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Biomimetic Growth of Hydroxyapatite on Kenaf Fibers

Saiful Izwan Abd Razak,*** 1zzati Fatimah Wahab,” Mohammed Rafig Abdul Kadir,?
Ahmad Zahran Md Khudzari,**Abdul Halim Mohd Y usof,® Farah Nuruljannah Dahli,°
Nadirul Hasraf Mat Nayan, and T. Joseph Sahaya Anand ®

Biomimetic hydroxyapatite (HA) growth on mercerized kenaf fiber (KF)
was achieved by immersion in a simulated body fluid (SBF) solution with
the addition of a chelating agent. An electron micrograph revealed uniform
HA layers on the KF within 14 days of immersion with significant vibrational
peaks of HA components. The tensile tests showed no significant drops in
the unit break of the modified fibers. This new bone-like apatite coating on
KF can be useful in the field of bone tissue engineering. The key motivation
for this new approach was that it utilizes the abundantly available kenaf
plant resource as the biobased template.
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INTRODUCTION

Bone tissue engineering aims to induce new functional bone regeneration via the
synergistic combination of biomaterials, cells, and factor therapy with the ultimate goal of
creating bone grafts that enhance bone repair and regeneration (Amini et al. 2012). Natural
bone is a composite material composed of a collagen matrix reinforced with hydroxyapatite
(HA) crystals. Forming an HA coating via a biomimetic route (immersion in simulated
body fluid (SBF)) can be considered a moderate way to grow an apatite layer on a substrate
(Sukhorukova et al. 2015). Bioactivity of artificial bone material in-vitro can be evaluated
through utilization of this method because its composition is very close to that of human
blood plasma. The HA grown using this method is similar to the human bone mineral,
which is why it is often called bone-like apatite (An et al. 2015). The most commonly
explored porous bone scaffold materials include bioceramics and bioactive glass (Chen et
al. 2013; Chen et al. 2014) and polymers (Owen et al. 2016). Plus there are many kinds of
biocompatible materials have been used to guide mineralization of HA to make them
suitable as bone repair materials, including ceramics (Dai et al. 2015), metallics (Wang et
al. 2015), polymeric materials (Huang et al. 2015), and their composites (Guo et al. 2015),
cellulose (Li et al. 2012; Morimune-Moriya et al. 2015), and collagen (Tomoaia and Pasca
2015).

Kenaf (Hibiscus cannabinus L., Malvaceae) is a warm, seasonal, annual, fiber crop.
Itis a fiber plant native to east central Africa, where it has been grown for several thousand
years for food and fiber. In Malaysia, kenaf is treated as a renewable commodity that can
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be transformed into a new source of growth to diversify the country’s commodities sector.
The Malaysian government established the National Kenaf and Tobacco Board in 2009 to
implement policies and developmental agendas to ensure the viability of the kenaf industry
(Juliana et al. 2012). The chemical content of kenaf fiber is given in Table 1 (Wambua et
al. 2003). Various applications have been explored to utilize kenaf fiber (KF), including
using it as an adsorbent material (Zaini and Kamarudin 2014), for feedstock (Saba et al.
2015), insulation board (Fernando et al. 2015), and paper (Gao et al. 2015); and as
reinforcement in polymer composites (Razak et al. 2013). In light of the fact that kenaf is
abundant and useful, it is interesting to explore the potential use of kenaf as a bone repair
material.

Table 1. Chemical composition of KF

Chemical composition %
Cellulose 69

Lignin 3
Hemicellulose 27

Ash 1

Lignocellulose- and cellulose-based materials have no ability to form HA or can be
regarded as non-bioactive because their surface functional groups primarily consist of OH.
The absence of net charge is not favourable for any HA growth. Therefore, the use of a
chelating agent that can bind the metal ions during the SBF immersion is vital (Zollfrank
etal. 2012). Citric acid is a strong chelating agent for bonding calcium ions to its carboxylic
groups; it promotes HA nucleation in a 1.5 SBF solution (Rhee and Tanaka 2000; Sanchez-
Ferrero et al. 2015) and exists in its citrate form in fresh bone (Costello et al. 2014).

