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Abstract

Here we report on core-clad bioactive borosilicate fibers, that we have prepared both with round and
rectangular cross-section profile. The exposed approach, which relies on the stacking and drawing of
glass slabs, demonstrates our ability to develop bioactive-based glass fibers with tailored cross-section
profiles. Tens-of-meters-long fibers were successfully drawn, although suffering from elevated losses
in the case of the rectangular ones. The response of the fibers in simulated body fluid was studied for
both geometries. We found that a round cladding can act as protective layer, tempering effects of the
corrosion. We also noticed that rectangular fibers are more prone to degradation, the enhanced
corrosion beginning from their sharp corners as they accumulated residual tensile stress during
drawing. To the best of our knowledge, this is the first report on the effect of residual tensile stresses
from surface tension deformations applied to the corrosion of rectangular fibers. As geometry plays a
critical role on the biodegradation behavior of the fiber glass, we believe the enclosed results could
lead to the design of fiber devices with tailored cross-section profile in order to tune their rate of

degradation on solely-based geometrical effects.



Introduction

The manufacturing of advanced optical waveguides by joining multiple premade components into a
preform and by drawing this preform into a microstructured optical fiber was introduced in the late
1980s." 2 Progress on the so-called stack-and-drawn method enabled for the manufacturing of fibers
of arbitrary shape, ultimately leading to the advent of photonic crystal fibers.2®! So far, due to
fabrication constraints, the overall fiber external profiles (not accounting fiber core profiles) have been
overwhelmingly circular.

Recently, refinement of the stack-and-draw method enabled new innovations such as metallic
nanowires for near field optics or plasmonics,”! or multimaterial ribbon fibers with metallic electrodes
for electrical arc plasma spectroscopy.® In the latter case, demonstration of complex non-cylindrical
fiber cross section based on fused soda-lime glass blocks was performed.

In the meantime, the use of microstructured guiding optical fibers has received increasing attention,
such as exposed core silica fiber for the detection of zinc ions,” or plasmonics sensors based on fused
silica photonic crystal fibers.!*” Other studies have covered the use of multicore fibers as endoscopes.
[11.12] Nevertheless, few studies to date have explored the potential for bioactive glasses combined
with the stack-and-draw method. For reference, bioactive glasses form a subset of glasses that offer
biological compatibility with the human body, such as no rejection mechanisms and absorption into
the human body. Such glasses have the potential to favor osteogenesis to assist in bone tissue
regeneration.’ Among the reported achievements Gallichi-Nottiani et al.l** prepared a
microstructured bioresorbable fiber by first extruding phosphate glass capillaries and then fusing the
capillaries together during drawing, demonstrating the use of bioresorbable glass in microstructured
fibers. Rizi et al.!*> demonstrated combined guiding of a laser beam in a core-clad fiber and of a fluid
in a capillary, both guides being made from bioresorbable materials stacked in a single circular fiber.
Despite such advances, no polygonal fibers have been explored yet in the context of bioactive fibers.
In the current manuscript we propose to study the potentials that the stack-and-draw method offers

to the design of bioactive optical fibers with unusual cross-section shapes, with the objective to put



light on the constraints, advantages and challenges such design may pose in comparison with round
fibers. To efficiently treat our research endeavor, we selected the most suitable materials for the
targeted application in the SiO,-B,03-Na,0-P,0s-CaO borosilicate system, the composition of which
was tuned with ytterbium oxide to adjust its thermal, rheological and optical properties while providing
emission at ~1 um. Then original manufacturing protocols, both for round and rectangular core-clad
fibers, were developed. Following extended characterization of the glass bulks and fiber parts were
performed, involving Raman spectroscopy together with absorption and fluorescence spectroscopies,
X-ray tomography, electronic microscopy and fiber loss measurement. Finally, we followed and
compared the optical properties of the elaborated core-clad fibers, in round and rectangular shapes,

while immersed in simulated body fluid (SBF).

