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Abstract

In this paper, we investigate the effect of P205 substitution by B203 in the (50 - x)P205-20Ca0-20Sr0-10Na20-x B203 glass
system (x from 0 to 5 mol%) on the thermal and structural properties and also on the glass reactivity in simulated body fluid. The
goal is to develop new glass candidates for biomedical glass fibers. The addition of B203 at the expense of P205 increases the
refractive index of the glass and also the thermal stability of the glass indicating that these glasses are promising glasses for fiber
drawing. Thus, within such glass composition, the core of a core—clad fiber has a larger concentration of B203 than the clad of the
fiber to enable the light to propagate inside the core. All the investigated glasses form a calcium phosphate layer at their surface
when immersed in simulated body fluid. It was found that small addition of B203 (1.25 mol%) leads to a decrease in the initial
dissolution rate and a delayed layer formation. However, with increasing B203 content, the chemical durability decreased slightly
but was higher than for the B-free glass. In addition, formation of the calcium phosphate layer was further delayed. This suggests
that small contents of B203 led to formation of P—-O—B bonds and only few BO4 units, increasing the chemical durability. At higher
B203 contents, the amount of BO4 units increases which makes the glass network slightly more prone to be hydrolyzed. Thus,
formation of BO4 units induced by the addition of B203 at the expense of P205 reduces the reactivity of the glass in SBF.
Borophosphate fibers were successfully drawn from preform. As expected from the bioresponse of the bulk glasses in simulated
body fluid, the reduction in the intensity of the light transmitted is less and slower in a borophosphate fiber than in a phosphate
fiber upon immersion.






1. Introduction

Biomaterials are an integral and vital part of our modern health-care system. Hand in hand with more sophisticated solutions coming on the
market, the demand on biomaterials based on biomedical glass fibers has increased in the past decade. Fibers based on bioactive glasses can be
used for reinforcement in composite [1,2] or biosensing [3]. Due to their biocompatibility, the silica based glasses such as 4555 [4] and S53P4 [5]
are well-known candidates for different biomedical applications including bone-grafting. However, these glasses are prone to crystallize at
temperatures typical for fiber drawing [6]. The problems with crystallization may, however, be solved by developing new bioactive glass
compositions with thermal properties better suited for fiber drawing processes.

Phosphate glasses are good alternatives to silicate glasses in biomedical applications, such as in bone repair and reconstruction [7]. Recently, new
types of bioresorbable borophosphate glasses were found to be good choices for fiber drawing due to their suitable forming proper- ties
[8]. Borophosphate glass fibers are good candidates for soft tissue engineering applications involving muscles, ligaments, and tendons. In these,
the tissue has, similarly to the glass fibers a high degree of anisotropy.

Borate glasses were found to accelerate the formation of a hydroxy- apatite layer and bond to bone [9]. The bioactivity of calcium phosphate
glasses was favored by the addition of boron due to the ability of boron to change coordination and to attach hydroxyl groups at the surface of
the glasses [10]. The incorporation of boron into the P205-Ca0—-Na20—- MgO glass system showed favorable effects on the cell metabolic
activity, proliferation,and morphology [11].

In our previous study, the effect of partial substitution of SrO for CaO on the thermal and bioactivity properties of phosphate glasses in the
P205-Ca0-SrO—Na20 glass system was reported [12]. SrO containing glasses are of interest since traces of Sr are present in the human body
[13].

Table 1
Thermal properties of the investigated glasses.

Density (g/cm?)

Tgx2°C Txx2°C AT =Tx-Tg°C Refractiveindexat+0.001

+0. 2

+0.02 g/cm 633 nm 1061 nm 1312nm
BO 2.80 444 587 143 1.538 1.530 1.527
B1.25 2.83 451 629 178 1.542 1.534 1.531
B2.5 2.85 451 662 211 1.545 1.536 1.533
B3.75 2.88 462 670 208 1.547 1.539 1.536
B5 2.90 465 672 205 1.549 1.541 1.538

Moreover, it has been shown that Sr can easily replace Ca in the mineral part of the bone to form a stronger bone [14]. In our previous study
[12], we showed that SrO-containing phosphate glasses are promising glasses for fiber drawing from preforms. We also found that the addition of
SrO at the expense of CaO restrains the leaching of phosphate ions while maintaining similar surface reactivity than the Sr-free phosphate
glasses. Additionally, partial to full substitution of CaO for SrO has been found to enhance adhesion and proliferation of cells [15]. Howev- er, the
composition of the reaction layer forming at the surface of these glasses is closer to dicalcium phosphate dihydrate (DCPD) than
hydroxyapatite (HA) [12]. In order to reach Ca/P ratio closerto 1.6 and to increase the bioactivity of the phosphate-based glasses, new glasses
were prepared by partially replacing P,Os by B,0s.

