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Abstract: In this study, we aimed to prepare and characterise hydrogel formulations using cellulose
nanocrystals (CNCs), alginate (Alg), and polyethylene glycol diacrylate (PEGDA). The CNC/Alg/PEGDA
formulations were formed using a double network crosslinking approach. Firstly, CNC was extracted
from oil palm trunk, and the size and morphology of the CNCs were characterised using TEM analysis.
Secondly, different formulations were prepared using CNCs, Alg, and PEGDA. The mixtures were
crosslinked with Ca®* ions and manually extruded using a syringe before being subjected to UV
irradiation at 365 nm. The shear-thinning properties of the formulations were tested prior to any
crosslinking, while the determination of storage and loss modulus was conducted post extrusion after
the Ca?* ion crosslink using a theometer. For the analysis of swelling behaviour, the constructs treated
with UV were immersed in PBS solution (pH 7.4) for 48 h. The morphology of the UV crosslinked
construct was analysed using SEM imaging. The extracted CNC exhibited rod-like structures with
an average diameter and length of around 7 & 2.4 and 113 £ 20.7 nm, respectively. Almost all
CNC/Alg/PEGDA formulations (pre-gel formulation) displayed shear-thinning behaviour with the
power-law index 1 < 1, and the behaviour was more prominent in the 1% [w/v] Alg formulations. The
CNC/Alg/PEGDA with 2.5% and 4% [w/v] Alg displayed a storage modulus dominance over loss
modulus (G’ > G”) which suggests good shape fidelity. After the hydrogel constructs were subjected
to UV treatment at 365 nm, only the F8 construct [4% CNC: 4% Alg: 40% PEGDA] demonstrated
tough and flexible characteristics that possibly mimic the native articular cartilage property due
to a similar water content percentage (79.5%). In addition, the small swelling ratio of 4.877 might
contribute to a minimal change of the 3D construct’s geometry. The hydrogel revealed a rough and
wavy surface, and the pore size ranged from 3 to 20 um. Overall, the presence of CNCs in the double
network hydrogel demonstrated importance and showed positive effects towards the fabrication of a
potentially ideal 3D bioprinted scaffold.

Keywords: cellulose nanocrystals; alginate; polyethylene glycol diacrylate; biomaterials; bioprinting

1. Introduction

The articular cartilage is a specialised connective tissue that provides a low-friction,
lubricated, and load-bearing surface for efficient joint movement. However, its compo-
sitional and structural nature is easily disrupted with overuse, trauma, or degenerative
diseases [1]. Any injury to the articular cartilage can lead to progressive impairment of the
joint structure, which is one of the major causes of joint pain and chronic disability that lasts
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for years [2,3]. Unlike bones, which have the natural ability to heal over time, the articular
cartilage, unfortunately, has a limited capacity for self-repair due to the absence of blood
vessels, making treatment efforts a challenge [1,3]. Current treatments used in clinical
practice include symptomatic and restoration procedures [2,4]. Symptomatic treatments
are generally prescribed painkillers and non-steroidal anti-inflammatory drugs (NSAIDs)
that offer pain relief while restoration treatments utilise surgical approaches which involve
reconstructing the damaged articular cartilage and total joint replacement. However, these
treatments require prolonged rehabilitation and complications can arise, such as donor
shortage and immunologic response associated with these methods [2,4].

Research on tissue-engineered articular cartilage has led to many promising tissue
constructs in vitro, however, phenotypically stable mature chondrocyte cells and func-
tionally equivalent engineered articular cartilage constructs remain elusive and are often
hampered by a limited control over the scaffold structure and mechanical and biological
complexities [2,4]. The emerging three-dimensional (3D) bioprinting technology permits
a superior solution to address cartilage repair limitations. In general, 3D bioprinting is
a subset of 3D printing technology that dispenses bioink by fabricating 3D scaffolds in a
layer-by-layer manner. This technique allows the 3D scaffolds to mimic the native architec-
ture of the cartilage which allows better cell-to-cell communication [5]. There are different
kinds of bioprinting setup including extrusion-based, particle fusion-based, light-induced,
and inkjet-based [5,6]. The bioink consists of a selection of suitable biomaterials and living
cells that can promote tissue regeneration [6]. The selection of an ideal bioink is important
in order to maintain the articular cartilage tissue’s organised architecture. An ideal bioink
should satisfy certain requirements, such as good mechanical properties, printability, and
bio-compatibility [7]. The challenge lies in formulating a bioink that meets all these require-
ments. For bioinks used in cartilage bioprinting, the bioink needs to be tough and load
bearing while also having elastic tendencies [8].

