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Abstract

The present paper describes the synthesis and characterization of a new polymeric biomaterial
mineralized with calcium phosphate using the reaction-diffusion method. The scaffold of this
biomaterial was a hydrogel constituted by biocompatible polyethylene glycol methyl ether
methacrylate (PEGMEM) and 2-(dimethylamino)ethyl methacrylate (DMAEM), which were
cross-linked with N-N’-methylenebisacrylamide (BIS). The cross-linking content of the
hydrogels was varied from 0.25% to 15% (w/w). The gels were used as matrix where two
reactants (Na,HPO, and CaCl,) diffused from both ends of the gel and upon encountering
produced calcium phosphate crystals that precipitated within the polymer matrix forming bands.
The shape of the crystals was tuned by modifying the matrix porosity in such a way that when
the polymer matrix was slightly reticulated the diffusion reaction produced round calcium
phosphate microcrystals, whilst when the polymer matrix was highly reticulated the reaction
yielded flat calcium phosphate crystals. Selected area electron diffraction performed on the
nanocrystals that constitute the microcrystals showed that they were formed by Brushite
(CaHPO,.2H,0). This new composite material could be useful in medical and dentistry

applications such as bone regeneration, bone repair or tissue engineering.

Keywords: composite materials, reaction diffusion, brushite particles, hydrogels, bone

regeneration material.

Introduction

The study of the precipitate formation within a gel after the encounter of two reaction fronts that
diffuse from opposite sides enables to relate scientific fields that are normally separated such as
gel structure, progress of reaction fronts, crystal growth in gels, nanoparticles synthesis,
simulation of nonlinear phenomena, etc. This is an old research subject and during most of the
early period, the main interest was held by the phenomenon of Liesegang rings; however, more
recently a new approach was taken in the context of order formation out of chaos and simulation
of the process [1-5]. For several decades mineralization of an organic matrix has been an
important topic in bone-tissue engineering [6]. There are numerous reports about mineralization,
for example, through immersion in simulated body fluid [7] or an alternate soaking process [8]
and a natural diffusion process through a biopolymer membrane [9]. However, these methods
form 2D mineralised surfaces on the biomaterial, which is not useful in bone repair and
osseoregeneration processes. As 3D mineralization was observed in the hydrogels, very recently
they started been used as a good model to study this process, in consequence that many

mineralization processes take place in gelling environments [10-12]. Most of the research in this



field was performed using physical gels such as gelatin, agarose, silica, starch, polyvinyl

alcohol) hydrogels [2, 13, 14]whilst only few studies were conducted with chemical gels [15].

The integration of micro- or/and nano- size particles in synthetic hydrogels can be a way to
create new biomaterials. One difficulty lies in getting a homogeneous distribution of the
inorganic particles across the organic matrix and in controlling their composition and crystal
size. Hydrogels have been associated with some biomineralization systems [10] such as: tooth
enamel in mammals [16], nacreous layer in mollusk shells [17] and trout otoliths [18]; therefore,
hydrogels could provide the matrix to grow inorganic calcium phosphate particles. Organic
matrixes made of cross-linked hydrogels based on methacrylates have been proven non
cytotoxic, non-immunoreactive and their porosity could be controlled by the amount of cross-
linker used in their synthesis [19]. Furthermore, lately, hydrogels based on methacrylates have
been used as tissue expanders before vertical ridge augmentation to facilitate the wound closure
and to prevent the exposure of the bone grafts to the oral cavity demonstrating the possible
applications of these materials in dentistry [20].

It has been previously shown that a new biomaterial could developed combining the cohesion
provided by the gel with the bone regeneration properties of calcium phosphate particles [21-
23]. In this work, we have prepared a new copolymer hydrogel composed of two well known
and widely used methacrylate polymers [24-28] containing calcium phosphate nanoparticles.

The particle formation within the gel was achieved through a reaction diffusion process:
NazHPO4 + CaCIZ + 2H20 - CaHPO42H20 + 2CINa

Electrolyte solutions of sodium hydrogen phosphate and calcium chloride were allowed to
diffuse from opposite sides of the gel; the low solubility of calcium phosphate resulted in the
precipitation of nanoparticles when saturation was reached. The properties of the inorganic
nanoparticles formed within the gel, as well as the physical properties of the gels, were studied
in this work. The growth of calcium phosphate particles in methacrylate hydrogels constituted, a
new biomaterial which could have potential benefits in dentistry and orthopaedic tissue

regeneration.

