Bio-activation of Inert pHEMA Matrices with Phosphate Loaded
Cellulose Fibers in Order to Induce Mineralization
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Luffa cylindrica fibers were purified through alkaline treatment and loaded with phosphate as mineral
precursor. Their capacity of acting as bioactivator for an inert polymer was evaluated. In this respect, the
PO - Luffa fibers were loaded in a polymeric matrix known not to promote biomineralization through
immersion in mineralization media. The synthesized materials were subjected to alternative Ca/P baths
and the formation of mineral was investigated through SEM. Also, the mechanical properties and the water

affinity of the un-mineralized and mineralized materials were investigated.
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The increased number of accidents and diseases that
result in bone lost or damage leads to a continuous and
increased need for performant bone grafts [1]. The
development of such materials has been one of the main
research themes for a large number of scientists, and made
the subject of an impressive number of scientific papers. A
simple search on sciencedirect.com using bone and
materials generates almost 500.000 results, of witch over
26.000 were published in 2016 [2]. Even so, the use of iliac
crest bone graft remains the golden standard in bone
grafting [3] and the development of artificial bone graft
represents a remaining challenge. In this respect, several
materials have been used, including metals and metal
alloys [4 - 7], ceramics [8 - 10] and natural or synthetic
polymers [11 - 15]. Recently, composite polymers based
on a polymeric matrix and natural fibers seem to get
increased attention for such application, due to their
capacity to combine the tailorable properties of the
synthetic component with the bioactivity of the natural one
[16 - 18]. Moreover, hydrogel polymers are particularly
appealing due to their water retention ability and implicitly
tunable mechanical properties and capacity to generate
porous scaffolds that resemble the natural extracellular
matrix (ECM) [19].

Poly (2-Hydroxyethyl methacrylate) (pHEMA) is one of
the most used polymers for the generation of hydrogels
with biomedical applications due to its tunable water
affinity, biocompatibility, ease of sterilization and ease of
handling [12, 19-21]. Since pHEMA alone is inert to
biological processes, in bone tissue engineering it is usually
combined with bioactive molecules that are capable to
induce the formation of mineral phase [19, 20].

In this study, Luffa cylindricaloaded with phosphate as
mineral precursor was investigated as a bio-activator for a
pHEMA based hydrogel matrix. Luffa is a tropical forest
plant from the Cucurbitaceous family [18], which is usually
dried and used as an exfoliating bath sponge or inner filler
for filters [17]. The dried plant has a particular architecture,
resembling a fibrous network formed by bundles of
cellulose microfibers gluedtogether by impurities such as
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hemicellulose and lignin [16, 17, 21]. The plants were
investigated for various applications, varying from
construction material [23] or water treatment [24] to anti-
inflammatory component [25] or filler in composite
materials [17].

The present study presents the synthesis of hybrid natural
- synthetic materials based on pHEMA and phosphorus -
loaded Luffa fibers. The capacity of the PO,*~Luffa to act
as a bio-activator for the pHEMA matrix was investigated
by incubating the synthesized materials into alternative Ca/
P baths with the aim of generating the formation of mineral
phase. The water affinity of the synthesized materials and
their mechanical properties were also investigated.

Experimental part
Materials and methods

HEMA, pHEMA (both supplied by Sigma-Aldrich) and
ethylene glycol (EG) (supplied by Alfa Aesar) were used as
such. Ethylene glycol dimethacrylate (EGDMA) was
purchased from Fluka and used as cross linker and
ammonium persulfate (APS) (Sigma Aldrich) was used as
polymerization initiator. Luffa cylindrica was purchased
from pharmacies in Romania where it is sold as bath
sponge and it was purified prior to use with NaOH (Sigma
Aldrich) aqueous solution. Calcium chloride (CaCl,) and
sodium phosphate (Na,HPO,) (Sigma Aldrich) were used
as mineralization precursors.

Luffa fibers preparation

The commercial Luffa was cut and subsequently
grinded in liquid nitrogen until fibers of 1-2 mm were
obtained. The fibers were then purified in an alkaline
solution of NaOH (10% wt/vol.) for 45 min under vigorous
stirring, thoroughly washed with double distilled water
(ddw) and dried at 37°C. In order to be loaded with mineral
precursor, the purified fibers were immersed in a solution
of Na,HPO, (0.5M) for 6h, at room temperature (RT).

