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Abstract

Owing to their fast but tunable degradation kinetics (in comparison to silicates) and excellent
bioactivity, the past decade has witnessed an upsurge in the research interest of borate/borosilicate-based
bioactive glasses for their potential use in a wide range of soft tissue regeneration applications.
Nevertheless, most of these glasses have been developed using trial-and-error approaches wherein SiO; has
been gradually replaced by B,0O;. One major reason for using this empirical approach is the complex short-
to-intermediate range structures of these glasses which greatly complicate the development of a thorough
understanding of composition—structure—solubility relationships in these systems. Transitioning beyond the
current style of composition design to a style that facilitates the development of bioactive glasses with
controlled ion release tailored for specific patients/diseases requires a deeper understanding of the
compositional/structural dependence of glass degradation behavior in vitro and in vivo. Accordingly, the
present study aims to decipher the structural drivers controlling the dissolution kinetics and ion-release
behavior of potentially bioactive glasses designed in the Na,0O—B,0;—P,05—Si0O, system across a broad
compositional space in simulated body environments (pH = 7.4). By employing state-of-the-art
spectroscopy-based characterization techniques, it has been shown that the degradation kinetics of
borosilicate glasses depend on their R (Na/B) and K (Si/B) ratios, while the release of particular network
forming moieties from the glass into solution is strongly influenced by their role in — and effect on — the
short-to-intermediate-range molecular structure. The current study aims to promote a rational design of
borosilicate-based bioactive glasses, where a delicate balance between maximizing soft tissue regeneration
and minimizing calcification and cytotoxicity can be achieved by tuning the release of ionic dissolution
products (of controlled identity and abundance) from bioactive glasses into physiological media.
Keywords

Bioactive glass, Compositional design, Dissolution, Solid-state NMR
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1. Introduction

The last 5+ years have witnessed a noticeable upsurge in the research interest of borate-
and borosilicate-based bioactive glasses for use in soft tissue engineering, given their ability to
degrade (i.e., release functional ions and resorb over time) at a controlled pace, thus promoting
biological processes such as antibacterial activity and angiogenesis.!* For instance, fibrous borate-
based bioactive glass (13-93B3), Dermafuse®/ MIRRAGEN® Advanced Wound Matrix, was
initially approved for use in healing open wounds in animals. Nevertheless, these materials have
recently been approved for treating acute or chronic wounds in human patients.! While these
developments are tremendous for the field of soft tissue engineering, ongoing research indicates
that these advances merely represent the ‘tip of the iceberg’ as compared to the full therapeutic
scope of boron-containing bioactive glasses.* 3 This is particularly evidenced by the finding that
borate-based glasses are not only successful in promoting accelerated vascular regeneration in
vivo, they also exhibit non-cytotoxic behavior when in contact with kidney tissue.® Given that the
kidney is considered to be the organ most prone to borate toxicity,’ it can be inferred that similar
glasses can be designed for a wide range of applications in soft-tissue engineering, with the
assurance that borate release will not significantly affect cell viability.

A few emerging areas in soft tissue engineering where boron-containing bioactive glasses
with controlled dissolution behavior are expected to play an important role in the future include
cardiac and pulmonary tissue engineering, and muscle and nerve regeneration.”- 8 The preliminary
results on this subject report the cytocompatibility of borate and silicate glass rods/microfibers
with neuronal cells, while these materials have also been successful as synthetic nerve guidance
conduits for treating peripheral nerve damage, thus, promoting short-gap axon regeneration.’-!!

Further, the glass-based scaffold analogs have also been used to direct long-gap axon growth.!2-14

3

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

Similarly, the high efficacy of aluminoborate-based glasses (with dissolution rates between
commercial silicate- and borate-based bioactive glasses) in promoting the regeneration of skeletal
muscle tissue in vivo has recently been reported.!> The aforementioned applications of bioactive
glasses in the field of soft tissue engineering (and beyond) represent the future of biomaterials.
Therefore, novel glass compositions with controlled degradation kinetics are required whose

dissolution behavior and functional ion release can be tailored for specific patients/diseases.