In this work we study the effect of B,Osaddition on the thermal, structural and bioactive properties of phosphate glasses in the P,0s— CaO-SrO—
NaO glass system. We also discuss the impact of the fiber drawing on those properties. Thermal properties of the glasses were

measured using a differential thermal analyzer (DTA). Structural characterization of the studied glasses was performed using combination of
experimental tools such as NMR, Raman and IR spectroscopies. The in-vitro testing was performed in simulated body fluid.

2. Experimental section

The glasses with the composition (50 - x)P,05:20Ca0-20SrO- 10Na,0-x B,03withx = 0, 1.25, 2.5, 3.75 and 5 (mol %) (labeled respectively BO,
B1.25, B2.5, B3.75 and B5) were prepared using the standard melting method in a platinum crucible. NaPOs, H3BO3, SrCO3, CaCO3 and
(NH4)2HPO4 were used as raw materials. Sr(POs)2and Ca(POs); precursors were first independently prepared using a slow heating rate up
to 900 °C. The precursors were mixed with the other raw materials and melted in the platinum crucible at 1200 °C. The melts w ere poured
onabrass mold and the resulting glasses were annealed at 40 °C below their respective glass transition temperature for 4 h.

Unclad monoindex fibers were drawn by using the well-known “rod” method with a specially designed drawing tower. Before drawing, the system
was purged with an Ar gas laminar flow at the rate of 3 L/min in order to lower the moisture concentration. The thermal gradient of the drawing
furnace permits the softening of the preform just above its lower extremity. In order to ensure that the draw conditions do not induce either
nucleation or crystallization, the temperature profiles of the draw furnace (hot zone and pre-heat zone) were precisely mapped and the dwell
time in these zones was controlled prior to and during the drawing. A narrow (5 mm length) drawing furnace was used to decrease the time of
presence of glass rod in the critical high- temperature zone. The preforms were drawn at 600 °C under a He gas laminar flow of 2.5 L/min to
create an inert atmosphere around the preform. The fiber was then fixed on the drum in rotary motion. A computer system based on LabView
software was used to control the fiber diameter and drawing tension. Fibers were drawn to a diameter of ~ 125 pum at a rate of 10.1 m/min with
a feed rate at 2 mm/min. Nominally, 50 m of single core fiber was obtained for each drawing run. The uncoated fibers (without any protective
polymer layer) were used for measurement of the thermal, structural and optical properties.



A Scanning Electron Microscope from Leo 1530 Geminifrom Zeiss coupled with an Energy Dispersive X-Ray Analyzer (SEM/EDXA) from Vantage
by Thermo Electron Corporation was used to analyze the oxide composition of the samples. The compositions of the as- prepared
glasses were found to be in accordance with the theoretical ones, withinthe accuracy of measurement(~1.5mol%).
The glass transition (Tg) and onset of crystallization (T,) temperatures of the glasses were measured by Differential Thermal Analysis (DTA,
Netszch F1 JUPITER) at a heating rate of 15 °C-min~ 1. The T, was taken at the inflection point of the endotherm, as obtained by taking the first
derivative of the DSC curve. The Tywas measured at the onset of the exothermic peak. The characteristic temperatures were determined with
anaccuracy of +2 °C.
The refractive index (Rl) was measured at several wavelengths with a fully automated Metricon 2010 prism-coupler refractometer in order to
determine the wavelength-dependent Rl distribution curve. The accuracy of the measurement was estimated to £0.001.
The IR absorption spectra of the glasses were recorded using a Perkin EImer FTIR in Attenuated Total Reflectance (ATR) mode on powdered
glasses with the grain size 300~500 um. All IR spectra were recorded within the range 600-1600 cm™ and were corrected for Fresnel losses
and normalized to the absorption band with maximum intensity.
The Raman spectra of the preforms and fibers were recorded between 400 and 1500 cm™ ! at room temperature with a confocal micro-
Raman Renishaw Ramascope (system 100) equipped with a Leica DMLM microscope (50x magnification) and connected to a CCD camera.

Spectra were collected at 90°. The excitation wavelength (Aexc) of the laser was 514 nm and the power set to Payg = 20 mW.

The spectral resolution was 2 cm™2.
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Fig. 1. IR (a) and Raman (b) spectra of the investigated glasses.
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Fig. 2. 31p a) and 11g b) NMR spectra.