There are two main groups of biomaterials: namely, natural polymers and synthetic
polymers which are usually used in bioink formulations. Natural polymers such as alginate
have been used extensively in regenerative medicine due to its intrinsic properties that
are akin to human tissues [9]. Alginate also has a unique sol/gel transition that allows the
conversion between semisolid and solid state, which is highly favourable in bioprinting
applications [10]. However, despite its promising features, alginate possesses several
disadvantages that limit its use in 3D bioprinting. Some of the major concerns include
being mechanically weak, having poor stability, and lacking the capability to adhere to
mammalian cells [11]. Alginate can form a hydrogel via ionic crosslinking with cations like
Ca?* to improve its mechanical strength and stability. However, this physical crosslinking
is unstable and not long lasting as the crosslinked alginate hydrogels can be reversed
and eventually cause the alginate hydrogel to disintegrate due to the displacement of the
divalent cations (Ca%*) by the monovalent cations (Na*) which are normally present in the
culture medium [12]. This drawback can be overcome by the addition of other biomaterials
as a reinforcing agent and the introduction of a secondary crosslinking mechanism via
chemical crosslinking which will give rise to a more stable hydrogel [13].

The mechanical properties of alginate hydrogel can be improved by the addition of
cellulose nanocrystals (CNCs) as a reinforcement material [14]. In general, CNCs have
many unique properties that are highly desirable in biomedical applications. Some of which
include its high aspect ratio, availability, abundance in nature, and sustainability [15]. In
3D bioprinting applications, CNCs are often used as rheological modifiers and reinforcing
agents for hydrogels due to their high crystallinity [14]. Several studies report that the
addition of nanocellulose greatly improved the printability of alginate-based hydrogels [16-18].
During the extrusion process, it was also reported that the printed structures not only
retained their shape with minimal spreading but also had improved geometries [19,20].
While the addition of CNCs as a reinforcing agent improves the strength and printability of
hydrogels, a stronger support system is required to produce a tough and flexible hydrogel
that can mimic the native articular cartilage [21].
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The introduction of a second network can help to achieve this requirement. This
technique is also known as the double network (DN) system [21,22]. A double network
hydrogel improves the mechanical properties due to the presence of interpenetrating net-
works, which is a desirable property for cartilage bioprinting applications [13]. Double
network hydrogels are currently studied with the intention to overcome the limitation
of weak and brittle hydrogels. A study done by Hong et al. confirmed this hypothesis
by successfully forming highly stretchable and tough double network hydrogels for 3D
bioprinting [21]. Synthetic polymers like polyethylene glycol diacrylate (PEGDA) can
be combined with natural polymers to form a double network hydrogel through pho-
topolymerization. Several literatures have reported good cell viability while using low
concentrations (ranging from 0.01% to 0.1%) of Irgacure 2959 (I-2959) and short UV expo-
sure times (ranging from 1 to 10 min) in their study [3,23-25]. Cui et al. also reported the
promising cell viability of human articular chondrocytes in their photopolymerised bioink
with a cell viability of 63.2 + 9.0% in the post printing polymerisation which increased to
89.2 &+ 3.6% when simultaneous polymerisation was applied [3]. Irgacure 2959 has been the
photoinitiator of choice as it is the least toxic among other photoinitiators (Irgacure 184 and
Irgacure 651) and causes minimal cell death when tested over a broad range of mammalian
cell types [24]. PEGDA is widely recognised as a successful scaffolding material in tissue
engineering due to its biocompatibility and low immunogenicity [26]. PEGDA-based hy-
drogels are also resistant to protein adhesion, making them ideal scaffolds that can promote
cell growth and differentiation towards the formation of tissues [27].