Materials and methods

Chemicals
The monomers polyethylene glycol methyl ether methacrylate (PEGMEM), and 2-
dimethylamino  ethyl ~ methacrylate (DMAEM), and the cross linker N,N'-

methylenebis(acrylamide) (BIS) were purchased from Sigma Aldrich. The initiator ammonium



persulfate (APS) was purchased from Fluka. Na,HPQ,4-2-H,O (DHP) and CaCl, were purchased

from Panreac.

Synthesis of the gel

The gels were prepared by adding 2 ml of PEGMEM (0.0065 mol) and 1 ml of DMAEM
(0.0065 mol) to 5 ml deionised water at room temperature. Subsequently, appropriate amounts
of BIS and APS were added under stirring, finally the mixture was allowed to polymerize for 25
minutes. During the polymerization the temperature was recorded every 30 seconds. After
preparation, the gels were dialyzed against milliQ water at room temperature for two weeks to

remove the unreacted monomers and oligomers.

Two groups of gels were prepared as described above: i) initiator content was varied between 1
mg/mL and 7 mg/mL and no crosslinker was used in the preparation of the gels; ii) crosslinker
concentration varied between 0.25 % and 15 % (w/w) whereas the concentration of initiator was

kept at 1 mg/mL.

Reaction diffusion experiments

A piece of the swelled gel was inserted in the middle of a PTF tube (1.5 cm in diameter and 7
cm in length) and connected to both sides with silicone tubes of 54 cm length and 8mm
diameter, that connected both sides with two bottles of 200 ml that served as reservoirs for Ca
(solution of 20 mM) and phosphate (solution of 20 mM). The formation and evolution of the
calcium phosphate precipitate was followed every day using a Canon RE-650 video recorder.
The pictures obtained were analyzed using Image J to measure the lengths of the gel, the width
of the calcium phosphate precipitate formed in the gel and the position of the centre of the band;
for the latter purpose the border of the gel from which the solution of CaCl, diffuses was
assumed as origin for the position measurements. The experimental setup and a scheme of the

experiment are shown in Figure 1.

Gel Characterization Methods

The chemical composition of the gel was studied using FTIR (Thermo Nicolet IR200) covering
the wave number range between 500 and 3500 cm™. Bruker Avance 250 MHz *H NMR was
used to investigate the ratio of both monomers used in the synthesis in the final gel The
decomposition temperature and water content of the gel were measured with DSC Mettler 820
equipped with a cooler operated by liquid Nitrogen; the samples were heated at a rate of
5°C/min. The characterization of the calcium phosphate precipitate formed on the surface of the
gel by reaction diffusion method was carried out by scanning electron microscope (SEM) JSM
6335F (JEOL) operated at 10 and 20 kV. In addition, transmission electron microscope (TEM)
JEM 1010 (JEOL) working at 100 kV was used to image the calcium phosphate particles as

well as selected area electron diffraction patterns. The samples examined by TEM were



prepared in a similar way as biological samples; the gel was embedded in resin for 48 to 72
hours at 60 °C, then a microtome was used to cut thin slices (100 nm thick ) that were ready for

use.

Gel swelling behaviour
The gels were immersed completely in deionised water and they were weighted daily. The

hydration of the gel was obtained according to Eg. 1.

p =) (1)

m;
where m; and my are the weights of the gel before and after swelling respectively.

The effect of NaCl solutions with different concentration in swelling process was also
investigated. For these experiments pieces of a fully swollen gel (2.5% cross-linking) were
placed in NaCl solutions with salt concentrations of 1, 2.5, 5, 10, 15, 20, 25, 30% (w/w) till
equilibrium was reached (around 2 days).