Solid State 118 and 31p MAS NMR experiments were carried out with a Bruker Avance 300 spectrometer working at 96

MHz for 11B and 121 MHz for 31p. The spectra were acquired under magic angle spinning (MAS) at a spinning rate of
14 kHz using a 4 mm diameter rotor. A simple pulse sequence was used and the probe signal was subtracted from

the spectra acquired to ensure an easier reading. The 31p and 118 chemical shift scales were calibrated with respect
to H3PO4 solution and B203 solutions, respectively. The spectra were reconstructed thanks tothe DMFIT software [16].

Powdered glasses with a grain size of 300-500 um were immersed in simulated body fluid (SBF) for 336 h at 37 °C in an
incubating shaker (Stuart SI500) agitated with an orbital speed of 120 rpm. The SBF was prepared using the protocol
developed by Kokubo et al. and following the procedure described in standard ISO/FDIS 23317 [17]. To compare the
dissolution kinetics between the glass bulk and the glass fibers, the fibers were cut to a length of 1 cm and the sample
mass for both forms was adjusted to give an identical Sa/V ratio. The Sa/V ratio for the powder glass was calculated
using the measured density of each glass composition and assuming that the particles were spherical. The changes in the
pH of the solutions containing the glass samples and a blank solution were recorded for various immersion times using a



pH/ ion analyzer (Mettler Toledo MA235). Separate samples were studied for each time point. After 24 h, 48 h, 72 h, 168
h and 336 h, the glass powder was filtered, rinsed with acetone and dried. 10 mL of the solution was diluted with 90 mL
of ultra-pure water for analyzing the amount of P, Sr, Ca and Na released from the glasses using an Inductively Coupled
Plasma—Optical Emission Spectrometer (ICP—OES; Optima 5300DV, Perkin Elmer). The composition of the glass powder
and any layers formed at the surfaces during the immersion was studied using SEM/EDXA and ATR as described above.

The cutback method wasemployedtocharacterizethefiberlossand core absorption spectra, as described by Kaminow
and Stulz [18]. A white light source (AQ4305, Yokogawa) was used to inject the light into the fiber on the 600-1700
nm spectral range. The transmitted light was detected by an optical spectrum analyzer (Ando AQ6317B). Theinitial
length of the measured fibers was about 60 cm, and after cutting, the fiber length wasreduced to 40 cm. Theloss was
calculated from thedifference of tworeadingsandthelength of fiberremoved, usingthe following equation:

Log (ﬁ_’)
10— 20

_dB/ (2)
-1 /m

where P;is the output power recorded on a fiber with length L and P, the output power recorded on a fiber with length
I

The lighttransmitted through the fiber was measuredin continuous mode using a white light source (Ando AQ4303B)
with a wavelength range from 400 to 1800 nm. The light at the fiber output was measured using a light power meter
(PM100D from Thorlabs) equipped with a sensor type 150C (A =350—-1100 nm). The fiber was connected to the light
source and the power meter using two bare fiber adapters.
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Fig. 3. pH of SBF solution as a function of immersion time.

3. Results anddiscussion

New phosphate glasses in the system (50 — x)P,05:20Ca0- 20SrO-10Na;0-x B,0O3 with x = 0, 1.25, 2.5, 3.75 and 5
(mol %) (BO, B1.25, B2.5, B3.75 and B5) were prepared for studying the impact of the replacement of P,Os by B,Oz0n
the thermal, structural and bioactive properties.

The thermal properties as well as the density and the refractive indices of the glasses as a function of the boron oxide
content are listed in Table 1. An increase in B,Osinduced an increase in the density. Such increase in density is accompanied
by a decrease in the molar volume indicating a contraction of the glass network. The glass transition (Tg) and onset of
crystallization (Tx) temperatures increased with an increase in the B,03 content thus indicating an increase in the
glass network connectivity. The difference between these temperatures, AT = (Tx— Tg), is also listed in Table 1. AT
provides a gauge of the resistance to crystallization and should be as large as possible for a glass to be drawn into fibers
with a good optical quality and minimal scattering loss from microcrystallites [19]. Typically, a AT value larger than 100°C
suggests reasonable glass stability. As the preform must sit with- in a heated furnace during drawing, this stability becomes
important for successful drawing of a crystallite-free fiber. AT is larger than 100 °C for all experimental glasses confirming
that the novel borophosphate com- positions developed are suitable glasses for fiber drawing from preform. Additionally,
AT isthe largest for the B2.5 glass suggesting that among the experimental compositions this glass is the most promising
candidate for fiber drawing. Similar improvement of the thermal stability was observed with the addition of B,0sin the



P,0s5—Na,0 glass system [20]. In Table 1 are also listed the refractive indices of the glasses measured at different
wavelengths. As expected, the refractive index of the glasses decreased when the wavelength increases.
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Moreover, an increase in the B203 content increased the refractive index in agreement with the increase in the density.
In a core—clad optical fiber used to probe the glass reactionin the body, the core must have a slightly higher B203 content
than the clad to ensure that the light is efficiently transferred to the core of the fiber [21].

