) of the pure PLA and P.
purpureum/PLA scaffolds were obtained; these are represented in Figures 4 and 5, respectively.

2922.1 cm

(b)
(a)

1454.99 cm

-1

754.11 cm

-1

1382.41 cm

870.48 cm

-1

1045.71 cm
1756.82 cm

2919 cm

1183.95 cm

-1

-1

1130.95 cm

-1

1088.51 cm

-1

-1

757.16 cm

-1

1455.59 cm

1045.36 cm

-1

-1

870.48 cm

1131.97 cm

1755.82 cm

-1

1184.22 cm

3000

2500

2000

-1

-1

1088.51 cm

3500

1500

-1

1000

-1

Wavenumber (cm )

Figure 2: FTIR spectrum of porous Pennisetum purpureum/PLA scaffolds with microscale pores:
(a) PLAC and (b) PLA-PP10.
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Figure 3: FTIR spectrum of porous Pennisetum purpureum/PLA scaffolds with microscale pores:
(a) PLA-PP20 and (b) PLA-PP30.
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Based on the DTG curves, the thermal degradation of the PLA and P. purpureum/PLA
scaffolds occurred in a single weight-loss step. The incorporation of the P. purpureum within the
PLA matrix influenced the thermal degradation temperature by enhancing the thermal stability of
the composite scaffolds. Based on the thermal degradation temperature determined from the
TGA curves, it seems that at temperatures below 300 °C, the P. purpureum/PLA scaffolds are
more thermally stable than the PLAC scaffolds. The P. purpureum/PLA scaffolds lose
approximately 2.7% of their mass at approximately 250 °C. This effect is due to the loss of
moisture and is a well-known phenomenon with regard to scaffolds with high porosity. Between
300―500 °C, the scaffolds decompose almost entirely; specifically, they undergo approximately
93% degradation.
Table 2 shows the thermal stability values of the synthesised pure PLA and P.
purpureum/PLA scaffolds. The PLAC scaffolds have an onset temperature of 301.6 °C, which
decreases to 296.6, 298.0, and 295.0 °C when the blends are reinforced with P. Purpureum fillers
at contents of 10, 20, and 30 wt%, respectively. For the PLA-PP10, PLA-PP20, and PLA-PP30
scaffolds, there is little difference between the curves obtained. The final degradation
temperature (FDT) of the P. purpureum/PLA scaffolds was approximately 42% greater than that
of the PLAC scaffold. The FDT also increased when the P. Purpureum filler was incorporated
into the PLA matrix. In the case of the PLA-PP10, PLA-PP20, and PLA-PP30 scaffolds, the FDT
were 336.56, 353.07 and 362.97 °C. These values are greater than that obtained for the PLAC
scaffold (339.72 °C).
The interaction between the PLA matrix and P. purpureum fillers consequently increased the
molecular weight or extended the molecular chain of the neat PLA which contributed to the
higher FDT. Several researchers reported that when P. purpureum homogenously dispersed in a
PLA matrix, it functions as a barrier, which provides heat insulation and prevents oxidation. It
also lowers the permeability of volatile degradation products within the biocomposites, which
helps to extend the thermal degradation process [46–48].
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Figure 4: TGA results of porous Pennisetum purpureum/PLA scaffolds: (a) PLAC, (b) PLA-PP10,
(c) PLA-PP20 and (d) PLA-PP30.
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Figure 5: DTG results of porous Pennisetum purpureum/PLA scaffolds: (a) PLAC, (b) PLA-PP10,
(c) PLA-PP20 and (d) PLA-PP30.

As expected, the P. purpureum-reinforced scaffolds behave very similarly. However, the
behaviour is influenced by the filler content. The PLA-PP10, PLA-PP20, and PLA-PP30 scaffolds
had final residue percentages of 6.01, 5.98, and 7.00%, respectively. This indicates that the final
residue percentage increases as the amount of P. purpureum that is blended into the PLA matrix
increases. The polymer matrix undergoes complete degradation under the experimental
conditions used; however, the P. purpureum filler does not decompose and, remains as a residue.
The PLAC scaffold has the lowest final residue percentage of 0.66% due to the absence of the P.
purpureum filler.
Table 2. Thermogravimetric analysis (TGA) results obtained for the PLAC, PLA-PP10, PLA-PP20
and PLA-PP30 scaffolds.
Initial

Degradation at

Final

Final

degradation

50% weight loss

degradation

residue

temperature (°C)

(°C)

temperature (°C)

(%)