Hence, this study attempted to produce bioink using different concentration of CNC,
Alg, and PEGDA and to utilise the double network crosslinking technique that may satisfy
the requirement for cartilage bioprinting.

2. Materials and Methods
2.1. Materials

Sodium alginate, calcium sulphate, and polyethylene glycol diacrylate (PEGDA) with
a molecular weight of (Mn) 700 g/mol, and phosphate-buffered saline were purchased
from Sigma Aldrich (St. Louis, MO, USA). Photoinitiator 2-Hydroxy-4'-(2-hydroxyethoxy)-
2-methylpropiophenone (Irgacure 2959) was purchased from PENCHEM (Simpang Ampat,
Penang, Malaysia). Glacial acetic acid, ethanol, toluene, potassium hydroxide, and sulfuric
acid were purchased from QRéC (Rawang, Selangor, Malaysia). Sodium chlorite was
purchased from Acros Organics (Fair Lawn, NJ, USA). The oil palm trunk fibres were
provided by the School of Industrial Technology, USM, Penang Malaysia. All chemicals
were used as received.

2.2. Isolation and Extraction of Cellulose Nanocrystal

The extraction of the cellulose nanocrystal was carried out using the acid hydrolysis
procedure as described in references [28,29] with slight modifications. Firstly, raw oil
palm trunk fibres were ground into fine powder using the Riken grinder with a 1.5 mm
filter screen. The fibre extractives were dewaxed for 4 h through the Soxhlet extraction
method using ethanol/toluene [2:1 (v/v)] and were dried overnight in the oven at 40 °C.
Secondly, about 20 g of the dried fibre sample was bleached in a sodium chlorite (NaClO,)
solution under an acidic condition (10% acetic acid solution) at 70 °C under agitation of
70 rpm in a water bath incubator shaker for 1 h, and this step was repeated 4 times. The
bleached fibres were washed vigorously with dH,O until the fibres change to a white
colour. The hemicelluloses region of the fibres was eliminated by soaking the fibres in
6 wt% potassium hydroxide (KOH) for one day at 4 °C. Then, the fibres were repeatedly
washed with dH,O to neutralize the pH of the samples and were further processed using
the acid-hydrolysis technique. About 210 mL of sulfuric acid solution (64%; H,SOy4) was
added to the sample and was agitated at 45 °C for 1 h. Subsequently, about 400 mL of cold
water was added to the hydrolysed cellulose fibres, followed by washing and rinsing using
dH,O at least 15 times. Any residual sulfuric acid was further eliminated by subjecting it
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to a dialysis process for at least 3 days in order to neutralise the pH. The samples were then
homogenised and sonicated before being subjected to a freeze-dried process. The dried
CNC was stored at RT until further use.

Characterisation Using TEM Analysis

The structure and size of the CNCs were observed using transmission electron mi-
croscopy (TEM) (EFTEM Libra 120, Carl Zeiss, Germany). This analysis was conducted at
the Electron Microscopy Unit, School of Biological Sciences, Universiti Sains Malaysia. The
measurement of the CNCs was done using Image]J software (Version 1.53) and the average
value of the data was reported.