Methods

i. Glass preparation and characterization

Glasses with nominal composition (100-x)(26.93 SiO, — 26.93 B,03 — 22.66 Na,O — 1.72 P,0s — 21.76
Ca0) — x Yb,03 in mol-% with x =0, 0.25, 0.50, 0.75, 1.00 and 1.25% were prepared from high-purity
chemicals. Batches of 25 grams were weighed, mixed and melt in a Pt crucible (SiO,: 99.5%, Alfa Aesar
; B203: 99.9%, Merck ; Na;COs : 100.05% dry basis, Alfa Aesar ; NasPO,4 : 96%, Sigma-Aldrich ; CaCOs :
99.9%, Sigma-Aldrich ; Yb203 : 99.9%, ABCR). The temperature profile consisted in 10 °C/min heating
with 30 min holding periods at 400, 850, and 1250 °C for drying, initial fusion and CO; release, and
fining steps, respectively (furnace Carbolite BLF1700). The glass melts were quenched in preheated
molds and annealed at 450 °C (furnace Carbolite CWF1300). Brass molds were used for bulk pieces and
graphite for round fiber preforms. The glasses were annealed for 8 hours at Tg-100°C before cooling
down naturally to room temperature. Finally the glasses were cut to desired shapes and polished
(suspensions H,0/Al,03 15 pm, 9 um and H,0/CeO 1.5 um) on laboratory lapping machines from

Logitech (UK).



Thermal analysis of the prepared glasses was performed by differential scanning calorimetry (DSC) on
powdered glass using DTA 404 PC (Netzsch -Geratebau, Germany) in Pt-Ir crucibles. The heating rate
was set at 10 °C/min in air. The density measurement was performed using Archimedes’ principle from
the weight of a bulk piece in air and then immersed in diethyl phthalate (99.5%, Sigma-Aldrich,
Germany) using a Precisa XT220A laboratory balance (Precisa, Switzerland) with the associated density
measurement kit. The glass quantity used for density measurement was in the range 0.2 - 0.7g.
Knoop micro-hardness indentation measurement was done on Leica VMHT (Leica Microsystems,
Germany) universal hardness tester with a Knoop diamond tip. A 100 grams weight was applied to load
the tip for 20 s and the resulting indentation was measured optically from indentation length. In order
to estimate possible inhomogeneities, 12 independent measurements were taken from ~2 cm? area
and averaged for one sample. Surface roughness of the samples was monitored over time by
measuring it using a white light interferometer Wyko NT1100 (Veeco, USA) in VGA mode and a 10x
magnification.

The refractive index was determined using an Abbe refractometer (ATAGO, Japan) when illuminated
with a 589 nm light source. Optical absorption spectrum in the UV-Visible-NIR range was obtained with
a Cary 5000 (Agilent, USA) dual path spectrometer. In the infrared range, the measurement was
performed using a single path Equinox 55 (Bruker, USA) Fourier Transfer Infrared (FTIR) spectrometer
in air scrubbed from water vapors and CO,. The absorption coefficient a(1) was determined using

Equation 1:

In 10 A(2)

a(l) = D

(1)

where A(MA) is the absorbance, L is the bulk sample thickness.

NIR emission was measured using an iHR320 (Horiba, Japan) spectrometer with a Xenon arc lamp

filtered to 240 nm as the excitation source. The emission spectra were measured from powdered

samples with a LN; cooled DSS-IGA020L InGaAs detector (Horiba, Japan).



ii. Preforms and fibers fabrication

Fibers were thermally drawn from a macroscopic scaled-up preform, which is elongated through
localized thermal heating while being hold vertically. The manufacturing of the round and rectangular
core-clad preforms required developing two different original methods (Figure 1). For all geometries
the undoped borosilicate glass was selected to form the cladding of the fiber while, in order to provide
refractive index contrast and a probing functionality, the glass doped with 1.0 mol-% Yb,0s3 was
selected as the core composition.

To prepare the round cross-section preforms, the undoped glass (cladding) was first cast into a
preheated graphite mold, followed by a graphite rod being impinged into the molten glass (Figure 1a).
The graphite rod was then immediately pulled out, leaving a cavity to which the Yb-doped core was
cast. The resulting preform, still within the graphite mold, was then annealed as a whole. Finally, once
back at room temperature, the preform surface was optically polished by abrasive papers to remove
residual graphite before drawing. Cylindrical macroscopic glass preform of 8 mm in diameter and ~7
cm in length could be prepared in the manner.

The elaboration of rectangular preforms relied on the stack-and-draw method, as described in Figure
1b. Bulk glass parts were first cut into rectangular parallelepipeds optically polished on the joint sides
(averaged sizes: length 6 cm, width: 1 cm, thickness: 0.5 cm). A three-part assembly was stacked at
575 °C for 1 hour under a homogeneous applied pressure of ~100 g cm™. The stacking step was
repeated once more to achieve the final geometry. All four sides were then polished to an optical finish

before drawing.
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Figure 1: Schematic diagrams of the manufacturing processes for (a) the round core-clad preforms

and (b) the rectangular core-clad fiber preforms

The preforms were drawn into fibers at ~600 °C on an optical fiber drawing tower (N.M. Knight
Company, USA) under flowing argon atmosphere (3 L.mn™). No coating was applied to the fibers after
drawing, as it would interfere in the dissolution test. The preform feed rates, drawing speeds and
furnace temperature were adjusted to match with preform dimensions, compositions and geometries,
the targeted size being in the order of 400 um.