Synthesis of the reinforced Luffa-hydrogel composite
The composite materials were obtained through a two-
step procedure: (1) firstly amonomer-polymer system was

http://www.revmaterial eplastice.ro 235



Table 1

THE COMPOSITIONS OF THE SYNTHESIZED

MATERIALS AND CORRESPONDING CODES

i - Luffa loading ratio, % wt j - number of
with respect to HEMA mineralization cycles

0

0 1

3

0

1

Ti-j 30 3
0

40 1

3

0

50 1

3

obtained using a 1:.1 = HEMA: pHEMA (wt) ratio. After the
complete dissolution of the polymer in the monomer at
room temperature, EGDMA (1% molar ratio with respect
to the monomer) and EG (35% vol. ratio with respect to the
liquid component of the system) were added. The
homogenization of the system was performed by intensive
stirring at RT. Subsequently, the polymerization initiator was
added. In this respect, an aqueous solution of APS was
used, the initiator being added in a ratio of 1% with respect
to the C=C links in the system. The final content of water
in the systems was maintained at 10% (vol.). (2) In the
second step of the synthesis, the system obtained as
previously described was loaded with phosphate-loaded
Luffa fibers. The loading ratios (further denoted i) of the
polymer with Luffa are presented in table 1. The
polymerization was performed at 65°C for 30 min, followed
by a post-polymerization stage of 1 h at 80°C. Subsequently,
the samples we thoroughly washed with ddw.

Mineralization of the obtained composite scaffolds

In order to induce the formation of the mineral phase,
the synthesized materials were alternatively immersed in
Ca*/PO,* baths, as described in a previously reported study
[14]. Briefly, the samples were immersed in 0.5M CacCl
solution for 30 min, followed by washing with ddw, and
then immersed in a 0.3M Na,HPO, solution for the same
period of time and washed agaln ‘with ddw. These four
steps amount to one cycle of incubation. The samples were
subjected to 1 and respectively 3 cycles of incubation in
alternative mineralization baths. For simplicity, the
mineralized scaffolds will be further denoted as Ti-j, where
j represents the number of incubation cycles, as described
in table 1. A GFL 3012 Orbital Shaker device was used for
the homogenization of the mineralization media. After the
final cycle, the particles were washed with ddw for 2 h, at
25°C and subsequently dried.

Structural characterization

Morphological and microstructural characteristics were
investigated by scanning electron microscopy (SEM) using
a QUANTA INSPECT F equipped with a field emission gun
with 1.2 nm resolution and a and with an X-ray energy
dispersive spectrometer (EDAX). The analyses were
performed on gold-sputtered dried samples. Micrographs
were registered both on the surface and in the cross-section
of the mineralized specimens.

Evaluation of the water uptake capacity
In order to evaluate the water affinity of the synthesized
materials, three samples of each composition were

236

http://www.revmaterial eplastice.ro

weighted dry (w,) and immersed in ddw at 37°C. The
samples were removed from the incubation media, blotted
and weighted again at pre-established time periods (w,)
The swelling degree (SD, %) was calculated using equatlon
1

$D,% = (=) « 100 )

The equilibrium value is considered the maximum
swelling degree (MSD, %).

Evaluation of the mechanical behaviour

Evaluation of mechanical properties of final generated
material was performed using a CT3 texture analyzer with
a 4500 grams cell load (Brookfield Engineering) in
compression mode. Cylindrical samples with a diameter
of 9.5 mm and a thickness of 6 mm were placed on a plate
and uniaxial pressed by the mechanical cell. The
compression speed was set at 0.5 mm/s. A stress-
deformation curve was plotted and the compression
modulus was computed for each composition.