2.3. Preparation and Formulation of CNC/Alg/PEGDA Scaffolds

About nine formulations were prepared by mixing different concentrations of CNC [2%
& 4%; (w/v)], Alg [1%, 2.5% & 4% (w/v)], and PEGDA; MW:700 g/mol [10% & 40% (v/v)]
as listed in Table 1. Firstly, an equal volume of CNC and PEGDA solutions were mixed
well using a magnetic stirrer. The Alg solution was then added into the CNC/PEGDA
mixture and mixed well using a magnetic stirrer to form a homogenous CNC/Alg/PEGDA
pre-gel mixture (Figure 1A). Secondly, 0.05% (w/v) photoinitiator I-2959 and 1% (w/v)
CaSO,4 were added to the mixture solution to form a soft gel (Figure 1B). The schematic
illustration of the preparation, crosslinking, and extrusion process is shown in Figure 2. The
CNC/Alg/PEGDA mixture was loaded into a 5 mL syringe and allowed to stand for about
10 min to allow the crosslinking process. Subsequently, the CNC/Alg/PEGDA mixture
was extruded manually into a glass mould (Figure 2B). Finally, after the extrusion was
completed, the construct was irradiated using UV irradiation at 365 nm with a portable UV
lamp for about 10 min before being rinsed with dH,O to remove any excess crosslinkers
(Figure 2C).

Table 1. CNC/Alg/PEGDA formulations.

Formulation CNC% (w/v) Alg% (wlv) PEGDA% (v/v)
F1 0 1 10
F2 4 1 10
F3 0 1 40
F4 4 1 40
F5 0 4 10
F6 4 4 10
F7 0 4 40
F8 4 4 40
F9 2 2.5 25

Figure 1. CNC/Alg/PEGDA pre-gel formulation in liquid form (A), and CNC/Alg/PEGDA gelled
formulation after the addition of CaSOy (B).
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Figure 2. Schematic illustration of the manual extrusion process of CNC/Alg/PEGDA formulations.
The important process includes (A) pre-gel formulation preparation, (B) extrusion of hydrogel into a
glass mould, and (C) construct treated with UV irradiation at 365 nm post extrusion.

2.4. Rheological Analysis of CNC/Alg/PEGDA Formulations

The rheology analysis was carried out at the School of Materials and Mineral Resources
Engineering, USM. The analysis was carried out using Anton Paar MCR 301 with cone-plate
(CP25-2, diameter of 25 mm, angle of 2° and gap width of 104 pm). All measurements
were conducted in triplicate at RT. Steady-state shear rate viscosity of the selected pre-gel
formulations (without the presence of any crosslinkers) was conducted over a range of
shear rate of 10 to 1000 s~!. The CNC/Alg/PEGDA formulations were crosslinked with
CaSO; prior to oscillation frequency measurements. A minute amount of the gelled sample
was extruded onto the plate of the rheometer. Oscillation amplitude sweeps were first
performed to determine the linear viscoelastic region (LVR) from 0.1 to 100% at a fixed
frequency of 1 Hz (Figures S1-54). From the LVR, a strain of 0.1% was chosen as it was found
to be within the LVR for all the gelled formulations. The oscillation frequency measurements
were then performed at a frequency range of 1 to 100 Hz using the 0.1% strain.

2.5. Compression Tests of Mechanical Properties of CNC/Alg/PEGDA Construct

The mechanical properties of the constructs post extrusion with UV treatment were
manually tested. This technique was adopted from the method reported in reference [30]
with some modifications. About 1 mL of the gelled CNC/Alg/PEGDA formulations was
extruded into the glass mould (Figure 3B) and irradiated using a portable UV lamp of
365 nm for 10 min (Figure 3C). The post UV crosslinked constructs were removed using
a small spatula. The constructs were then compressed by applying some force using a
universal glass bottle filled with water and released shortly after. The condition of the
constructs before and after compression was observed.
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Figure 3. CNC/Alg/PEGDA gelled formulation extruded into glass mould (A), gelled
CNC/Alg/PEGDA formulation in glass mould (B), UV irradiation using portable UV lamp with
365 nm (C), UV irradiation process carried out covered with a box (D), and CNC/Alg/PEGDA
constructs post UV irradiation (E).