iii. Preforms and fibers characterizations

Scanning electron microscope (SEM) Zeiss Crossbeam 540 (Zeiss, Germany) was used in conjunction
with energy dispersive spectrometer (EDS) detector X-MaxN 80 (Oxford Instruments, UK) to image and
analyze elemental concentration across the face of a rectangular core-clad fiber. TESCAN Vega Il SBH

SEM (TESCAN, Czech Republic) was used to further image fiber cross-sections.



3D X-ray computational tomography (CT) was performed on GE Phoenix v|tome|x (General Electric,
USA) with an approximate voxel size of 2 um. X-Ray Diffraction (XRD) patterns were measured on
powdered samples by means of a PANalytical X'Pert Pro diffractometer (Malvern Panalytical, UK) using
the copper Ka radiation on aluminum sample holders. Measurement time was approximately 3h for
20 angles from 10° to 80°.

Raman spectra were obtained with a LabRAM HR (Horiba, Japan) system, with a stabilized 532 nm
excitation source Sapphire SF (Coherent, USA), a 1200 lines.mm™ grating, Synapse 354308 CCD Camera
(Horiba, Japan) and a 50x microscope objective in a confocal configuration. The same system was
utilized for measuring microluminescence mappings. Here, a stabilized 975 nm laser L4975M-200-TE
(Micro Laser Systems, USA) was used with 300 lines.mm™ and a LN, cooled Symphony Il InGaAs array
detector (Horiba, Japan). Furthermore, off-axis scattering of the fiber was mapped by injecting a 980
nm beam from a fiber-coupled laser (Applied Optronics Corp., USA) and imaging the scattered light
with the aforementioned camera. Microscope images of the fiber ends were taken with a Leica
DMI3000M microscope (Leica Microsystems, Germany) using a 10x objective.

Optical loss in fibers was determined using the cutback method. White light from a halogen light source
DH-2000-BAL (Ocean Insight, USA) was launched into a fiber being tested and the transmitted light
spectrum was measured with a AvaSpec-ULS4096CL-EVO spectrometer (Avantes, The Netherlands).
Fiber coupling was done via butt coupling the fiber ends together. The fiber was shortened by few
centimeters and measurements were repeated. The optical absorption in dB at a given wavelength
was then plotted as a function of a length of fiber, followed by least squares fit to obtain the loss in
dB/m from the fitted slope.

iv. Simulated body fluid on fiber samples

Simulated body fluid (SBF) was prepared in accordance with protocol detailed in ¢, The SBF setup is
detailed in Figure 2. For the measurement of evolution of loss of fibers in SBF, a multimode fiber was
either connected to a halogen white light source MG922A (Anritsu, Japan) or to a 976 nm single mode

pigtailed laser diode CM96Z300-76 (lI-VI Photonics, USA) to act as a light source.
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Figure 2: Schematic diagram of the method used to measure transmission loss in SBF

The input fiber was butt coupled with a XYZ stage to the end of a fiber that passed through a 1.5 ml
plastic centrifuge tube. Holes through the tube were sealed with PVA glue. The output was collected
with another XYZ-stage aligned multimode fiber that was connected to an Ando AQ6317B (Yokogawa,
Japan) optical spectrum analyzer (OSA) for measurement. Data was collected at the highest sensitivity

setting at 2 nm intervals from 600 to 1600 nm.

Results and Discussion

i. Glass properties

Table 1 depicts selected physical, thermal, optical and spectroscopic properties of the prepared
glasses. DSC curves of the investigated glasses are shown in Supplementary Figure S1. The glass
transition temperatures (T,) were determined as local minima of the thermogram first derivatives. T,
values are clearly visible at around 515 °C for all glasses. A thermal signal is detected at around 600°C
for all the compositions. To understand its nature, a bulk glass was heated for 36 hours at this
temperature, indicating that this event is associated to the peak crystallization (T,) temperature. On
heated powdered glass, CaNasBsO1p and NasCasSisO1s were identified as the main crystal phases

(Supplementary Figure 52).17)



Table 1: Selected physical, thermal, optical and spectroscopic properties of glasses

(in blue: fiber core glass, in orange: fiber cladding glass)