The reasoning behind lignocellulosic fibers such as KF being selected for use as
supporting scaffolds is their abundance and renewability (Gan et al. 2015), good
mechanical properties (Fiore et al. 2015), biodegradability (Won et al. 2014), negligible to
foreign body, and inflammatory response reactions (Kulma et al. 2015). Furthermore there
are reports showing enhanced osteoblast cell attachment on mineralized electrospun pure
cellulose surface (Rodriguez et al. 2011, 2014).

To date, there are limited studies focusing on the biomimetic growth of HA on
natural fibers using SBF and, in particular, KF. Therefore, the main goal was to grow HA
on KF using SBF with the addition of citric acid. It is expected that the KF could be
modified to be bioactive using a chelating agent, which would promote growth of HA
crystals during the SBF immersion. Prior to SBF immersion, the KF was treated using a
conventional mercerization process.

EXPERIMENTAL

Mercerization of KF

Raw untreated kenaf bast fibers (KF) (Everise Crimson (M) Sdn. Bhd., Malaysia)
were mercerized using a 6 wt.% NaOH solution. This NaOH concentration was chosen
based on optimum mercerization concentration of KF toward its unit break properties
(Edeerozey et al. 2007). The small bundle of KF was cut approximately 60 mm in length
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and soaked in the NaOH solution for 3 h at 95 °C. Then, the mercerized KF were rinsed
thoroughly to obtain a pH of 7 and later dried for 24 h at 90 °C.

Preparation of SBF Solution

Table 2 compares the ion concentration of human blood plasma, SBF, and 1.5 SBF.
A 1.5 SBF solution (1.5 times higher ion concentration than the SBF) was prepared by
dissolving reagent-grade NaCl, NaHCOs, KCI, K2HPO4-3H20, MgCl2-:6H20, CaClz, and
Naz2SOs4 in ion exchanged distilled water according to Table 1.

The solution was buffered at a pH of 7.4 with tris(hydroxymethyl) aminomethane
at 37% (HCI) at 36.5 °C. Citric acid (Sigma) was dissolved into the 1.5 SBF solution to
provide a concentration of 1mM, and the pH was readjusted with tris(hydroxymethyl)
aminomethane to 7.4 (Rhee and Tanaka 2000; Kokubo and Takadama 2006; Li et al. 2012).

Table 2. lon Concentration of Human Blood Plasma, SBF, and 1.5xSBF
Solutions (mM)

Component | Na* K* Ca?" Mg?* Cl HPO3~ | HCO3 S03~

Blood 142 | 50 | 25 15 103 | 1.0 27 05
plasma

SBF 142 5.0 2.5 1.0 126 1.0 10 1.0

1.5 SBF 213 7.5 3.75 1.0 189 15 15 1.5

Growth of HA

Kenaf fibers (2 g) were immersed in 30 mL of prepared 1.5 SBF solution with and
without the addition of citric acid. The containers were placed in a covered water bath at a
controlled temperature of 37 °C. The immersed KF were then collected at intervals of 7
and 14 d to evaluate the HA growth and later dried for 24 h at room temperature.

Characterization

Scanning electron microscope (SEM) images were obtained using a Leo Supra
(50VP, Carl Zeiss, Germany) equipped with an energy dispersive X-ray (EDX) system.
Samples were sputter-coated with platinum before SEM observation. Coating thickness of
HA was reported using the difference between average radius of the uncoated KF and
average radius of the KF/HA observed under SEM.

Fourier transform infrared (FTIR) spectra of the samples were obtained using a
Perkin Elmer Spectrum System (2000 FTIR, USA) with a resolution of 4 cm™ averaging
16 scans. Pulverized samples were diluted with KBr powder by one tenth, and the
background was normalized with neat KBr data.