Rheological properties of gels

The gel was loaded into the rheometer (The ARES-G2 Rheometer (TA Instruments), for each
rheological test, approximately 3g of gel were used and the experiment was performed at 37°C.
The serrated parallel plates (to prevent slippage) to sandwich the material at a constant but low
normal force were employed. G’ was monitored as the material equilibrates and as the gap
reduces. When G’ becomes constant, it was assumed that the material is appropriately in
contact with the plates and the frequency sweep (0.01 to 10 Hz). All measurements were
conducted at a strain of 0.1 %, which was within the linear viscoelastic range of the material, as

confirmed by a strain sweep and the absence of a third harmonic response

Results and discussion

Gel characterization

The research scope of this work was to develop new biomaterials based on hydrogels reinforced
with calcium phosphate particles for their application in bone regeneration. Controlling
temperature during gel formation is very important especially if the gel is planned to be used as
matrix for the immobilization of drugs, proteins or thermolabile molecules that could be
destroyed during the polymerization. For this reason, we investigated the evolution of
temperature, as function of time, for gels prepared with the concentration of PEGMEM and
DMAEM given before, without crosslinker, but with different amounts of initiator; the results
are presented in Figure 2. In all cases, the maximum temperature reached during the

polymerization reaction was between 32 and 38 °C.



It is known that light is scattered by fluctuations in density and concentration within the gel, that
is the deviation of the density and concentration from their average value in the sample. Thus,
light is scattered only when its wavelength is greater than the size of the dishomogeneities
within the gel, conversely, the light will be reflected if its wavelength is smaller. Gels prepared
with a concentration of APS higher than 2 mg/mL were not transparent indicating lack of
homogeneity in the material, additionally the polymerization temperature in these gels reached
values above 35 °C (Figure 2) which is too high to allow the entrapment of biomolecules or
drugs. Thus, all subsequent experiments in this work were carried out using the concentration of
initiator of 1 mg/ml, as it produced transparent gels (data not shown), the temperature did not
exceed 34 °C and the gelling process took around 30 minutes.

'H NMR spectrum was recorded for a gel with no cross-linking agent to determine the ratio
between monomers in the produced copolymer gel (Figure 3). The My, of the PEGMEM used
was 300 g/mol and that means an average of 4 PEG units in each PEGMEM molecule. It is
known that the peak between 3.4 and 3.6 ppm corresponds to the PEG polymer units [29] and,
therefore, this peak roughly correspond to 18 H atoms. It is also known that the peak at 4.2 is
associated with the protons attached to the ester group. By integrating this later peak and
referring the area to the previous peak, we calculated that it corresponded to 4 H atoms. Since
the ester group is presented in both polymers, i.e., each polymer shared 2 H atoms; we deduced
that the ratio of the polymer in the copolymer was 1:1 which is consistent with the equimolar

amount of monomers used in the synthesis of the copolymer.

An important property of chemical gels is that they can absorb a considerable amount of water;
this effect has to be considered when studying the formation of precipitates within them. The
concentration of cross-linker controls the swelling behaviour and porosity of the gel, therefore,
we prepared gels whose content of crosslinking was varied between 0.25% and 15% (molar
ratio) to investigate its effect on the swelling behaviour of the copolymer gels. For this purpose,
they were immersed completely in deionised water and the relative increase in weight of the
gels was measured as function of time (Figure 4a). The gel slowly swelled reaching equilibrium
after around 9 days. For the gel with 0.25% cross linking m; > 20m; after 9 days, whereas the
gel with 15% cross linking reached the swelling equilibrium after 6 days when m¢ > 2m;
(Figure 4a).

The thermodynamic description of swelling in gels is given by the Gibbs free energy and its
variation, AG, resulting from the mixing a polymer network with a solvent. Thus, the swelling
thermodynamics can be interpreted in terms of osmotic pressure IT = - (5G/dV)r. Polymer
networks play the role of an osmotic membrane through which the osmotic pressure acts. At IT
= 0 the gel is at equilibrium with the outer solvent molecules and there is no transfer of solvent

across the gel-solvent interface. However, IT > 0 causes the network swelling as water



penetrates the gel, on the contrary, for I'T < 0, the gel collapses and the water moves from inside

to outside the gel (de-swelling phenomenon).

We were able to withdraw most of the water taken by the gel during the swelling process using
NaCl solutions. In Error! Reference source not found.b the relative weight loss as function of
the ionic strength (I = 1/2Xz*-m; with z; the ion charge and m; the ion molality) is presented. If
the gel was introduced in a solution of 25 % (w/w) salt (I = 4.27 mol/L), the gel lost most of the
water that had acquired during the swelling process and returned to its initial dimensions.