Yb,03 T (°C)£3 | T, (°C) £ 3 | Density (g | Refractive Knoop Yb3*ions | Absorption

(mol-%) °C °C cm3) + index at | hardness | (10%°ions | coefficient

0.02 g 589 nm + (HK cmd) at 976 nm

cm3 0.001 0.1/20) (cm™) +

10%
0.0 (clad) 518 595 2.62 1.5625 502 + 28 0.0 0.00
0.25 517 599 2.68 1.5633 - 1.3 1.79
0.50 516 595 2.71 1.5644 - 2.5 3.22
0.75 518 597 2.74 1.5675 - 3.7 4.63
1.0 (core) 513 602 2.77 1.5686 529122 5.0 6.41
1.25 520 604 2.78 1.5713 - 6.2 8.11

Density of the glasses increases with the concentration of Yb,0s, in agreement with previously
reported data.l*® Similarly the refractive index increases due to the adding of heavy lanthanide ions as
compared to the much lighter ions in the base glass. Increased refractive index is important as it results
in larger numerical aperture and then in higher number of guided modes in core-clad fibers. The Knoop
microhardness was slightly higher in a doped glass than in the undoped one, in agreement with 1%,
The stability of the glasses in air was evaluated by monitoring the evolution of surface roughness and
OH-related IR bands. The glasses were stored in ambient air and in vacuum oven at 75°C for several
weeks (relative humidity of the locale ambient air in 70-80% range). It was found that no changes in
the surface roughness were seen for undoped or 1 mol-% doped glasses for up to 30 days
(Supplementary Figure S3a). Furthermore, the IR bands attributed to water 2% 2¥ did not exhibit
meaningful differences for glasses stored in air versus vacuum (Figure S3b).

Graphs detailing the optical absorption/emission properties of the glass and Yb* ions are shown in
Figure 3. Figure 3a shows the optical bandgap of the glass at different Yb3* concentrations. Dashed

lines are extrapolation to assist the analysis.
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Figure 3: (a) Absorption coefficient of 200 um thick samples around the UV absorption edge with
tangents drawn for the optical band gap and Pt* related absorption band (b) Absorption coefficient
around the Yb®* absorption band (c) and Yb** emission intensity when excited at 240 nm (d) The

normalized area under the emission curves as a function of the Yb3* concentration

One can see that the UV absorption threshold has two different components, one that changes in
correlation with the Yb3* concentration and one that appears to be independent of Yb3* concentration.
The optical bandgap of the non-doped glass is found at 212 nm. A higher contribution of the Yb** ions
is visible through an increased 0%-Yb3* charge transfer band intensity. In phosphate host lattice, this
band is expected to be centered at around 210 nm.?? The second band with intercept at 330 nm does

not shift nor does correlate with the Yb3* concentration. This band is caused by Pt** contamination



from the crucible based on its location and composition-independent behavior.!?>2* Figure 3b displays
the Yb3* absorption coefficient for the characteristic 2Fs/» — 2F7, transition of the Yb3* ion. The shape
and intensity of the absorption is consistent with previous report on borosilicate glasses doped with
Yb3*.'8 As can be seen in the Figures 3c and 3d, the emission intensity increases up to 1.0% Yb,0s
before it decreases for 1.25% due to concentration quenching. Similar Yb% threshold concentrations
corresponding to 0.5x10%* ions cm™ have been reported in other borosilicate glasses.?"!

In-vitro dissolution in simulated body fluid was performed for up to 2 weeks on the glass doped with
1 mol% of Yb,0s. Here 75 mg of glass powder (150-250 pm) immersed in 50 mL of SBF solution at 37
°Cin anincubator rotating at 100 rpm to have a laminar flow. It is noteworthy that the behavior of the
1 mol% Yb203-doped glass in SBF is similar to that seen for the undoped glass [26]. As expected, the
immersion of the borosilicate glass in SBF leads to an increase in the pH (Figure 4). This is due to ion
exchange between Na*and H, as well as the leaching of cations in the immersion solution, as accepted
during the dissolution of bioactive glasses within the silicate and borosilicate systems.?®! |on release
was further confirmed via Inductively Coupled Pasma — Optical Emission Spectroscopy (ICP-OES)
analysis. Si and B that constitute the glass structure backbone were found to leach out into the
immersion solution especially during the first 72 hours. At longer immersion time, the release of those
ions slows down indicating that the soluble silica is first released in the solution while the strongly
bonded silica remains in the network and re-polymerizes to form the SiO,-rich gel layer. Boron is
initially released from the surface. Boron does not participate in the hydrated layer formation.
However, as the dissolution is diffusion based, this element is also released but at a slower rate at long
immersion time. The Ca release is also found to rapidly leach out into the solution and levels off at
immersion longer than 72 hours. The phosphorus in the SBF is found to decrease in concentration. As
expected from this glass composition, the release of Ca and decrease in P can be associated with the
precipitation of a reactive layer, expected to be hydroxyapatite according to 7). It is noteworthy that