Results and discussions
Mineralization potential

SEM characterization reveals non-homogenous
materials with randomly dispersed bundles of fibers
(average diameter of the bundle 500 mm) into the polymer
matrix (fig. 1A). The fibers have a parallel distribution and
a hollow geometry (average inner diameter 20 mm)
conferring a longitudinal porosity (fig. 1 A,B). The
incubations in Ca/P baths generated randomly dispersed
needle-like mineral formations, of nanometric dimensions.
The micrographs registered after one cycle of incubation
in alternative Ca/P baths showed small nanostructured
mineral deposits on the surface of the fibrous structures
(white arrows in fig. 1C) and at the interface between the
cellulose fibers and the pHEMA matrix (fig. 1D). After 3
cycles of incubation in alternative baths, the mineral
deposits are more prominent and in a higher amount (fig.
1E,F). EDAX analysis confirmed the formation of apatite-
like mineral after the mineralization treatments (fig.2).

Water affinity

Apart from the morpho-structural investigation, tests
regarding the water affinity of the synthesized materials
were also conducted. The results showed that all
synthetized materials have good stability and that the water
affinity degree is highly dependent on the Luffa loading
ratio. The morphology of the fibers must also be taken into
account, their hollow structure allowing the uptake of a
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' i. 1 Mioraphs of T50 before mieraiatin (A,B), after 1
(C,D) and 3 (E,F) cycles of incubation in Ca/P baths. The mineral
phase formed after 1 cycle of incubation is indicated using white

arrows
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Fig. 2. EDAX spectra, confirming the formation of apatite-like
mineral (A- before the mineralization; B- after three cycles of
alternating Ca/P baths)
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larger amount of aqueous solution. As depicted in figure 3,
the maximum swelling degree (MSD) results show that
there are no major changes registered between T, -and
T, butanimportant difference can be observed between
T, and T, . amounting to a 1.5x increase of the MSD when
adding 50% (wt) Luffa. Also, it can be stated that the
formation of mineral leads to a slight decrease of the MSD
as it can be noticed, for example, for samples T, . (76 +
57%forT, to63+4%forT, )and T, (93 + 1.7 to 87

+2.3%for T,,).

1% om0 @®TI0  oT40 oTs0

Maximum swelling degree, %

a = = ==
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Fig. 3. The influence of the composition and mineralization on
the water affinity of the composite Luffa-pHEMA materials and
control sample before (0 x Ca/P) and after 1 (1 x Ca/P) and
respectively 3 (3 x Ca/P) cycles of mineralization

Mechanical properties

With regards to the mechanical properties of the
materials, compression tests were performed on the fully
hydrated samples, showing that the materials with a higher
content of Luffafibers have a lower compression modulus,
which equals a higher elasticity. The results obtained on
the compression tests are in agreement with the data
registered in the water affinity tests, stating for the
plasticizer effect of the hydrated hollow Luffa fibers as
proven by the decrease of the compression modulus from
1.95+0.06 kPafor T  to00.4+0.19kPafor T, . The effect
is maintained also for the mineralized scaffolds. The
elasticity increases with the increase of the swelling
degree, as depicted in figure 4.
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Fig. 4. The compression modulus of the composite Luffa-pHEMA
materials and control sample before and after 1 and respectively 3

cycles of mineralization

Conclusions

The present study confirmed the capacity of the Luffa
fibers loaded with mineral precursors to act as a
mineralization bioactivator for an inert polymer matrix.

The preincubation of the cellulosic fibers in a phosphate
solution directly induced the development of
nanostructured mineral phase, even after only one
mineralization cycle. As it was expected, increasing the
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number of mineralization cycles leads to a stronger
mineralization.

The water affinity of the materials is directly dependent
with the: Luffaratio. As it has been shown in the previous
results, the highest result for the water affinity is registered
for the scaffolds with 50% (wt) Luffa fibers in respect to
the HEMA monomer.

The results obtained for the mechanic tests are in
agreement with the water affinity results. The value of the
compression modulus for the composite materials is
significantly lower than for the synthesized polymeric
system, but there are no significant differences between
the composite materials with various Luffa loadings.

Considering the envisaged destination of these materials
- bone tissue engineering - future work should regard the
investigation of bio-interactions with relevant cells and
simulated physiologic fluids. Also, the optimization of the
materials’ homogeneity must be considered.
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