The fiber-bundle tensile tests were performed using a computer controlled Instron
machine (USA) with a crosshead speed of 1 mm/min at a standard laboratory atmosphere
of 23 °C. Samples were cut into 60 mm lengths and separated into individual fiber bundles.
The gauge length was approximately 25 mm. Twenty replications were done for each fiber
type. Diameters of the fibers were taken as an average of three readings along the length
of the fibers. The gripping technique was in accordance with ASTM D3822 (2007). Fibers
were conditioned in an environment with an ambient temperature of 23 °C and a relative
humidity of 30 to 40% for over 24 h prior to tests. The moisture content of the fibers were
approximately 8.5% during the tensile tests.
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RESULTS AND DISCUSSION

Morphological Analysis and EDX

Figure 1a depicts the SEM image of the untreated KF. The image clearly shows
typical surface features of untreated lignocellulosic fibers and the presence of impurities
on the surface of the fiber. Moreover, the majority of the fiber is covered by hemicelluloses
and lignin. Figure 1b reveals the image of the obtained untreated KF after soaking in 1.5
SBF solution at 36.5 °C for seven days. Traces of segregated spherulite were observed on
the fibers. The surface of the native fiber is exposed, with no major crystal deposition.
Untreated lignocellulosic fibers, like KF, contain lignin, which is rich in carboxylic groups.
The carboxylic groups of lignin could form electrostatic interactions between the fibers
and the calcium ions in the solution and then induce the heterogeneous nucleation of HA
(Morimune-Moriya et al. 2015). Because lignin is not a major constituent in KF (3% of KF
(Akil et al. 2011)), the chance for HA nucleation is low. Furthermore, the OH groups of
cellulose are considered to be bio-inert in terms of apatite forming ability because of the
absence of a net charge. It can be seen in Fig. 1c that the mercerized fiber surface is clean,
with no significant impurities. Furthermore, the surface topography reveals the emergence
of the fiber bundle morphology with more exposed OH groups. This is attributable to the
partial removal of surface hemicelluloses and lignin by the mercerization treatment. After
soaking in 1.5 SBF without any citric acid (Fig. 1d) for seven days, no HA crystals were
observed on the mercerized fiber. This indicates that the KF is dominated by the bio-inert
OH groups. With the presence of citric acid during the seven days of SBF soaking (Fig.
le), a large number of HA crystals can be identified on the mercerized fiber. The
microstructures were quite similar to those of HA on bioactive glass (Sola 2011). The
mercerized fiber opened up more OH groups to become exposed to the citric acid for
chelation with Ca ions. A higher magnification (Fig. 1f) reveals that the HA coating
consisted of porous spheroidal formations, which can alternatively be viewed as single
crystalline nano-platelets forming spheroid aggregates. Fourteen days of SBF soaking
(Figs. 2g and 2h) with citric acid, however, induced more uniform HA crystal layers on the
KF. The HA cannot move freely, as they are bound to the fiber, which acts as a supporting
scaffold for the HA. It is clear that the surface groups of the KF relates to the growth of the
HA compound. Seven days of soaking in SBF with the addition of citric acid yielded
porous spheroids. Once the initial layer has been formed, further growth of HA surrounds
the KF. The Ca/P ratio of the sample (Table 2) revealed that the apatite had a higher
percentage of calcium after seven days of incubation and a higher amount of phosphate
after fourteen days of incubation.

Table 2. Particle Size, Coating Thickness, and Ca/P Ratio of KF Determined by
EDX

Sample Particle size Coating Ca/P

(um) thickness (um) ratio

Untreated KF-SBF 1-2 Scattered N/A

Mercerized KF-SBF without citric N/A N/A N/A

acid

Mercerized KF-SBF with citric acid 1-2 3-4 2.3
for 7d

Mercerized KF-SBF with citric acid Layered 5-6 1.72
for 14 d
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Fig. 1. SEM images of a) untreated KF, b) untreated KF/HA, c) mercerized KF, d) mercerized
KF/HA without citric acid, e-f) mercerized KF/HA with citric acid (7 d), and g-h) mercerized KF/HA
with citric acid (14 d).
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FTIR Spectroscopy

The FTIR spectrum of the control (KF) in Fig. 2a exhibited a band at 3400 cm™,
which represents the intermolecular and intramolecular H bonds of free OH in cellulose.
Figure 2a also displays a C-H stretching peak at 2900 cm, as well as a peak at 1700 cm™?,
which represents the C=0 stretching (acetyl group of hemicellulose and ester linkage of
lignin). These IR vibrations are in agreement with the functional groups of lignocellulosic
fiber. It can be seen in Fig. 2b that mercerization resulted in an increased detection of the
OH band compared to the untreated KF, mostly because more cellulose surfaces were
exposed due to NaOH treatment (Edeerozey et al. 2007).