The structural properties of the glasses as a function of B203 content were investigated using ATR, Raman spectroscopy and
NMR.

The IR spectra of the glasses are shown in Fig. 1a. All spectra were normalized to the band located at ~ 880 em™L The
spectra exhibit five absorption bands located around 1260, 1085, 880, 775 and 718 cm_1 and two shoulders at ~ 1154

and 980 cm™L. As explained in [20], the region between 1150 and 1400 em™1
1

is characteristic of vibration of non-

bridging PO2 groups. The band at 1260 cm™ ~ can be assigned to asymmetric stretching modes, vas(PO2), of the two

non-bridging oxy- gen atoms bonded to a phosphorus atomin a Q2 phosphate tetrahedron. The shoulder at 1154 cm™1

corresponds to symmetric vibration of PO2™ in Q2 units. The region in the 900-1150 cm™1

terminal P-O and PO3 groups. The shoulder centered at ~ 980 cm™ 1 and the band at 1085 cm™

range is characteristic of
1 corresponds to the
symmetric and asymmetricstretchingvibration of PO2~in Ql units, respectively [22,23].

The band at 1085 cm™~L can be also attributed to an overlap between PO3 Q1 terminal group and PO2 Q2 groups in
metaphosphate [24]. The last region in the 700—900 cm~1 domain is characteristic of the vibration of bridging P—O—-P
groups. The absorption band located at 718 and 775 cm™ 1 is characteristic of P~O—P symmetric stretching vibration in
metaphosphate structure [24]. The main band at ~ 880 cm_1

oxygen in Q2 units (vas P-O-P QZ) [22,25,26]. The bands at 1085 and 1260 cm~1 shifted to- ward lower wavenumbers
with increasing B203 content. Additionally, the increase in the B203 content leads to a decrease in the intensity of the

is attributed to P-O—P asymmetric stretching of bridging

band at 1085 cm_l, whereas the intensity of the band at 775 em™1 region increased as compared to the main band. It

is interesting to point out that the band at 1260 cm~1 becomes broader with an increase in the B203 content. Its
intensity increased slightly when the B203 content increased from 0 to 1.25 and then progressively decreased and also
shifted to lower wavenumber when B203 increased from 1.25 to 5. As explained in [20], no direct information on the
interconnection of borate and phosphate units can be obtained because of the overlap of borate and phosphate bands.

However, it is possible to relate the increase in the intensity of the band at 770 ¢cm™1 to the formation of B—O-B
bonds. Also, the shoulder at 980 cm_1

increase in intensity and the shift of the band at 1250 cm_l, when B203 increases, lead to an increase in BO4 groups as
reported in [10,20,28].

Fig. 1b presents the Raman spectra of the glasses. All spectra were normalized to the band with the maximum intensity
peaking at ~1175 cm™ 1 The spectra exhibit bands at ~ 690, 1010, 1175 and 1250 cm~1 and one shoulder at 1095
cm™ 1. The bands at around 1230 and 1175 cm™2 can be ascribed to the asymmetric and symmetric stretching of non-

bridging v(PO2) of Q2 groups, respectively [29-31]. The band at 1020 em~1

can be related to the asymmetric stretching of the B@™~ tetrahedra [27]. The

can be related to the stretching v(P-0) of
terminal groups (Ql) and the band at 690 cm™1 to the symmetric stretching of bridging vs(O—P-0) of Q2 groups [32].
The shoulder at ~ 1095 cm ™1 corresponds to motion of terminal oxygen bond vibration in phosphate chains [33]. When
the B203 content increased, the bands located at~ 1010, 1175 and 1250 cm™ 1, along with the shoulder at 1095

cm™1 shifted to lower wavenumber whereas the band at 690 cm™1 shifted to higher wavenumber. The shift of the

1

main band at 1171 cm™ -~ suggests a weakening of the P-O—P bonds in QZ units with an increase in the B203 content,