The gels were further analyzed by differential scanning calorimetry (DSC). The thermogram of
a 25% crosslinked gel is presented in Figure 5a; it shows a shifting of the melting temperature
of the water and the presence of two evaporation peaks at around 100 and 120 °C, thus
indicating the presence of different types of water within the gel. In the inset of Figure 5a can
also be seen that the onset of gel decomposition occurred at around 280 °C. This gel with high
cross linking agent concentration was used for the determination of the decomposition
temperature because temperature values for gels with lower concentration of cross linking agent

were not as clear as in this case due to the high water content of such gels.

There are three types of water in hydrogels [22-24], namely: i) non-freezing water which is
bound to the polymer chains and does not exhibit phase transition, ii) free water that
freezes/melts similarly to pure water and iii) freezing bound water which interacts weakly with
the polymer chains freezing/melting at temperatures slightly shifted with respect to pure water.
With the aim of investigating the different types of water present in our gels we performed

thermograms as function of the crosslinking content of the gels (see Figurebb).

The fraction of the freezing water (X, free water and freezing bound water) within the hydrogel
can be calculated from the area under the corresponding endothermic peak (AHengo) (See Error!

Reference source not found.b) according to Eq. 2:
AHen o
Xf((%)) = T‘j -100 (2)

where AH,, = 333, 3 J/g is the heat of fusion of pure water.

Then, the amount of non-freezing bound water (W) can be calculated as:

Whp=Weo — Wy )
where W, is the equilibrium water content of the hydrogel and can be calculated according to
Eq. 3:

ESD
ESD+1

Weo (%) =

- 100 (3)



ESD is the equilibrium swelling degree that represents the amount of water per each gram of

dry gel and can be calculated by the next equation:

ESD ( Iwater ) — my_(m;-5) (4)

ddry polymer (m;-5)

where m¢ and m; were defined in Eq. 1.

The 5 ml of water used during the gelling process were subtracted from the initial weight of the

gel (m;) to get the actual value of the dry gel.

Recently, the influence of the PEG molecular weight upon the state of water in PEG-
ethylenediamine hydrogels was investigated and it was found that the amount of freezing water
depends mostly on the structure and size of the meshes of the polymer network and varies
between 54 and 74% depending on the hydrogel composition [24]. On the other hand, the non-
freezing water content depends on the chemical structure of the gel. Here, we investigated the
influence of crosslinking concentration on the percentage of freezing and non-freezing water
within the microgel and the results obtained are presented in Table 1. It can be seen that the
amount of freezing water decreased, whilst the proportion of non-freezing water increased as
the crosslinking content of the gels increased. This tendency may be explained by a large
number of water molecules binding the PEGMEM/DMAEM chains through hydrogen bonds
with the carboxylate groups in the polymer chains.

The rheological properties of gels as function of the cross-linking agent percentage are shown in
Figure 6; The elastic modulus (G’) did not change with frequency for all gels, however, its
value was dependent on the percentage of the cross linking (Figure 6a). When 1% of cross
linking agent was employed, G’ was 2500 Pa, this increased to 84000 Pa when 7% was added.
Conversely, G” did show a decreasing behaviour with increasing frequency Figure 6b;
nevertheless, even at the lowest frequency tested in this work (1 Hz), the value of G was nearly

a tenth of the value of G

Mineralization of the gels

The control of the nucleation and growth of calcium phosphate crystals within biocompatible
hydrogels has regenerated interest in the last few years after the discovery that hydrogels with
functionalized organic surfaces can control crystal morphology and orientation [6]; it was also a
recent finding that calcite single crystals can incorporate macromolecules [7]; finally, the
interest of using gels in three-dimensional biomimetic mineralization [25]. Figure 7 shows a
temporal sequence of the formation of precipitates within the PEGMEM/DMAEM gel using the

reaction-diffusion method. This method may contribute to the preparation of calcium phosphate



particles with controlled size and specific composition, depending on the reactants used as well

as the porosity of the matrix employed in the synthesis of the crystals.