2. Challenges with the current design of silicate and borate-based bioactive glasses in the
repair and regeneration of soft tissues inside the human body

The majority of silicate bioactive glasses [e.g., 45S5 Bioglass® (wt.%: 45 SiO,—24.5 Na,O
—24.5 CaO — 6 P,0s5) and S53P4 (wt.%: 53 SiO;— 23 CaO — 20 Na,O — 4 P,0s)] are designed in
the Na,0-Ca0O-Si0, ternary system. However, the interaction of these glasses with physiological
fluids usually occurs at a slow rate, thus, causing the undissolved glass to remain in the body for
durations longer (months to years) than the recovery period of the tissue.® '® In most cases, this
slower degradation rate is undesirable for soft tissue engineering, especially when these glasses
are being used for the repair and regeneration of soft tissues in vivo, such as in the case of cardiac
or pulmonary tissue engineering. For example, bioactive glasses meant for repair and regeneration
of myocardial infarcted tissue ought to be fully biodegradable, while also matching the recovery
rate of the injured heart (i.e., 2 weeks to 3 months in the case of an acute myocardial infarction).!7-1?
In the same context, borate and phosphate bioactive glasses achieve complete (100%)
degradation,?® and, thus have been proposed for soft tissue engineering (e.g., wound healing).?!- 22
However, the degradation kinetics of such glasses are too fast for application in cardiac or

pulmonary tissue engineering.?* > For example, bioactive glass particles (diameter: 0.2-5 um) with
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the composition 5.5 Na,O — 11.1 K,0 — 4.6 MgO — 18.5 CaO — 3.7 P,0O5 — 56.6 B,O3 (wt.%)
achieve near 100% degradation after ~14 days in simulated body fluid,”® which is significantly
faster compared to the recovery rate of the injured heart.!”- '3

Further, most commercially available bioactive glasses — e.g., 45S5 Bioglass® and 13-93B3
— were originally developed for bone regeneration, wherein the mineralization of
hydroxycarbonate apatite (HCA) — or calcification — is an essential trait.'® However, severe
consequences can occur if calcification occurs in regions that do not normally calcify. Critical
health-related issues that could arise from calcification within such soft tissues are summarized
elsewhere.?6 27

For calcification to initiate, a nidus for crystallization is required, along with an adequate
supply of local Ca?* and PO,>.?8 It has been demonstrated that serum phosphate level (i.e., the
concentration of PO,3) is an important in vivo determinant of calcification.?®- 3° Lowering their
concentrations can reduce or avoid soft tissue calcification, even in the presence of extremely high
serum calcium levels.?” 30 Interestingly, nearly all commercial bioactive glasses are rich sources
of Ca?" and PO,*. Therefore, the bioactive glasses currently available in the marketplace — on
account of providing a conducive environment for calcification of the soft tissues — are largely
unsuitable for applications in cardiac and pulmonary tissue engineering. Indeed, the possibility of
45S5 Bioglass® (and other bioactive glasses) to incite soft tissue calcification has been well-
documented in the literature. 4 7 8 However, our literature survey did not identify studies
attempting to resolve this problem — that is, designing glasses that can stimulate soft tissue repair

and regeneration while also suppressing calcification of the scaffold and tissue.
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3. Borosilicate glasses as potential candidates for application in soft tissue repair and
regeneration inside the human body

Borosilicate glasses provide certain advantages over standard silicate- or borate-based
compositions, including (i) a broader glass-forming range, (ii) flexible and tunable short-to-
intermediate structure3!-33 that allow the incorporation and controlled release of various functional
ions (e.g., Ag", Mg?", Sr?*, Cu?', and Co?") with therapeutic abilities and suppression of
calcification, in both in vitro and in vivo conditions,3¢-3° (iii) tunable degradation mechanisms and
rates resulting in both congruent/incongruent dissolution behavior,**4! and (iv) ease of processing
into porous three-dimensional scaffolds or fibers for application in tissue engineering.! 1 Recent
studies have further shown the ability of borosilicate glasses to promote angiogenesis and tissue
repair in vivo.*1-4? These features make borosilicate-based bioactive glasses an attractive candidate
for application in the treatment of a broad range of non-skeletal biomedical problems.