the behavior of the 1 mol% Yb,0s-doped glass in SBF is similar to that seen for undoped glass in 2,



indicating that the addition of Yb203 up to 1.0 mol% does not modify the bioresponse of the glass. An

hydroxyapatite layer is expected to form at the surface of the glass upon immersion in SBF.
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Figure 4: In vitro dissolution in simulated body fluid (a) pH of the solution (b) Si, B, Ca and P

concentration as a function of immersion time

ii. Fiber characterization

We now investigate the properties of the core-clad borosilicate fibers prepared following the protocol
exposed in Figure 1. Optical fibers were manually cleaved and the resulting cross-sections were imaged
through an optical microscope (Figure 5). Both the rectangular and round fibers appear to have smooth
and defect-free core-cladding interfaces based on multiple images taken in different positions along
the z-axis. Furthermore, the general shape of the rectangular fiber has been well preserved, albeit with
some rounding in the external corners. Similarly, the round fiber exhibits a well-preserved general
aspect. The slight off-centering of the core and the swirls near the core-clad interfaces emanates from

the graphite impinging drill used for elaboration.
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Figure 5: Schemes and optical microscope images of the prepared fibers cross-sections: round core-
clad and rectangular fibers (the contrast dissimilarities observed between the core and clad are not

related to chemical composition but to external reflections captured by the optical microscope).

To detect buried porosity otherwise not accessible using optical microscopy or SEM, X-ray micro-
computed tomography (micro-CT) was undertaken on multiple fiber sections. Tomography is a non-
destructive technique providing insights into the 3D spatial distribution, morphology and orientation
of porosity within the sample with a micrometer scale voxel resolution. Tomography was performed
on bundles of short (2-4 cm) fiber sections taken from different parts of the as-drawn fiber. Figure 6
shows computational tomography imaging resulting from a bundle of round core-clad fibers (Figure
6a) and rectangular core-clad fibers (Figure 6b), including three pictures of a single fiber taken at
different axial positions along its axis.

The image slices were extracted from the imaged volumetric imaging data (~20 mm? per bundle). The
grey level correlates with the X-ray absorption coefficient, i.e. composition, of the glass (the light color
being related to the presence of ytterbium). The fiber parts were selected at different points along the
drawn fiber (~10 m) in order to gauge the internal homogeneity in geometry, especially at the core-
cladding interfaces. In the case of round fibers, the ratio of core and cladding diameters varies slightly,

indicating that the impingement method does not produce perfectly cylindrical hole to be filled with



the doped core glass. Moreover, areas appearing darker nearby the interfaces may be related to
inhomogeneous glass composition. Nevertheless, in the limit of resolution of the tomography voxel
(order of 5 um), the data suggest together that the impingement method, albeit improvements to
prevent glass mixing, can be used to prepare round core-clad multimode fibers for research purposes.
Tomography was also performed on the rectangular fiber bundle clearly evidencing the homogeneity
in geometry and composition of the samples, along with the absence of detectable defects at core-

cladding interface within the resolution of the instrument.

Figure 6: Micro-CT images and 3D model of the fiber bundles studied. A 2D image of the round fiber
bundle encased in plastic shell, scale bar 1 mm (a). A 3D model of the rectangular fiber bundle (b).
The three pictures are taken at different points along a single fiber, at 0.0/0.8/1.6 mm for both round

and rectangular fibers.

The XRD patterns of the fibers (Figure 7a) depict broad bands, except for the aluminum metal peak
originating from the sample holder, suggesting that the fibers are free from crystals. The XRD patterns

appear to have two amorphous contributions with one prominent centered at around 30° and the



other, smaller one at around 45° meaning that the bands are a natural result of the bond length
distributions in the glass.!*” 28