2.6. Swelling Studies of CNC/Alg/PEGDA Constructs

CNC/Alg/PEGDA hydrogel constructs post UV irradiation were first air-dried at RT
for 72 h to obtain the dry weight. Then, the dried constructs were immersed in PBS solution,
pH of 7.4 for 48 h, and the swollen constructs were weighed. PBS solution was used as it
has physiological conditions that are isotonic and non-toxic to cells and tissues. Any excess
water on the sample surface was removed using filter paper. The water content (M) and
equilibrium mass swelling ratio (Q) of the constructs were determined by the equations
shown in (1) and (2), respectively:

Water content(M) = w x 100% 1)
S
) ‘ W
Mass swelling ratio(Q) = — (2)
Wi

where W and W; represent the weight of the constructs after equilibrium swelling in the
PBS solution and the dry weight of the constructs, respectively (2). The swelling studies
were conducted in triplicates.

2.7. Morphology of CNC/Alg/PEGDA 3D Constructs

The 3D internal structure of CNC/Alg/PEGDA (F8: [4% CNC: 4% Alg: 40% PEGDA])
was examined using a field emission scanning electron microscope (FESEM, ZeissSupra
55 VP). Upon crosslinking with CaSOj, the hydrogel sample was extruded into a glass
mould and irradiated with UV at 365 nm for 10 min. The UV crosslinked construct was
then removed from the glass mould and sliced into small pieces and subsequently frozen
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at —80 °C and freeze-dried. The freeze-dried samples were then placed in a sputter coater,
and the sample surface was coated with gold for FESEM observation. The morphology
of the construct porosity was observed, and the pore size was measured using Image]J
Software.

3. Results and Discussion
3.1. Yield and Properties of Cellulose Nanocrystrals

In this study, the yield of cellulose nanocrystals (CNC) extracted from oil palm trunk
(OPT) is approximately 34%. The yield was within the expected efficiency range of 21-44%
when a high sulfuric acid concentration (64-65%) was used [29,31,32]. Despite the lower
yield, acid hydrolysis is a commonly used method for CNC extraction as CNCs with a
higher stability and pure crystalline region can be obtained [32,33]. Figure 4 presents the
TEM image of the CNC after the extraction process. The CNC exhibited typical rod-like
structures with an average diameter and length of around 7 & 2.4 and 113 £ 20.7 nm,
respectively. Generally, CNCs have a broad distribution of geometric dimensions, and the
size of nanocrystals are varied, with a diameter of around 2-20 nm and a length of around
100-600 nm [33,34] depending on the preparation methods and the cellulose source.

Figure 4. TEM image of CNC extracted from oil palm trunk (OPT) after acid hydrolysis treatment
with magnification of (A) 40,000 x and (B) 20,000 x.



Appl. Sci. 2022,12,771

8 of 15

3.2. Rheological Analysis of CNC/Alg/PEGDA Formulations
3.2.1. Shear-Thinning Properties of Pre-Gel Formulations

As seen in Table 2, the power-law index () and consistency index (K) shows the
prediction of the extrusion behaviour of the pre-gel formulations. When the power-law
index isn < 1, the fluid displays shear-thinning properties whereas when n = 1, the fluid
displays Newtonian behaviour. The results revealed that pre-gel formulation without
CNCs displayed near Newtonian behaviour, showing very limited to no shear-thinning
behaviour over the range of shear rates. However, it was observed that the addition of
CNCs in the Alg/PEGDA pre-gel formulations reduced the power-law index, 1), indicating
shear-thinning property. In Figures 5 and 6, the pre-gel formulations with the presence of
CNC [F2, F4, F6, F8, and F9] mostly showed shear-thinning behaviours where the viscosity
decreased with increasing shear rate. Shear-thinning property is required in extrusion
bioprinting as it improves the printability of the bioink by reducing flow resistance through
the disturbance of the crosslinked systems [13]. Additionally, the liquid-like state of the
bioink generated during the extrusion process at a high shear rate could shield the cells
from any shear stress [13,35]. Interestingly, at low Alg concentrations [1% (w/v)], the shear-
thinning behaviour of the CNC/Alg/PEGDA pre-gel formulations is more pronounced
than at high Alg concentrations [2.5 and 4% (w/v)]. This observation suggests that the
increase in the Alg concentration might hinder the effect of CNCs within the hydrogel
network. Hence, this finding highlights the importance of CNC in the formulation, as it
could improve the shear-thinning property. This result is also in agreement with other
studies; Refs. [18,20,36] reported that the addition of nanocellulose in the bioink increased
shear-thinning behaviour.