C-H

% T

without citric acid

with citric acid

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
-1
cm

Fig. 2. FTIR spectra of a) untreated KF b) mercerized KF ¢) mercerized KF/HA-14 days (without
citric acid) d) mercerized KF/HA-14 days (with citric acid).
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Without the addition of citric acid (Fig. 2c), the KF showed no vibrational peaks
resembling those of HA, even after immersion in SBF for fourteen days. This was because
there are no energetically preferential sites for the calcium to bind onto to form and grow
HA nuclei. The sample of mercerized KF with the addition of citric acid during the SBF
immersion (Fig. 2d) revealed several new peaks related to the HA formation. The stretching
modes of phosphate ions were observed at 1050, 605, and 570 cm™. Meanwhile, peaks at
1423 and 880 cm™ represent the out-of-plane stretching mode of carbonate ions (Pylypchuk
et al. 2015). It can be said that the HA crystals that formed on the mercerized KF were
carbonate-containing HA. Reduction of the 3400 and 1700 cm™ peaks signify the surface
of the KF being covered with the HA component.

A schematic of the formation of HA on KF is depicted in Fig. 3. The citric ions (cit)
may bind onto the KF through H bonding, thereby providing binding sites for calcium ions
to chelate with the carboxylate from the citric ions, forming a Ca-cit complex (Rhee and
Tanaka 2000; Cawthray et al. 2015). The 3D Ca-cit complex provides sites for the creation
of clusters of critical size by adsorbing calcium and phosphate. These clusters will then act
as nuclei for the crystal growth of HA, leading to porous spheroidal or layered structures
within seven or fourteen days, respectively.
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Fig. 3. Schematic illustration for the formation of KF/HA

Tensile Tests

Figure 4 shows the effect of HA deposition on the unit break of KF. Mercerization
with NaOH increases the unit break of the KF because of the removal of impurities and the
poor crystalline structure of hemicelluloses and lignin. The HA-coated KF seems to retain
its mechanical integrity. Only a slight reduction in mechanical integrity was observed. It
can be suggested that the deposited HA did not cause any detrimental to the KF and were
able to provide stress transfer during the applied loading. An alkaline treatment increases
the surface roughness of the KF, resulting in better citric acid adsorption on the fiber
surfaces. The grown HA layers can bind onto the KF efficiently using the H bonds, aided
by the citric ions and mechanical interlocking between HA and KF. Though the main
mechanical load for bone is in compression, this type of material can be suitable to be used
at areas where tensional load tend to occur, in areas with a large proportion of cancellous
bone.
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Fig. 4. Unit break of untreated KF, mercerized KF, and mercerized KF soaked in citric acid
containing SBF for 14 d.

CONCLUSIONS

1. Biomimetic growth of HA on mercerized KF was successfully demonstrated by adding
a chelating agent (citric acid) to form a complex on the interface. The presence of citric
acid induced the formation of HA layer on the KF surface after soaking in SBF for
fourteen days with a Ca/P ratio of 1.72. FTIR vibrational peaks revealed good
interaction between the KF and the HA crystals. Furthermore the crystals were
identified to be carbonate-containing HA.

2. Unit break of the KF/HA revealed no significant drop compared to the uncoated KF.
Indicating that the mechanical integrity of the KF was intact after modification. The
ease with which HA is grown, as well as the economic value of KF, present a high
potential for this material to be produced on a large-scale. The main advantage of this
newly developed KF/HA is that the deposition substrate can be easily obtained and kept
cost effective.
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