The structure of the bulk glass, of the glass fiber preforms during the stacking process and of the drawn
fiber was verified by Raman spectroscopy (Figure 7b). Extended Raman spectra analysis has been
reported in more detail in !, The 400 to 700 cm™ range is due to general Si-O-Si vibrations with bands
between 520 and 600 cm™ being related to vibrations of Q2 units (Q" with n being the number of
bounded oxygen in Si-O-Si network), 590 to 650 cm™to Q2 units and band at 700 cm™ to Q! units. The
800 to 1200 cm™ range is due to Si-O” bonds, where oxygen is a non-bridging oxygen (NBO type center).
The most prominent bands at 940 cm™ and 1050 cm™ are due to Q% and Q3 silicon tetrahedra,

respectively.
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Figure 7: (a) XRD patterns of the round and rectangular round core-clad fibers (the peaks observed in
the patterns are from the aluminum sample holder) and (b) normalized Raman spectra of the glass in

various stages of processing

In order to measure and quantify possible Yb3* ion diffusion from the doped core to the undoped
cladding, the Yb3* emission was mapped using an epifluorescent excitation near the core-cladding

interface (Figure 8a). The boxes in Figure 8a correspond to the measured area of Figure 8b. In Figure



8b, the color represents the integrated Yb%* emission area normalized to the maximum value and
correlates directly with the Yb3* ion concentration in the glass. Mapped areas are taken from opposite
edges of the fiber core to capture the emission interface thickness around the core. One can observe
that the Yb*" luminescence remains constrain to the core. The luminescence drops significantly over
an average thickness of 5 um from the interface, which coincides with the approximate spot size of the

excitation laser, meaning that the actual diffusion thickness is lower than 5um.
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Figure 8: Optical image of a fiber with (a) areas highlighted in boxes mapped in (b) for normalized
Yb3®* emission intensity area from 990 nm to 1100 nm of the 2Fs;, — 2F;; transition when excited at 980

nm

Further evidence of Yb** ion confinement to the core can be found in Figure 9 that shows the SEM
image and an Energy Dispersive Spectroscopy (EDS) mapping of another fiber (Figure 9a) along with an
elemental line scan following the white arrow (Figure 9b). The atomic percentages were converted to
corresponding glass constituent compounds with elements assumed present in nominal oxidation
states and with boric oxide accounting for excess oxygen (as boron could not be detected directly)
especially considering that EDS is a semi-quantitative method. Figure 9a confirms that the core is well

defined with sharp edges and corners that did not deform during drawing. The line scan in Figure 9b



confirms that the ytterbium remains confined in the core. The elemental composition is largely

consistent with nominal compositions, with no large spatial variations.
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Figure 9: (a) SEM image and (b) EDS line scan along the arrow in the SEM image (boron was not

included in the analysis due to low EDS sensitivity for boron)

iii. Fiber stability in simulated bioactive medium

The obtained fibers were then tested to probe their stability and response in a simulated bioactive
fluid. The optical response of a 3-cm-long piece of fiber with 1-cm being immersed in SBF was
investigated using a setup detailed in Figure 2. Transmission measurements were taken immediately
after immersion (0 hours) and at 1, 2, 3, 6, and 9 hours. The optical response of the fiber immersed in

simulated body fluid for up to 9 h is shown in Figures 10 for both geometries.
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Figure 10: Transmitted optical power through 1-cm piece of fiber in SBF as a function of time for (a)

round core-clad and (b) rectangular core-clad geometries

After a 9 hours immersion, the losses of the rectangular fiber increase whereas the round fiber

transmission remains nearly constant. In the round fiber, the light is confined in the core and the

cladding is sufficiently thick to act as a sacrificial layer/insulator preventing the transmitted light and

the formed surface defects from interacting. Figure 11 shows the degradation of the round core-clad

fiber after SBF immersion for a set period. The degradation is confined to the outer layer leaving the

core intact. The reaction layer has progressed linearly from the outside but it did not reach the core

due to the thickness of the cladding layer (Figure 11c).



Figure 11: SEM images of the round core-clad fiber after (a) 1h (b) 3h and (c) 6 hours in SBF. Lower

pictures are zoomed of the indicated boxed area. Arrows indicate core-cladding interface (samples

immersed in epoxy resin).

On the contrary, as observed on SEM pictures (Figure 12), the rectangular core-clad fiber appears to
be more sensitive to the aqueous medium, suggesting that the cladding appears to offer much less
protection than the round cladding. The degradation behavior of the rectangular fiber is markedly
different from that of the round fiber, the corrosion being extremely aggressive. The corrosion in the
corners has almost reached the core while the sides are still remarkably intact. In addition, the
corrosion appears to be largely independent of the stacking lines, i.e. the location and direction of

interfaces between the original bulk glass slabs as degradation can be seen on the 4 corners.
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Figure 12: (a) Schematic diagram of the stacked fiber and (b) SEM images of the rectangular core-clad
fiber prepared with the stack-and-draw technique after 1 hours and (c) 3 hours (samples immersed in

epoxy resin). Dotted lines indicate the initial fiber perimeter.