Table 2. Power-law index (1)) and consistency index (K) for the different CNC/Alg/PEGDA pre-gel
formulations.

Formulation CNC Alginate PEGDA Power-Law Consistency
(% wlv) (% wlv) (% vlv) Index () Index, K (Pa)
1 0 1 10 0.916 0.0094
2 4 1 10 0.645 0.2135
3 0 1 40 0.912 0.0157
4 4 1 40 0.054 13.15
5 0 4 10 0.913 0.0183
6 4 4 10 0.861 0.0863
7 0 4 40 0.696 1.4541
8 4 4 40 0.747 0.4719
9 2 25 25 0.744 0.0805
10
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Figure 5. Flow curves of four different CNC/Alg/PEGDA pre-gel formulations indicating shear-
thinning properties: (®) F4: [4% CNC: 1% Alg: 40% PEGDA]; (A) F2: [4% CNC: 1% Alg: 10% PEGDA];
(@) F3: [1% Alg: 40% PEGDA]J; and (A) F1: [1% Alg: 10% PEGDA]. Data points represent actual data,
and lines are power-law model fits.
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Figure 6. Flow curves of five different CNC/Alg/PEGDA pre-gel formulations indicating shear-
thinning properties: (W) F7: [4% Alg: 40% PEGDA; (M) F8: [4% CNC: 4% Alg: 40% PEGDA];
(®) F6: [4% CNC: 4% Alg: 10% PEGDA]; (®) F9: [2% CNC: 2.5% Alg: 25% PEGDA];
and (@) F5: [4% Alg: 10% PEGDA]. Data points represent actual data, and lines are power-law
model fits.

On the other hand, the flow curve for F7 [4% Alg: 40% PEGDA] displayed shear-
thinning property even without the addition of CNCs. This may be due to the unique
interaction and entanglement between Alg and PEGDA at these particular concentrations
which makes them easier to be aligned under high shear rates [22].

3.2.2. Determination of Storage and Loss Moduli of CNC/Alg/PEGDA Gelled Formulations

The determination of the storage and the loss modulus of the Ca?* gelled formula-
tions was conducted post extrusion and revealed that only F6, F7, F8, and F9 could be
detected by the rheometer (2.5 and 4% [w/v] Alg). While the remaining formulations with
1% [w/v] Alg concentration (F1 to F5) were unable to be detected, possibly due to their
weak structures. Figure 7 presents the storage and loss modulus values of the different
gelled formulations. The dominance of the storage modulus (G’) over the loss modulus
(G”) value (G” > G”) suggests that the tested formulation displayed a continuous firm
solid-gel network. Furthermore, no crossover could be observed between the storage and
loss modulus at any point of the frequency range. This consistency suggests that the gelled
formulations are able to retain their shapes with good shape fidelity post extrusion [37,38].
It is important to note that bioinks with good shape fidelity will contribute to high accuracy
and resolution of a printed scaffold. This finding also corroborated that the addition of
CNC has a positive effect on the shape fidelity of the gelled formulations, probably due to
the increased interactions between the hydrogel networks [16,18].
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Figure 7. Determination of storage modulus, G’ (square symbol), and loss modulus, G” (triangle
symbol), of four gelled formulations; F6: [4% CNC: 4% Alg: 10% PEGDA]; F7: [4% Alg: 40% PEGDA];
F8: [4% CNC: 4% Alg: 40% PEGDA]; and F9: [2% CNC:2.5% Alg:25% PEGDA].