Accordingly, the present study aims to elucidate the composition — structure — solubility
relationships in model borosilicate-based bioactive glasses designed in the Na,0O-B,0;—P,0s—
Si0, system. The glasses have been designed over a broad compositional space where the baseline
sodium borosilicate (P,0s-free) glasses have been chosen in the perboric (Na/B < 1), metaboric
(Na/B = 1), and peralkaline (Na/B > 1) regimes, adding P,Os in a stepwise manner. As discussed
elsewhere in more detail,*> CaO-free model glasses have been selected for this study: (i) to simplify
the glass structure and mitigate competition between Ca>" and Na*, and (ii) to benefit from the
wide glass-forming range of the studied system, allowing the study of more varied glass
compositions. Also, CaO-free bioactive glasses and ceramics have been reported in the

literature.*3-46
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Further, although the previous section highlights the potential adverse effects of dissolved
PO, species in the context of soft tissue calcification, the release of phosphate species from P,Os-
doped glasses into local environments at controlled rates is still vital in promoting several
angiogenic processes.> 474 Thus, P,Os (in limited concentrations) is anticipated to remain an
important constituent of bioactive glasses suited for soft tissue applications.

Through a comprehensive study utilizing several state-of-the-art characterization
techniques, including inductively coupled plasma — optical emission spectroscopy (ICP-OES) and
advanced (single and double resonance) magic-angle spinning nuclear magnetic resonance (MAS
NMR) spectroscopy, among others, we aim to generate a comprehensive understanding of the
structural and compositional drivers controlling the ionic release behavior during glass degradation
in simulated body environments. The overarching long-term goal is to establish a foundation of
the fundamental knowledge required to promote a rational design of borosilicate-based bioactive
glasses, where a delicate balance between maximizing soft tissue repair and regeneration and
minimizing calcification and cytotoxicity can be achieved via tuning the release of ionic
dissolution products (of controlled identity and abundance) from bioactive glasses into the

physiological media.

4. Experimental
4.1 Glass compositional design and synthesis

Glasses selected for the study fall into three groups with respect to their Na,O/B,0s ratios,
R, including perboric (PB, R < 1), metaboric (MB, R = 1), and peralkaline (PA, R > 1)
compositions. Each of the three baseline glass compositions, (i) 25 Na,0O-30 B,05—45 SiO; (R =

0.83), (i) 25 Na,0-25 B,05-50 SiO; (R = 1), and (iii) 25 Na,0-20 B,05-55 SiO, (R = 1.25), lie

7

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

Table 1. All batched compositions of studied glasses as compared to selected experimental compositions
(in brackets), as analyzed via ICP-OES (+0.5 mol. %). N, values (in percent) from fitted ''B MAS NMR
(£0.5 %), average number of B(IV) next nearest neighbors around P <mp(P)>, average number of bridging
oxygen atoms per phosphate and silicate unit (<np> and <ng;>, respectively; +£0.02), as determined in Ref.
35.

Sample Batched MAS NMR
ID Na,O P,O; B,0; SiO, Ny <mg(P)> <np>  <ng>
PB0 | 25.0[25.3] - 30.0 [29.7] 45.0[45.0] | 63.7 - - 3.71
PB2-P1 248 1.0 29.7 44.6 63.4 0.47 1.23 3.82
PB2-P3 | 243[25.9] 3.0[3.0] 29.1[29.0] 43.7[42.2] | 61.8 0.65 145  3.85
PB2-P5 | 23.8[25.8] 5.0[5.0] 28.5[29.1] 42.8[40.0] | 58.5 0.90 174  3.88
MBO0 | 25.0[25.1] - 25.0[25.0] 50.0[49.9] | 67.2 - - 3.67
MB2-P1 248 1.0 24.8 49.5 67.5 0.69 1.25 3.75
MB2-P3 | 243[26.0] 3.0[3.0] 243[23.9] 485[47.1] | 67.2 0.81 145  3.78