1

while the increase in intensity and the low frequency shift of the band at 1255 cm™ ~ can be attributed either to the

stretching vibration of B—O bonds in borate triangles [32] or, most probably, to the re-orientation of the Q2 units in the
phosphate network. An increase in the B,Os; content leads also to an increase in the intensity of the bands at 690 1010

and 1250 cm™ 1 and also of the shoulder at 1095 cm™ 1 as comparedtothe main band.Thebandsat690andat 1250
cm ™1 also became broader for glasses with increasing B203 content. The broadening of the IR bands in the 850-1200

em~1 region (Fig. 1a) and the Raman band at 690 ecm~1 can be ascribed to vibration of P~O-B bridges in Q2
phosphate units as suggested in [34]. This is in agreement with the in- crease in Tg of the glass with anincrease in the
B203 content, as seen in Table 1. The increase in Tg indicates an increase in the glass network connectivity. This
increase cannot be due to the increase of the P-O—P bonds as the number of these bonds decreased with increasing
B203 content in the glass. Therefore, it is likely that the formation of P-O-B links instead of P-O—P bonds leads to the
observed increase in Tg [20]. Similar results were reported in the P205-B203-Na20 glass system [20]. The shoulder



at 960 cm~Lin the spectra of the B20O3-containing glasses can be related directly to the presence of B@ ™ units in
the glassnetwork[35]. The shoulderat 1090 cm_l,which grows inintensity with increasing B203, can be associated
with the creation of polyphosphate units containing boron atoms (B@3, B@20~ or B@™) inducing an increasing
number of terminal oxygen bonds in the glass network [10]. As a result, the low frequency shift of the band at around
1171 cm~1 was observed with increasing B203 in the glass. In agreement with [36], the bands in the 1050-1150
em~1 range could be related to the symmetric stretching vibration of the PO3 ~ tetrahedron surrounded by B3+
ions(P0O4—B0O4 groups).

Fig. 5. SEM micrographs of particles of a) BO at 24 h, b) BO at 336 h, c) B1.25, d) B2.5 and e) B3.75 glass in SBF at 336 h.

To further support the ATR and Raman analyses, 31p and 11 NMR spectra were recorded. Fig. 2a and b presents the
obtained signal of the 31p ang 11p spectra for all investigated glasses, respectively. The 31p spectra of the investigated
glasses exhibit one major band at -25.7 ppm with a shoulder at —-10.5 ppm. The main peak can be attributed to the Q2
units of the phosphate network, whereas the shoulder can be attributed to Q1 units [37]. When the B203 content

increased, the main band shifted to — 23.7 ppm. Deconvolution of the band shows an increase in the Q1 from 2% to 10%
when the boron oxide con- tent in the glasses increases from 0 to 5 mol%. This is in agreement with the analyses of the FTIR
and Raman spectra. This can be attributed to the change in the O/P ratio which increases from 3 for x = 0 to 3.22 for x = 5.

Clearly, anincrease of this ratio led to de-reticulation of the phosphate network and to the emergence of Q1 species. Such
changes can also be attributed to the formation of P-O—B bonds (into or at the end of the chains) due to the presence
of BO4 (see below) polyhedra in the network.



Table 2

Thickness of the layer forming at the surface of the investigated glasses at different immersion times.

Layer thickness (+3 um) after immersion h

24 h 72 h 168 h 336 h
BO 6 9 12 18
B1.25 o o o 21
B2.5 o o o 3
B3.75 o o o 4
B5 o o 0o 3

When adding B203, a peak at -3.9 ppm appears and increases in in- tensity, in the 115 NMR spectra, when the
concentration of B203 in- creased (c.f. Fig. 2b). Note that the spectra have been calibrated and are thus quantitative.
The narrow line seen in the figure is typical for BO4 groups [38]. As assumed from the analyses of the FTIR and Raman

spectra the amount of BO4 units increased with the B203 content. From the 115 NmR spectra no BO3 units could be
detected. Indeed, if present, the BO3 signal should appearin the 5-15 ppm region [39].

In summary, based on the analysis of the FTIR, Raman and NMR spectra of the glass with x = 0 (B0), the structure was
mainly formed of chains of phosphate tetrahedra connected through bridging oxygen with two other phosphate
tetrahedra; the out-of-chain oxygen forms terminal PO groups. Thus, the BO4 units become a part of the structure when
B203 was added. A small addition of B203 at the expense of P205 (x from 0 to 1.25) leads first to a decrease in the P—
O-P bonds since P-O—B bonds formed and low content of BO4 units. When added in larger concentration (x N 1.25),

the Q2 units of the phosphate network decreased at the expense of the Q1 units due to the increasing formation of BO4
units.