3.3. CNC/Alg/PEGDA Scaffold
3.3.1. Physical Characteristics and Elastic-like Structure of CNC/Alg/PEGDA Scaffold

Upon manual extrusion and double crosslinking treatment using ionic (Ca?*) and UV
irradiation at 365 nm, the physical characteristics of the CNC/Alg/PEGDA formulations
were observed. Only one formulation, F8 [4% CNC: 4% Alg: 40% PEGDA], satisfied the
requirement for cartilage bioprinting. As observed in Figure 8, the construct with the
presence of CNCs (F8) appeared as spongy and elastic-like. In fact, this formulation was
able to recover to its original shape after it had been compressed (Figure 9). In contrast,
the formulation without CNCs, F7 [4% Alg: 40% PEGDA], appeared to be rigid and
brittle. Moreover, when subjected to the compression test, it easily broke. Hence, it was
corroborated that the presence of CNCs resulted in a firm and flexible construct. This may
be attributed to the distribution of the CNCs within the hydrogel network that creates a
structured space between the crosslinked polymers, preventing the formation of a dense
and tight network [39]. Furthermore, a well-distributed network within the hydrogel
increases the tendency of the construct to be less brittle and become more elastic [40]. This
result is consistent with other studies that reported that nanocellulose greatly affects the
compression modulus of a hydrogel [41]. This characteristic is favourable for soft tissue
engineering since it mimics the elastic properties of the native soft tissue.

Figure 8. The physical appearance of construct F8 [4% CNC: 4% Alg: 40% PEGDA].
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Release

Figure 9. Observation of the elastic-like structure of the construct F8 [4% CNC: 4% Alg: 40% PEGDA]
by manual compression test.

3.3.2. Swelling Properties of CNC/Alg/PEGDA Constructs

When immersed in PBS solution (pH 7.4) for 48 h, all the constructs remained stable
and did not degrade until they reached the swelling equilibrium. This suggests that the
double network (DN) approach contributes to good structural stability as the structure was
retained even after immersion in the buffer medium. This observation provides information
on the construct’s behaviour in a buffer medium. It is an important requirement for scaffolds
to maintain their shapes in culture medium where the cells will grow and take over the
scaffold [42].

As presented in Table 3, when the concentration of Alg and PEGDA in the formulations
increased, the equilibrium water content and swelling ratio decreased; noting that there
is an increase in crosslinking within the hydrogel network [43]. This phenomenon might
be due to the reduction of empty spaces within the hydrogel network which could lower
the water absorbance capability. This finding also suggests a strong interaction between
Alg and PEGDA since no obvious differences were observed when CNC was added. Since
there is a limited amount of information on the crosslinking and interactions between CNC,
Alg, and PEGDA, further research on this interaction needs to be conducted.

Table 3. Water Content and Swelling Ratio of CNC/Alg/PEGDA 3D construct.

Formulation CNC Alg PEGDA Equilibrium Equilibrium
(% wlv) (% wlv) (% vlv) Water Content (%)  Swelling Ratio
! 0 1 10 95.8 25.37
2 4 1 10 91.9 12.30
3 0 1 40 85.1 7.43
4 4 1 40 86.9 7.62
5 0 4 10 823 5.67
6 4 4 10 84.0 6.25
7 0 4 40 80.2 532
8 4 4 40 79.5 488
9 2 25 25 86.1 7.23

In general, high water content is common in hydrogel due to its biomimicry prop-
erty [44]. However, hydrogel with a water content greater than 90% is very weak and has
a limited practical application in tissue engineering [45]. Due to this reason, a suitable
formulation is crucial to balance between sufficient water content and mechanical strength.
Therefore, only the F8 construct [4% CNC: 4% Alg: 40% PEGDA] showed both preferred
characteristics. F8 has a water content of 79.5%, which is similar to the water content
percentage in native articular cartilage: 78-80% [3,46]. Hence, F8 can possibly mimic the
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properties of native articular cartilage and can also provide load support at optimum
hydration levels [47]. In addition, it showed a small swelling ratio, 4.877, which is preferred
in bioprinting application since the swelling ratio affects the geometry of the construct [48].
A minimal change in the geometry of the printed 3D construct is expected from a small
swelling ratio.