Figure 7 shows images of the gels taken during several days after the beginning of the reaction.
It has been reported that when the reactants diffuse from both sides of the gel, in case they have
similar diffusion coefficients, the precipitates appear preferentially in the central part of the gel
[5]. Since we used equal concentrations for both reagents (20 mM) and the diffusion
coefficients of hydrated ions in water at infinite dilution are similar (Dnpos . = 7.6.-10° m¥s
and Dcas = 7.9 -10™° m%s) [29], we observed that the precipitates began to appear close to the
gel centre. However, as time passed, the band widened towards the edge through which the
calcium ions flowed (Figure 8a) and slightly moved away from the edge through which the
phosphate ions flowed. This behaviour occurred in all the gels, independently of their cross-
linking content (Figure 8a). It is worth mentioning that the band of precipitates appeared in the
region where the two reaction fronts encounter and in this case no Liesegang bands are formed.

In the gel with 7% cross-linking and 1.6 cm length, the band of precipitates begined to appear
after 4 hours and 20 minutes at a distance of 0.72 cm from the gel edge through which the
calcium ions flowed and 0.88 cm from the gel edge through which the phosphate ions flowed

(Figure 7 and Figure 8a). We can estimate the diffusion coefficient of both ions from the
following equation:

h =+6Dt (5)
where:

h is the distance travelled by the ions in cm

¢ is the time in seconds

D is the diffusion coefficient

Thus, we obtained Dypos = 8.3 10° m%/s and Dcap: = 5.5 10™° m%s. Even though the percentage
of error is high because the exact time of formation of a band is not well defined, it seems that
the diffusion coefficient of the HPO, > ions approached its value at infinite dilution closer than
the diffusion coefficient of Ca®" ions. In addition, the band grew towards the side where the
calcium flowed and these two observations seems to indicate that the interaction of the Ca®* ions

with the polymer network is stronger than the interactions of the HPO,? ions.

Most of the physical gels maintain their size during the formation of precipitates. Conversely,
the size of the PEGMEM/DMAEM gels increased when the cross-linking content decreases as
is shown in Figure 8b. This result can be understood in light of results presented in Figure 4b
that showed the ionic strength control of the gel swelling properties. During the formation of

precipitates the ionic strength within the gel should decrease and consequently the gel swelled.



Figure 8b shows the evolution of the width of the band as a function of time for the two gels
investigated. The width of the band grows conspicuously during the first 6 - 7 days and then
levels off for longer times. The width of the band formed in the 2.5 % cross-linked gels was
larger than the one formed in the 7% cross-linked gels.

When the calcium phosphate precipitates reached the end of the gel at Ca*" solution side, the
experiment was stopped and the gel-calcium phosphate composite was freeze dried for 5 days
and prepared for SEM examination. Figure 9 shows a micrograph of the freeze dried 2.5 %
cross-linked microgel at low magnification (x20). The composite material consists of layers of

polymer in which the calcium phosphate precipitates are attached.

To further investigate the nature of the precipitate particles we performed SEM on two cuts
taken from two different locations, one on the surface of the material and the other in the central
part of the gel. Figure 10 summarised the results obtained as a function of the cross-linking
content. For gels prepared with 0.5% cross-linking, the surface was covered with well defined
calcium phosphate particles with sizes smaller than 1 micron, whereas in the inner part of the
gel the formation of aggregates was predominant (Figure 10). As the cross-linking content
increased, the surface of the gel started to be covered by plates of precipitates, whilst in the
inner part there were still rounded shape particles (sample with 1% cross-linking) but for gels
with 5% cross-linking the plates appeared not only on the surface but also in the central part of
the gel (Figure 10).

The rounded well distributed particles appeared under the TEM microscope as aggregates of
smaller particles with a length of around 100 nm and with needle shape (Figure 11) or in some
cases as nanotubes organized in chains that can be seen in the same figure.

In order to determine what type of calcium phosphate was precipitated, we performed X-ray
diffraction of the samples. However, the X-Ray diffraction pattern showed no crystalline peaks
and only two broad amorphous halos that can be distinguished at around 26 = 30 ° and 65 °
respectively.