Particles of the size range 300-500 um of each investigated compositions were immersed in SBF for 24 h, 48 h, 72 h,
168 h and 336 h at 37 °Cin an incubating shaker with orbital speed 120 rpm. The pH of the solution was measured for
each immersion time. Fig. 3 presents the changes in the pH of the immersion solution as a function of immersion time for
various B203 contents in the glass. The pH of the solution decreased with increasing immersion time for all investigated
samples. The decrease was more pronounced for the glass without boron (B0). As the change in the solution pH can be
related to the glass dissolution rate [40], the glass BO was expected to have a higher dissolution rate than the B203-
containing glasses. Based on our former work [41] and also on [42], the dissolution rate of a glass depends on its
network dimensionality. The dissolution rate decreases with increasing cross-linking of the glass network. As explained in
the previous paragraph, we think that the formation of the P-O-B linkages increases the glass connectivity and thus
reducestheglassdissolutionrate. Theaddition of B20O3 from 1.25to 5 did notshow any significantimpactonthe solutionpH
thus indicating that the increase in the B,03 content up to 5 mol% only slightly impacted the dissolution rate of the
glass.

It is well known that the change in the pH is related to the release of ions from the glass into the solution or to the
consumption of ions from the solution due to precipitation. Therefore, the concentrations of P, Ca, Sr and Mg ions present
in the SBF solution were measured. Note that the Na and B contents could not be quantified as the high sodium content in
the SBF led to saturation of the detector and the B content in the solution was below the detection limit. Fig. 4a—d shows
the evolution of the concentrations of P, Ca, Sr and Mg in the SBF as a function of immersion time for various boron
contents in the glass.

For all the glasses, the P and Sr ion contents in the SBF increased whereas the Ca and Mg ion content decreased with the
duration of the immersion. This indicates that the decrease in the pH seen in Fig. 3 can be related to the increase in the

content of ions containing P (HPO4 and PO3_) and to the reduction in the co4ntent of Caions in SBF. The release of the
highest concentration of P-containing ions and the consumption of the Ca ions lead to a dramatic decrease in the pH of
the solution, as seen in Fig. 3 for the glass BO.

While the glass BO exhibited the highest increase in the concentration of P and Sr ions in the solution, the glass B1.25
presented the lowest amount of P and Sr ions after 2 weeks of immersion. The solutions containing the glasses with higher
B203 contents (x N 1.25) showed similar release of P and Sr within the accuracy of the measurement. The lower release of P
and Sr of the glass B1.25 as compared to the other B203- containing glasses may be related to the glass structure. As

suggested by Vogel et al., the depolymerization of the phosphate chain structure from Q2 to Q1 species reduces the



dissolution rate as the Q2 structure is more susceptible to hydration and subsequent hydrolysis compared to the Q1 units
[43]. Therefore, we think that the formation of P—-O—B bonds decreased the dissolution rate when x increased from 0 to
1.25mol%. The increase in the BO4 units increased the glass dissolution rate when x increased from 1.25 to 5 mol%. Similar
results have been obtained in silicate glasses containing various concentrations of B203 [44].

As shown in Fig. 4b and d, the concentration of Ca and Mgions in the SBF containing the glass BO decreased progressively
when the immersion duration increased, whereas the concentration of the same elements decreased only slightly
with increasing immersion time for the B203-containing glasses. No significant differences in Ca and Mg uptake could be
seen as a function of B20O3 contents in the glass. It is important to remind that a decrease in the Ca and Mg content in the
solution indicates that these ions are consumed, i.e. precipitated when the glasses are immersed in SBF. The

consumption of Cafromthe solution indicates that a reaction layer forms at the surface of the glass when immersed in SBF
as reported in [7].
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Fig. 6. Composition (mol% oxides) of the bulk glass and surface layer of BO after 24 h in SBF.

Table 3
The (Ca+Sr+Mg)/P ratio in the reaction layer at the surfaces of the investigated glasses.

Duration of Composition of the layer Ratio
immersion in SBF  (mol¥) (£ 1.5 mol¥) (Ca + 5r + Mg)/P

Na;0 Py0s CaD SrO MgO

BO 24h 3 40 46 2 7 0.68
BO 336 h 2 35 47 8 8 0.89
B1.25 336 h 2 35 48 8 7 0.91
B25 336h 2 35 31 3 9 0.92
B375 336h 4 34 30 4 9 0.92
BS 336 h 3 35 50 3 10 0.90




Fig. 7. Optical micrograph of the fiber B2.5,20x magnification.

After 24 and 336 h of immersion, the glass particles were dried, embedded in resin and then polished to examine their
cross section using SEM/EDXA. Fig. 5a—e presents the SEM images of glass particles. Fig. 5a and b shows clear signs of a
reaction layer at the surface of the particles of glass BO, as expected from our previous data [12]. However, at 24 h of
immersion, all B2O3 containing glasses did not exhibit any sign of a reaction layer at their surfaces. The first signs of a
reaction layer were seen after 2 weeks of immersions (Fig. 5c—e). Table 2 reports the thickness of the reaction layers as
a function of immersion time. For the BO glass, the thickness increased from ~ 6 um after 24 h to 18 um after 336 h
weeks of immersion in SBF. At 336 h of immersion, the thick- ness of the layer formed at the surface of the glass B1.75 was
similar to the one at the surface of BO, whereas the layer was thinner in the glasses with x N 1.75 indicating that the
presence of B203 in the glass may inhibit the layer formation. We think that the presence of the BO4 units and maybe of
the P—O-B bonds limits the formation of the layer at the surface oftheglasses.