3.3.3. Morphology of CNC/Alg/PEGDA 3D Constructs

The SEM micrographs show the morphology of the F8 [4% CNC: 4% Alg: 40% PEGDA]
construct. The CNCs indicated by the arrows are attached to the hydrogel surface, resulting
in an entangled network (Figure 10A). This unique entanglement seems to have a positive
effect on the toughness and flexibility of the construct. The SEM micrographs also show
that the hydrogel has a rough and wavy surface which indicates a tough network [49]. A
rough surface is also more favourable for cell growth and attachment as it has a closer
resemblance to the native tissue. According to a study done by Hatano et al., osteoblast
cells effectively attached and increased proliferation and differentiation on rough surfaces
as compared to smooth surfaces [50]. The pores within the CNC/Alg/PEGDA construct
ranged from 3 to 20 pum. The presence of pores within a scaffold is important to encourage
cell proliferation and to promote the transport of gases and nutrients to the cells [51].
Upon further magnification (801 x), the SEM micrographs reveal a close-up view of the
pores which have irregular oblong shapes as opposed to the conventional circular shape
(Figure 10B). This observation indicates that there was shrinkage of the hydrogel leading to
the distortion of the pore structures. According to previous studies, drying the hydrogel
samples using liquid nitrogen before freeze-drying, also known as the cryo-fixing approach,
for sample drying preparation is more favourable for maintaining the native structure
of the hydrogel sample and, thus, should be taken into consideration for future SEM
analysis [52,53].

(I I I U I A A |
50.0um

(A) (B)

Figure 10. Scanning electron micrographs of freeze-dried F8 [4% CNC: 4% Alg: 40% PEGDA]
construct at magnification of (A) 100 x and (B) 801x. CNC fibres indicated with arrows.

4. Conclusions

In this preliminary study, we successfully produced different formulations using
CNC, Alg, and PEGDA for bioprinting applications. CNCs extracted from oil palm trunk
exhibited a typical rod-like structure with an average diameter and length of around 7 £+ 2.4
and 113 &+ 20.7 nm, respectively. Almost all the pre-gel formulations of CNC/Alg/PEGDA
displayed shear-thinning behaviour, most prominently in 1% [w/v] Alg formulations with
power-law index 1 < 1. For post extrusion gelled formulations, CNC/Alg/PEGDA with
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2.5% and 4% [w/v] Alg showed storage modulus dominance over loss modulus (G’ > G”)
suggesting a good shape fidelity. After the constructs were subjected to UV treatment at
365 nm, only the F8 construct [4% CNC: 4% Alg: 40% PEGDA] demonstrated the tough and
flexible characteristics that are favourable for cartilage bioprinting. It can possibly mimic
the properties of the native articular cartilage due to a similar water content percentage
(79.5%) and the small swelling ratio (4.877) that might contribute to a minimal change
of the 3D construct geometry. From the SEM analysis, the UV crosslinked constructs
revealed a rough and wavy surface, and the pore size ranged from 3 to 20 um. Overall,
the presence of CNCs in the double network hydrogel is seemingly important and shows
positive effects towards the fabrication of a potential bioink. However, further analysis on
the CNC/Alg/PEGDA formulation, such as biocompatibility and cytotoxicity, printability
using a 3D bioprinter, and the degradation properties, should be evaluated to make a
conclusive stand on its suitability as a bioink for cartilage bioprinting applications.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/app12020771/s1, Figure S1: Oscillation amplitude sweep (0.1-100%) of F6: [4% CNC: 4% Alg:
10% PEGDA] hydrogel with a fixed frequency of 1 Hz. Figure S2: Oscillation amplitude sweep
(0.1-100%) of F7: [4% Alg: 40% PEGDA] hydrogel with a fixed frequency of 1 Hz.
Figure S3: Oscillation amplitude sweep (0.1-100%) of F8: [4% CNC: 4% Alg: 40% PEGDA] hy-
drogel with a fixed frequency of 1 Hz. Figure S4: Oscillation amplitude sweep (0.1-100%) of F9:
[2% CNC: 2.5% Alg: 25% PEGDA] hydrogel with a fixed frequency of 1 Hz
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