However, if we selected some of the nanotubes that can be seen in Figure 11 and perform
selected area electron diffraction (SAED), we could determin they were crystals. The
nanocrystals in Figurel2a and b showed a clear diffraction pattern, whereas when they
aggregated, forming a round particle, the orientation of crystals in all directions resulted in
broad halos, as is illustrated in Figure 12c. The d-spacing (Table 2) can be calculated using the
following modified Bragg equation:

LA = DR (6)
Where:

L is the distance between the sample and the detector

10



A is the wavelength of the electron beam
R is the radius of the diffraction peak.

. Comparing the d-spacing values obtained from SAED pattern to the well known d-spacing
values of different calcium phosphates, we concluded that all the peaks were to be attributed to
CaHPO,-2H,0, so the crystals were made of Brushite (see Table 2).

Conclusions

We have synthesized chemical gels based on copolymers of biocompatible PEG methyl ether
methacrylate and 2-(dimethylamino)ethyl methacrylate with different cross-linking content
(between 0.25% and 15%). We have demonstrated that, by adjusting the cross-linking and the

ionic strength, we can control the swelling and de-swelling behaviour of the gels.

Using Na,HPO, and CaCl, as reagents, we were able to produce a composite material with
inorganic particles and/or inorganic plates homogeneously distributed forming a band of
precipitates within the gel. The width and the position of the band depended on the
concentration of the reactants and the cross-linking content of the gel. The precipitates were
formed by round particles that became plates when the cross-linking content of the gel
increased. Selected electron diffraction performed on the nanocrystals that constituted the round
particles showed that the precipitates were mainly formed by brushite. The gel itself, or the
composite material with the brushite particles integrated within the gel, might be used as bone
regeneration material in orthopedic applications, bone tissue engineering and also as drug

delivery system.
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Table 1. Influence of the crosslinking content upon the various states of water in

PEGMEM/DMAEM hydrogels.

st | eso [ w00 | wion | waoo
0.25% 61.5 98.4 98.2 0.2
1% 38.9 97.5 96.3 1.2
2.5% 26.1 96.3 88.8 7.5
5% 19.3 95.0 80.6 14.4
10% 20.6 95.3 79.6 15.7
15% 5.2 83.9 67.9 16.0

Table.2. Values of d-spacing measured from SAED and those of Brushite Figure caption

Measured d —spacing (A)

7.63

5.36

4.23

3.58

3.03

d-spacing of Brushite

7.59

5.24

4.24

3.62

3.06
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Figures caption

Figure 1 Schematic representation of the diffusion of the electrolyte solutions from

opposite ends within a gel (left side) and the corresponding set up of the experiment (right side).

Figure 2 Evolution of temperature during the gel formation as a function of initiator

concentration.

Figure 3 'H NMR spectrum of the copolymer gel.

Figure 4 PEGMEM/DMAEM gels swelling (a) and deswelling (b) behaviour of
PEGMEM/DMAEM gels as a function of crosslinker percentage and the ionic strength

Figure 5 DSC heating curve of PEGMEM/DMAEM gel prepared with (a) 25% cross
linking agent and (b) with different crosslinking content. The corresponding enthalpy of Fusion

(AH.,,q,) for each gel is given at the right side.

Figure 6 (a) Storage (G") and (b) Loss modulus (G") of gels with different concentration

of crosslinker

® 1% O 25% YV 5% A 7.5% B 15%

Figure 7 Series of pictures showing the formation of a band of precipitates as a function
of time within a PEGMEM/DMAEM hydrogel prepared with 7% cross linking agent.

Figure 8 Position of the band of precipitates measured from edge through which flow the
phosphate ions and also from the edge through which flow the calcium ions (a) Length of the
gel and width of the band of precipitates (b) for PEGMEM/DMAEM hydrogels prepared with

2.5% and 7% cross linking content.

Figure 9 Micrograph of freeze dried 2.5 % cross-linked hydrogel at low magnification
(x20).
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Figure 10 Micrograph of the surface (left panel) and the inner part of the gels (right panel)
as a function of the cross-linking content. The magnification was x5000 in all micrographs.

Figure 11 TEM pictures of the calcium phosphate microparticles.

Figure 12 Electron diffraction patterns of selected nanocrystals that, when aggregate,

formed the round microparticles that can be seen with SEM.
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Figure 11
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