The composition of the layer and the bulk glass was estimated using SEM/EDXA. Fig. 6 exhibits the glass/layer composition
(mol%) for BO along the arrow shown in Fig. 5a. The bulk glass composition did not change during the immersion, even
after 336 h. The same was observed for all the investigated glasses indicating that the dissolution mechanism of the
investigated glasses is congruent. The layer at the sur- face of the glass BO contained a lower concentration of Na20, P205
and SrO but a higher concentration of CaO than the parent glass. MgO was also found in the surface layer as suspected
from the decrease in the Mg concentration in the solution upon immersion (Fig. 4d). Table 3 summarizes the
compositions of the layers at the surfaces of all the investigated glasses. In addition, the (Ca + Sr + Mg)/P ratios are
indicated. The concentration of P205 in the layer at the glass BO decreased whereas the concentrations of SrO and
MgO increase when the immersion increased from 24 to 336 h. The (Ca + Sr + Mg)/P ratio increased from 0.68 to
0.89 with an increase in the immersion time. After 2 weeks in SBF, the layers at the surface of all the investigated
glasses had similar (Ca + Sr + Mg)/P ratios of ~ 0.9. This ratio is closer to the (Ca + Sr + Mg)/P ratio for dicalcium
phosphate dihydrate [CaHPO4:2H20, DCPD] than for octacalcium phosphate [Cag(HPO4)2(P0O4)4-5H20, OCP],
tricalcium phosphate [Ca3(P04)2, TCP] or hydroxyapatite [Ca10(PO4)6(OH)2, HAP] [12]. While B203 delayed the
formation of the calcium phosphate layer, this surface layer had similar composition at all investigated glasses.

The preforms with the length of 7 to 10 cm and diameter around 10 mm of the composition B2.5 were drawn into
uncoated fiber. Fig. 7 illustrates an optical micrograph of the cross-section of the uncoated fiber. The diameter of the
fiber was 125 + 5 um. The fiber was circular and concentric. Multiple fibers were examined in a similar manner and no
significant variation in the fiber diameter and shape during the drawing process was observed when using the same
drawing parameters. The compositions of the resulting fiber were analyzed using EDS. Within the accuracy of the
measurement (+1.5 mol%), the fiber composition was identical with the preform. The X-ray diffraction (XRD) patterns
of the fibers, not shown here, exhibited only peaks which were attributed to the sample holder. Except those peaks,
there was no evidence of crystallization. However, we cannot exclude the presence of crystallites in low quantity
and/or a second phase in the fibers.

The propagation losses between 850 and 1450 nm were measured using the cutback method. The homogeneity of the
propagation losses along the preforms was checked by 3 to 4 parallel measurements of different pieces of the fiber.
One loss spectrum is shown in Fig. 8. Some variations in the propagation loss were observed between the sample
fibers ranging from (16 * 1) to (34 + 1) dB/m at 1300 nm. These high losses are most probably due to a composition
inhomogeneity along the preforms and to a notable quantity of surface or volume defects such as impurities, micro-
cracks and bubbles within the glass.
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Fig. 8. Loss spectrum of one typical B2.5 fiber.

Micro-Raman spectroscopy was used to evaluate the impact of the fiber drawing on the glass structure. Fig. 9 presents the
Raman spectra of the glass prior to and after the drawing. All spectra were normalized to the band with the maximum
intensity peaking at ~ 1175 cm™L. The results suggested that the drawing process led to a shift of the main band at 1175
cm™1 to a lower wavenumber, and to a small increase in intensity of the band at ~ 1020 cm™! and of the shoulder at 1095
cm™L. These changes indicate that the drawing process leads to a weakening and probable re-orientation of the P-O—-P
bonds as seen in [21].
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Fig. 9. Raman spectra of the B2.5 preform and the fiber.
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Fig. 10. SEM micrographs of the B2.5 fibers after 336 h in SBF.