A key aspect in this process is the stress corrosion cracking,'?® 3% a complex process where stresses in
the glass contribute to chemical reactions. In general, the glass is more chemically active when under
tensile stress and thus reacts more with water. The cause of the preferential corner corrosion could be
found in the formation of microcracks and stress corrosion cracking as it was found that mechanical
stress residues and induced microcracks accelerate significantly the dissolution process.3! If
microcracks or residual tensile stresses are present and the glass does not self-inhibit dissolution by
forming hydration layers, then the dissolution reaction proceeds at a faster rate relative to a pristine

glass surface.

Optical images of rectangular preform and resulting fibers were taken under polarized light to highlight
stress concentration (Figure 13). In Figures 13a and 13b, the preform appears very homogenous,
without any remaining stress concentrations from the stacking. Unlike preform, the picture of the
rectangular fiber (Figure 13d) reveals a noticeable stress concentration within its side parts. The stress
present in the glass is observed as fringing, which point to high stress concentrations that are

perpendicular to the fiber outer surface (Figure 13d). Stress is at its strongest in the external corners



of the fibers, in agreement with the effects seen in Figure 12. Stress fringes in the round fiber (Figure
13e) are markedly different from the ones in the rectangular fiber as they are localized at the core-
cladding interface, in parallel to the interface, not perpendicularly like with the rectangular fiber. Such
a difference may reveal a significant discrepancy of the thermal gradients applied within the two types

of fibers during the drawing process.

Figure 13: (a) Core-cladding interface and (b) cladding corner of a stacked rectangular preform with

(c) a schematic diagram showing the locations of both pictures relative to fiber cross-section. Optical
microscope images under polarized light of (d) Image of the drawn fiber and (e) round fiber. Images
taken from samples in epoxy and polished to 400 um in thickness. Rotating linear polarizers, lighting

and focus were adjusted to maximize visibility of the fringes.

Attenuation measurements were performed at different visible-NIR wavelengths by the cutback
method on initial 1-meter-long sections for both the round and rectangular fibers (Figure 14).
Minimum loss is measured around 750-800 nm. Above this range of wavelengths, the Yb** absorption
tail takes effect and the core begins to absorb light (Figure 3b). At lower wavelengths towards the blue

parts of the spectrum, Rayleigh scattering affects the transmission.
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Figure 14: Optical loss of the core-clad fibers measured by the cutback method

Considering the round fiber first, loss shows a minimum of ~8 dB.m™ at 750 nm. Although minimum
loss remains relatively high for practical applications, at this stage it is at an expected level. Indeed, the
preform elaboration method developed internally (Figure 1) leads to core-clad interface with
remaining defects and no dedicated purification protocol other than the use of high-purity precursors

was introduced at this stage.

In comparison to round fibers, the loss measured on the rectangular geometry is really high, in the
order of 30 dB/m at 800 nm. In a first approach, one could relate the high loss to the rectangular shape
of the core. Yet, comparative studies performed on fused silica optical fibers showed that light leakage
do not significantly depend on the geometry of the fiber. On the contrary, the overall attenuation
depends on the modes excited/guided in the fiber as low order modes suffer from lower attenuation,
whereas high order modes which have a significant part of their energy spreading in the cladding, are
much more attenuated.?? 33! One has to keep in mind that, in our experiments, both round and

rectangular fibers are highly multimode. For example, about 5000 linearly polarized (LP) modes are



expected to be guided in the round fiber shown in Figure 5 (core diameter = 330 um), with Yb,0s;
concentration of 1 mol-% (numerical aperture = 0.14) at A = 980 nm. We must notice that light injection
could be performed in a non-strictly consistent manner during cut back measurements in between the
two types of fibers, resulting in an excited modal population different in the two types of fibers and
thus in different overall loss. Equal power distribution in all modes orders (“modal equilibrium”) should

be achieved for mode-dependent loss mitigation.