within the homogeneous glass-forming regions of the sodium borosilicate ternary diagram. P,Os
has been gradually added to the baseline compositions, resulting in the following three series of
glasses (mol.%):
Series PB2-Px: x P,05—(100-x) (25 Na,0-30 B,05;—45 Si0;) x=0,1,3,5
Series MB2-Px: x P,Os—(100-x) (25 Na,O-25 B,05-50 Si0;) x=0,1,3,5
Series PA2-Px: x P,Os—(100-x) (25 Na,0-20 B,05-55 Si0;) x=0,1,3
The glass synthesis and annealing procedures along with their in-depth structural analysis
(both experimental and computational) have been discussed elsewhere.?> Table 1 presents the
batched vs. experimental glass compositions, as analyzed on selected samples by ICP-OES
(PerkinElmer Optima 7300V) for B,0;, P,Os, and SiO, and flame emission spectroscopy
(PerkinElmer Flame Emission Analyst 200) for Na,O. Differential scanning calorimetry (DSC)
data were collected on glass powders (particle size: <45 pm diameter) using a simultaneous
thermal analyzer (STA 449 F5 Jupiter®; Netzsch) from room temperature to 1400 °C (in Pt
crucibles) at a heating rate of 20 °C/min under a constant flow of nitrogen gas. The experimental
glass transition temperatures, 7, were determined from the onset of the apparent change in heat

capacity in the DSC curve.
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MB2-P5 | 23.8[24.7] 5.0[5.0] 23.8[23.9] 47.5[46.3] | 65.5 0.86 156 3.92

PAO | 25.0[25.1] — 20.0[20.1] 55.0[54.8] | 71.3 — — 3.62
PA2-P1 24.8 1.0 19.8 54.5 72.2 0.67 124 3.68
PA2-P3 | 243[25.1] 3.0[3.1] 19.4[19.3] 53.4[52.6] | 72.2 0.74 136 3.77

4.2 Sample preparation for chemical degradation experiments

The chemical dissolution studies were performed on glass powders in the particle size
range of 300 um — 425 um. The details related to the preparation of glass particles followed by the
methodology for the determination of their three-dimensional (3D) geometric surface area have
been presented in our previous article.*” Experimental density values (reported in our previous
publication’®) were used together with the 3D surface area calculations to determine the specific
surface area of the washed powders (4200+300 mm?/g). Finally, the mass of glass particles
resulting in the desired surface area (SA) was calculated.

Based on the results of the degradation behavior of powder samples, similar tests were
performed on polished monolithic glass coupons (n = 3) with dimensions ~10 mm % ~10 mm. The
details about the polishing of glass coupons have been presented in our previous article.’® The
thickness of the polished samples varied between 1-2 mm. The dimensions of the rectangular
polished samples were measured to calculate the geometric surface areas, SA.

4.3 Glass degradation experiments in simulated body environments
4.3.1 Degradation behavior and kinetics of glass corrosion

Glass degradation behavior and kinetics were studied in Tris-HCI and Tris-HNOj; buffer
solutions with pH = 7.4 (representing the typical physiological pH). Solutions were prepared by
dissolving 13.25 g of Tris (Tris(hydroxymethyl)aminomethane; Alfa Aesar; >99.8%) in de-ionized
water and adjusting the pH to the desired value with either 1 M HCI or 1 M HNOs. Solutions were

prepared as target pH +£0.02 in batches with a total volume of 1.00 + 0.05 L to maintain accurate
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Tris molarity in the solution. In each experiment, 60.0 mg of acetone-washed glass particles were
immersed in 50.0 mL of solution, corresponding to a SA/V of 5 m™!, where V is the volume of the
Tris-buffer solution used. In order to calculate the SA of the powder added to the experiments, the
specific surface areas of the glasses (calculated using a 3D geometric approximation) were utilized
as a conversion factor from mass to surface area. All powder—solution mixtures were immediately
sealed into sterilized polypropylene flasks and placed in an oven at 37+1 °C. Solution preparation
and experimental conditions followed ISO 10993-14,3! complemented by the crucial substitution
of HNO; in place of HCI as the acid utilized in Tris-based solutions. The selection of HNO; over
HCI1 was made based on our previous studies>? and relevant literature on this topic. For example,
Tournié et al.>3 have shown that the degradation kinetics of borosilicate glasses (in the forward
rate regime) accelerates by a factor of ~2 in Tris-HCI as compared to Tris-HNOs. Although Tris-
HNO; based solutions were utilized for experiments on series PB2-Px and PA2-Px glasses,
comparative experiments with both Tris-HCI and Tris-HNOj; based solutions were performed on
the MB2-Px glass series.