Similarly to the bulk samples, also pieces of fibers were immersed in SBF for several weeks at 37 °C in the incubating
shaker. No noticeable impact of the fiber drawing process was observed on the decrease of the solution pH and on the
release of ions into the SBF. This indicates that the small structural changes induced by the fiber drawing process seen in
Fig. 9 had no noticeable impact on the glass dissolution rate. Fig. 10 presents SEM images of chopped fibers after
immersion for various time points in SBF. Similarly to the glass particles, the chopped fibers showed a reaction layer at
their surface after 336 h in SBF. For glass B2.5, this layer had a similar thickness (~ 4 um) and also the same
composition to the layer at the surface of the particles. No change in the fiber glass composition was found indicating that

the dissolution mechanism of the fiber was also congruent similarly to the glass particles.



1.02
1.01
- | - ‘\ )
1.00- ; Y
0.99
0.98 ] \
0.97

0.96 - \
0.95 1

0.94

Normalized transmitted intensity at 650nm (A.U.)

0 200 400 600 800 1000
Duration (h)

Fig.11.Normalized transmitted lightat the output ofthe B2.5 fiber as afunction ofimmersion duration (hours) in SBF.

Fiber with the total length of 1 m was connected to a light source in one end and to a light power meter at the other

end. In the midway, a 7 cm section of the fiber was immersed in 25 mL of static SBF (Sa/V = 0.0053 cmz/mL) at
room temperature and the light output power was collected as a function of immersion time. The normalized light
transmitted is given in Fig. 11 as a function of immersion time (h). No change in the transmitted light intensity was
observed until ~400 h in the solution. After 400 h in SBF, the transmitted light started to slightly decrease. As explained
in[21], thisreductionin transmitted light intensity as a function of immersion time in SBF can be related to the formation
of the Ca—P layer at the fiber surface. Compared to our previous study [21] the decrease of the transmitted light
intensity as a function of immersion time in SBF was slower for the fiber with the composition B2.5 than for fiber with
the composition 50P205:40Ca0:-10Na20 (in mol%). In this work, the transmission in the borophosphate fiber was
reduced only by ~ 5% after ~ 800 h in SBF, whereas the transmission was reduced by 94% after 700 h in SBF for the
phosphate fiber [21]. This low and slow change in the intensity of the light transmitted through the fiber immersed in
SBF is not only due to the addition of B203 at the expense of P205 which reduces the dissolution rate of the glass as
discussed above but also to the presence of SrO in the glass network. In our previous work [12], we showed that the
addition of SrO at the expense of CaO limits the dissolution of the glass and thus decreases the change in the pH of the
solution. This study confirms that it is possible to tailor the bioresponse of the bioactive fiber by modifying slightly the
composition of thefiber.

4. Conclusions

The effect of P205 replacement by B203 on the thermal, structural and bioactive properties of new borophosphate
glasses was examined. With increasing substitution of B203 for P205, the glass transition and crystallization
temperature increased indicating an increase in the glass network connectivity. All studied glasses possessed a AT
greater than 100 °C indicating that they possessed sufficient resistance to crystallization for shaping the glass into
fibers from preforms.

The influence of B203 content on the glass dissolution was studied in SBF. A layer of calcium phosphate precipitated at all
investigated glasses. The thickness of the layer increased with immersion time for the B203- free glass. After 336 h of
immersion, the layer at all glasses showed similar (Ca + Sr + Mg)/P ratio. While the addition of B203 aimed to obtain a
reaction layer with a Ca/P ratio closer to 1.67 the ratio remained at around 0.9. This indicates that replacing B205 for P205
up to 10 mol% does not favor precipitation of hydroxyapatite but maintains precipitation of dicalcium phosphate dihydrate
which was proven in the past to support cell attachment and proliferation. Small amounts of B203 (1.25 mol%) reduced
the glass dissolution rate probably due to the formation of P-O-B bonds at the expense of P-O—P bonds. Accordingly, the
formation of the reaction layer was only slightly delayed. However, for glasses with 1.25 to 5% B203, the dissolution rate
slightly increased. Simultaneously, the rate for layer formation significantly reduced, most probably due to the increase in



the BO4 units in the glass network.

Fibers were successfully drawn from preforms with 2.5 mol% B203 (B2.5). Whereas slight changes in the glass structure
were observed after fiber drawing, the fiber exhibited similar bioresponse when immersed in SBF than the corresponding
glass particles: similar decrease in the pH of solution, release of ions into the solution and same rate for CaP layer
formation. Finally, we found that the decrease in the light transmitted through the fiber in SBF decreased when a small
amount of P205 was replaced by B203 due to the slow reaction of this glass in SBF. This further demonstrates that the
bioresponse of a phosphate glass can be tailored by suitable B203 substitutions (b 5 mol%). In addition, the degradation
of the fibers can be followed by recording the change in the output light intensity.
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