PLAC

301.63

334.83

339.72

0.663

PLA-PP10

296.61

331.69

336.56

6.014

PLA-PP20

298.01

346.40

353.07

5.977

PLA-PP30

295.01

358.98

362.97

7.006

Sample name

The results of the DTG analysis performed on the pure PLA and P. purpureum/PLA
scaffolds with varying filler compositions are illustrated in Figure 5. The percent of derivative
weight reduction reflects the highest thermal degradation rate. This was derived from the peak of
DTG curves after the PLAC, PLA-PP10, PLA-PP20, and PLA-PP30 samples reached their
maximum degradation temperatures (Tmax) of 339.72, 336.56, 353.07, and 362.97 °C,
respectively. Furthermore, based on the DTG data, it is evident that all the scaffolds exhibited
similar thermal behaviour (Figure 5); they demonstrate single-stage thermal degradation within a
relatively narrow temperature range.
Each scaffold exhibited just one peak, the height of the peak of the PLAC scaffold was
greater than those of the scaffolds composed of P. purpureum fillers. There is hardly any
difference between the heights of the peaks of the P. purpureum/PLA scaffolds. In addition, the
Tmax values of the scaffolds increased as the P. purpureum content increased. This may be owed

to the interactions between the PLA matrix and the fillers; the P. purpureum has a homogeneous
nucleation effect on the crystallisation of PLA matrix.
The TGA/DTG results revealed that the thermal stability of the PLA scaffolds containing
10, 20, and 30 wt% P. purpureum increased as the P. purpureum content increased. Based on the
obtained results, it was proven that the thermal stability of the P. purpureum/PLA scaffolds was
superior to than that of the pure PLA scaffold.
3.4 Moisture content analysis
Moisture content analysis was used to determine the amount and percentage of moisture in the
scaffolds. Owing to the hydrophilic nature of the natural fibres and their porous structure, it was
almost impossible to synthesise the resultant biocomposites without the existence of voids.
During moisture absorption, liquid moisture penetrates the free space of the micro-voids and then
diffuses via the fibre-matrix interface. In this study, all the synthesised scaffolds retained a
moisture content of 0.5―1.2%, as illustrated in Figure 6. However, the pure PLA scaffolds had a
significantly lower moisture content compared with that of the other biocomposite scaffolds.
This indicates that hardly any water was observed by the scaffold. The moisture absorption
behaviour observed in this study are similar to that observed in a study by Hameem et al., in
which Napier grass (P. purpureum) fibre polymer composites behaved in a similar manner [33].
Based on the graph presented in Figure 6, the moisture content percentage significantly
increases as the P. purpureum content increases from 0 to 30 wt%. The maximum moisture
content percentages determined for the PLAC, PLA-PP10, PLA-PP20, and PLA-PP30 scaffolds
were 0.50, 1.01, 1.20, and 1.18%, respectively. Owing to the microstructure of the scaffolds,
which are rough and uneven compared with those of the other scaffolds, the PLA-PP20 and PLAPP30 absorbed a similar amount of moisture. The morphologies of the PLA-PP20 and PLA-PP30
scaffolds contributed to the increased void content of the scaffolds. In contrast, Chien et al.
recently conducted moisture content tests on soy protein scaffolds; they determined that the
moisture content of the scaffolds decreased when the level of enzymatic crosslinking increased
[36]. This can be argued that the sorption from soy protein used is limited due to the presence of
more hydrophobic residues than the cellulosic P. purpureum fibres [49].

Moreover, the hydrophilic nature of the P. purpureum fibres influenced the mechanical
properties of the fabricated scaffolds. In this study, the mechanical strength of the scaffolds
increased as the P. purpureum content of the PLA scaffolds increased. This indicates that the
moisture content does not significantly influence the mechanical properties of the scaffolds.
Therefore, for all the scaffolds, the percentage moisture content is considered to be within an
acceptable range, since it had little influence on the physical and mechanical properties of the
scaffolds.
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Figure 6: Moisture content of porous Pennisetum purpureum/PLA scaffolds with microscale
pores: (a) PLAC, (b) PLA-PP10, (c) PLA-PP20 and (d) PLA-PP30.
3.5 Compressive properties analysis
Among all the types of mechanical testing, compression testing is preferred for cartilage material
analysis. This is owed to the role of natural cartilage, which is load bearing under compression.
As shown in Figures 7 and 8, clear trends can be observed when the P. purpureum content is
varied. The P. Purpureum content does not influence the porosity or the pore sizes of the
scaffolds. This could be attributed to the strong adhesion that exists at the interfaces of the PLA
matrix and P. purpureum fillers, and its ability to bear loads and transfer them across the
interface. However, the presence of the filler in the matrix enhances the mechanical properties of
the composites compared with those of PLA alone. Similarly, the interaction between chitin and