The duration of degradation experiments varied between 1 hour and 28 days. Besides
analyses of neat (unused) and blank (glass-free) control solutions, all experiments were performed
in triplicate to capture the experimental uncertainty. The pH of each solution recovered from
experiments was measured at room temperature using a pH meter (Mettler Toledo InLab® Pro-
ISM). Separate aliquots of recovered solutions were chemically analyzed by ICP-OES
(PerkinElmer Optima 8300). ICP-OES detection limits were <0.5 ppm for Na and P and <0.2 ppm
for B and Si. The normalized loss (NL) of each element (Na, B, P, and Si) released from the glass

into the surrounding solution was calculated using equation (1),

NLj= (1)
(V)fi
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where C; is the mass concentration of element i in the solution as detected by ICP-OES; f; is the
mass fraction of the element i in the glass, and C, is the background concentration (as determined
from blank solutions). Normalized loss data, specified in units of mol/m? were plotted against time
and linearly fit over the apparent linear regimes of release at early times to evaluate forward
dissolution rates for each glass composition.

4.3.2 Structural evolution of the glass powders due to degradation

To study the kinetics and mechanisms of glass degradation in buffer solutions, bulk and
surface characterization were performed on both pre- and post-degradation glass specimens. The
glass powders remaining after the degradation experiments (from section 4.3.1) were rinsed thrice
in deionized (DI) water, followed by rinsing in ethanol (Fisher Chemical, anhydrous) to remove
any water adhering to the surface of glass particles. The powders were then dried at room
temperature in an ambient atmosphere and analyzed by X-ray diffraction (XRD; PANalytical —
X’Pert Pro; Cu K, radiation; 20 range: 10-90° step size: 0.01313° s7!) to confirm the
presence/absence of any secondary crystalline phases.

Further, the recovered glass powders were additionally analyzed using FTIR spectroscopy
(FTIR-UATR, Frontier™, PerkinElmer, Inc.; scanning resolution 4 cm-!, 32 scans for background
and samples) and single resonance ''B, 3!P, and ?°Si MAS NMR spectroscopy to assess the
structural changes occurring as a result of degradation processes. The parameters used in single
resonance MAS NMR experiments of post-degradation samples have been summarized in Table
2. The NMR spectra were analyzed using the DMFit software,>* utilizing Gauss/Lorentz functions
for 3'P and 2°Si MAS NMR spectra and the Q MAS %5 model and Gauss/Lorentz functions for the
B resonances of three- and four- coordinated boron species, respectively. N, values were

determined from the ratio of the integrated areas of the peaks attributed to the four-coordinated
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boron species as compared to the total integrated area of central transition peaks, including a small

correction for the overlapping satellite transition of the B(IV) species.>

Table 2.

Summary of measurement conditions for all the nuclei studied by MAS NMR.

Single Resonance Parameters

Magnetic field (T) / Resonance frequency (MHz) 5.7/64.1
Spinning frequency (kHz) 25.0
%Na Pulse length (us) / Tip angle 0.8/ (m/6)
Recycle delay (s) 0.5
Number of acquisitions >4000
Reference standard NaCl (7.2 ppm)
Magnetic field (T) / Resonance frequency (MHz) 14.1/192.6
Spinning frequency (kHz) 15.0
g Pulse length (us) / (Tip Angle) 1.0/ (w/6)
Recycle delay (s) 15
Number of acquisitions >100
Reference standard BPO, (-3.5 ppm)
Magnetic field (T) / Resonance frequency (MHz) 5.7/98.1
Spinning frequency (kHz) 10.0
3ip Pulse length (us) / (Tip angle) 2.9/ (n/2)
Recycle delay (s) 150
Number of acquisitions >400
Reference standard BPO, (-29.3 ppm)
Magnetic Field (T) / Resonance frequency
(MHz) 9.4/79.5
Spinning frequency (kHz) 4.5-4.7
»Si Pulse length (us) / (Tip angle) 5.5/ (n/2)
Recycle delay (s) 150
Number of acquisitions >20