Another point to be considered is that the core areas are significantly different in the round and in the
rectangular fibers. As can be seen in Figure 5 for example, the area of the core of the round fiber is
roughly twice that of the rectangular one. As the smaller dimension of the rectangular fiber (130 um)
is only slightly larger than the core diameter of the MM fiber used to launch light in this fiber (105 um,
see Figure 2), some input light may have coupled in the cladding, resulting in a distorted measurement.
Yet, this difference in area is not sufficient to explain that the loss of the two fibers differ by orders of
magnitude. In Figure 13d, noticeable stresses were visible even in the fiber core. As tensile stresses
change the refractive index of a fiber 3* we can deduce that the fiber core in the rectangular fiber does
not have a homogenous refractive index. Moreover, the stress distribution varies along the axial
direction z, so that the index profile varies along z. These changes in the index profile may result in
intense mode coupling. Thus, part of the guided energy can couple to higher order modes (leaky
modes), resulting in high losses. Parametric study of the loss in these newly developed fibers, involving
core geometry and diameter, specific numerical aperture and taking mode coupling into account will

be the scope of a further detailed study.

A deeper characterization on the as-drawn fibers was performed to compare their optical properties.
Figures 15a and 15b show NIR images (Yb3* emission intensity) of the round and rectangular fibers
respectively, when a 980 nm laser beam is launched from a multimode fiber. The round fiber scattering
[35]

consists of bright defects that are localized at its surface, very similar to defects found in bent fibers,

indicating that the defects have formed from the fiber handling and too tight bending. We also see



some internal emission coming from the inside of the round fiber. In Figure 15a we notice the
occurrence of small defects lying within the core of the round fibers. This is reinforced by the
observation made by X-ray microtomography (Figure 6a). This would support the idea that these

enclaves are the sources of the sharp light scattering decay observed on the round fiber, along with

bending-related surface defects.
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Figure 15: (a) Round and (b) rectangular core-clad fiber imaged in NIR while guiding 980 nm laser
beam. Both images are stitched from multiple images, brightness and contrast increased equally in
software for better visualization. White arrows indicate the measurement sites. (c) Schematic of the
measurement setup. (d, e) Emission spectrum as a function of focus shift perpendicular from the
fiber. Positive values correspond to focus moving towards the reader. Dashed lines indicate fiber core

position.



The rectangular fiber in Figure 15b shows an entirely different picture when it comes to off-axis
scattering. The entire core is seen glowing brightly and homogenously along the measured fiber length.
This behavior is presumed to originate from the light mixing rod effect homogenizing the excitation
beam through randomized reflections and then when it encounters a stress-related refractive index
variation, the light beam has the opportunity to couple in leaky modes and then to propagate away
from the core. The Yb3** emission is also affected and the significant fraction of the light is no longer

confined in the core.

Further demonstration of this can be seen in Figures 15c, where the emission spectrum of these two
fibers is measured as a function of the focus shift perpendicular to the fiber. The round fiber has a very
sharp excitation peak visible with a mild emission at the Yb3* emission wavelengths, indicating that the
scattering of the round fiber is dominated by the scattered excitation light (Figure 15d). A different
case is seen for the rectangular fiber, which has a much more intense emission above 1000 nm,
demonstrating that a larger portion of the light originating from Yb3* emission extends beyond the

physical dimensions of the fiber (Fiber 15e).

Conclusion

In the current report we demonstrate our ability to develop bioactive-based glass fibers with various
geometries. Firstly we thoroughly characterized the physicochemical, photoluminescence and
dissolution properties of the selected undoped and Yb-doped borosilicate glasses. Following, we
expose two experimental protocols dedicated to the fabrication of core-clad bioactive borosilicate
preforms and fibers, both with round and rectangular cross-section profiles. Using X-ray
microtomography along with fluorescence spectroscopies and electronic microscopy analysis, fibers
are found to exhibit good quality interface between the core and cladding, with very limited ytterbium
diffusion from the core. Upon dissolution rate study of the fibers in simulated body fluid, supported

with electronic microscopy, we show that the biodegradation behavior of the fibers is significantly



altered by changing the fiber external cross-section profile. Rectangular fibers suffer from much higher
losses and accelerated degradation compared to circular ones, the differences being due to residual
tensile stresses generated during fiber drawing, resulting in inhomogeneous refractive index in fiber
core, leading to higher losses, and accelerated degradation at their corner. The stack-and-draw
technique combined with chemical direct-bonding offer an alternative for the fabrication of preform
build-up with complex shapes. The method was applied for instance recently for multimodal
imaging,©® providing the fact that, due to intrinsically superior fiber loss, the targeted application does
not require extra-long devices. Similarly, here we show that the stack-and-draw rectangular fibers
result in an interesting diffusing fiber source without the need for an additional surface treatment (as
chemical etching or particles deposition).?” Finally, as shown here, geometry also plays a critical role
on the biodegradation behavior of a bioactive glass. In that perspective we believe the enclosed results
may open up alternatives for developing bioactive fiber-based optical components where fine or

differential glass dissolution rates would be needed.
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