the other matrix is often the key for the mechanical stability of the specific biomaterial as per
reviewed by Ehrlich [15].
Naseri et al. determined that for a healthy cartilage, the compression modulus of an
articular cartilage should be approximately 1.0 MPa [2]. This is dependent on the materials and
testing conditions. However, the value of the compression modulus determined in this study was
greater than that of natural cartilage. In addition, the moisture content of natural cartilage should
be noted because it is slightly greater than that determined for the materials in this study.
The P. purpureum addition consequently increased the compressive strength, as shown in
Table 3. The scaffold with PLA alone had the lowest compressive strength and the PLA-PP30
scaffold had the greatest. In addition, there was a significant increase in the compressive strength
of samples PLA-PP10 and PLA-PP20 compared with that of PLA alone. However, when the P.
purpureum content increased to 30%, there was a further increase in the compressive strength
from 7.49 to 9.32 MPa. Upon the addition of the P. Purpureum, there was an increase in the
compressive strength of the samples; this indicates there was a high degree of adhesive
interaction between the P. purpureum fillers and the PLA matrix of the blend used in this study.
The influence of the P. purpureum on the compression modulus was investigated for samples
PLA-PP10, PLA-PP20, and PLA-PP30. Owing to the reinforcement, the mechanical properties of
the materials significantly improved; the highest compression modulus achieved was 5.25 MPa.
This pattern can be explained by the increase in the P. purpureum contents used for blending as
well as the high levels of porosity and interconnectivity of the scaffolds.
The compressive moduli of samples PLAC, PLA-PP10, PLA-PP20, and PLA-PP30 are
summarised in Figure 8. The pure PLA scaffold has a compressive modulus of 1.73 MPa, which
increases to 5.25 MPa in the case of sample PLA-PP30, which has the highest P. purpureum
content. Compared with the results obtained for the pure PLA scaffold, the scaffolds become
stronger as the P. purpureum content increases. The incorporation of fillers within the PLA
renders the scaffolds less brittle. This observation is supported by the results of previous
rheological studies, which showed that sufficient stress transfer occurs across the PLA-P.
Purpureum interface when a load is applied to the blend. The length of the PLA polymer chain
decreases when the P. purpureum content increases; therefore, samples, PLA-PP20 and PLA-PP30
exhibit solid-like behaviour.
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Figure 7: Compressive strength of porous P. purpureum/PLA scaffolds with microscale pores:
(a) PLAC, (b) PLA-PP10, (c) PLA-PP20, and (d) PLA-PP30
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Figure 8: Compressive moduli of porous P. purpureum/PLA scaffolds with microscale pores: (a)
PLAC, (b) PLA-PP10, (c) PLA-PP20, and (d) PLA-PP30.

In the current study, the PLA-PP30 scaffolds have shown promising mechanical properties
(1.73―5.25 MPa) that would enable chondrogenesis. In addition, the PLA-PP30 scaffolds
possess minimal moisture content as well as appropriate pore sizes and surface morphologies,
which would promote cell adhesion. Therefore, following implantation, these synthesised
scaffolds are likely to promote the regeneration of cartilage and the cultivation of ECM with
appropriate mechanical properties. In the future, in-vivo testing will be conducted using the P.
purpureum/PLA scaffolds. Following ECM growth, the scaffolds will be observed and
evaluated. The findings from these studies will be reported.
Table 3. Mechanical properties of Pennisetum purpureum/PLA scaffolds
Scaffold

Compressive strength (MPa)

Compressive Modulus (MPa)

PLAC

1.94 ± 0.09

1.73 ± 0.08

PLA-PP10

4.33 ± 0.21

2.75 ± 0.13

PLA-PP20

7.49 ± 0.37

3.72 ± 0.18

PLA-PP30

9.32 ± 0.46

5.25 ± 0.26

4. Conclusions
In summary, biocomposites consisting of cellulose fibres blended within a PLA matrix were
prepared via the solvent casting and particulate leaching technique to produce highly porous (≈
99% porosity) 3D scaffolds. This scaffold exhibited excellent porosity, suitable pore sizes, and
high levels of pore interconnectivity, as well as optimal mechanical properties and appropriate
moisture contents. The P. purpureum/PLA scaffolds exhibited excellent morphologies and
structures, and the filler was evenly distributed within them. The pore sizes of the scaffolds
ranged from 69―215 µm. The surface roughness of the scaffolds is increased with the
incorporation of the P. Purpureum into the PLA matrix. The biocomposite scaffolds exhibited
increased surface roughness compared with that of the pure PLA scaffold. Following
implantation, this shall contribute to cell attachment, proliferation, and even ECM growth. The
TGA performed on the synthesised scaffolds showed that both the decomposition temperature
and the amount of final residue increased as the P. purpureum content of the scaffold increased.
The mechanical properties of the PLA and P. purpureum biocomposite scaffolds are promising.
The addition of P. purpureum enhanced the mechanical performance of the scaffolds; the

compression modulus of PLA-PP30 increased from 1.73 to 5.25 MPa with an addition of 30 wt%
P. purpureum filler. In tissue engineering, this value is considered the maximum required for
natural cartilage. Moreover, the moisture content had little influence on the mechanical
behaviour of the scaffolds. Amongst all the samples, the PLA-PP30 scaffold had the highest
moisture content, 1.20%. These results demonstrate that tissue engineering scaffolds could
potentially be developed via the incorporation of P. purpureum fibres into PLA matrix hence be
used as biocompatible scaffolds for cartilage tissue engineering.
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