Reference standard

Kaolinite (-91.5 ppm)

Additionally, 'H—3'P and 'H—?°Si cross-polarization (CP) MAS NMR and !'"B{'H}

rotational echo double resonance (REDOR) experiments were performed to assess the structural

changes occurring in the hydrated surface layers exposed to simulated body environments. The

'H—3!'P CP-MAS NMR experiments were performed for selected samples on a 5.7 T Varian 240-

MR DD2 spectrometer (242.4 MHz and 98.1 MHz resonance frequencies for 'H and 3'P,

respectively) using a commercial 3.2 mm triple resonance MAS NMR probe. The powdered

samples were packed into zirconia rotors and spun at a MAS frequency of 10.0 kHz. The matching
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conditions for CP experiments were optimized with regard to solid NaH,PO,. Contact times
between 300 and 1500 ps were used along with n/2 radio frequency pulses of 4.3 us duration.
Recycle delays of 1 s were used, with a minimum of 27000 acquisitions collected per sample. The
measured *'P chemical shifts are reported relative to 85% H3PO, using solid BPO, as a secondary
standard at -29.3 ppm.

The 'H—?°Si CP-MAS NMR experiments were performed for selected samples ona 9.4 T
Varian Unity INOVA spectrometer (400.1 MHz and 79.5 MHz resonance frequencies for 'H and
29Si, respectively) using a 7 mm CP-MAS probe. The powdered samples were packed into silicon
nitride rotors and spun at 4.5 to 4.7 kHz. The matching conditions for CP experiments were
optimized on solid kaolinite. Contact times of 3000 us were used following 'H n/2 preparation
pulses of 6.8 pus duration. A minimum of 1600 scans were acquired, using a relaxation delay of 5
s. The measured °Si chemical shifts are reported relative to tetramethylsilane, using solid kaolinite
as a secondary standard at -91.5 ppm.

I"B{'H} REDOR experiments were performed at 14.1 T and vyas = 15 kHz on a Bruker
Neo 600 Spectrometer, using a commercially available 1.3 mm triple-resonance MAS Probe. The
standard sequence of Gullion and Schaefer was used,*® employing !''B and 'H n-pulses of 1.8 and
3.7 ps, respectively (selective excitation limit for the 2 <> -2 transition of the B(III) species).
Prior to the measurements, the samples were heated at 250 °C for 24 h to remove surface-adsorbed

water and traces of residual Tris buffer from the dissolution process.

4.3.3 Compositional and microstructural evolution of the monolithic glass coupons during
degradation processes
The degradation experiments were additionally performed on polished monolithic coupons

of glasses MB2-P5 and PB2-P5 (two per composition) for 3- and 7-day durations. The recovered

13
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coupons were subjected to the same drying procedure as was performed for the recovered glass
powders.

X-ray photoelectron spectroscopy (XPS) measurements were performed on monolithic
glass coupons to understand the elemental composition and speciation within the top 10 nm of
sample surfaces — both in polished and degraded samples. The XPS measurements utilized a
Thermo Scientific K-Alpha instrument, which used a 1486.6 eV monochromatized Al K, X-ray
source to excite core level electrons from the sample. The details of the equipment and
experimental protocols were similar to those reported in our previous studies.>% 7 The probe depth
of XPS, taken to be three times the inelastic mean free path of photoelectrons, was 3.6 nm for Na
Is, 8.7 nm for P 2p, 6.9 nm for O 1s, and 9.3 nm for B Is and Si 2p electrons.

Further, the water uptake in the surface layers of the dissolved glass coupons was analyzed
by collecting the hydrogen profiles on the surface of post-degradation samples by elastic recoil
detection analysis (ERDA) using a 2.0 MeV He™ beam (General Ionex Tandetron accelerator), as
has been discussed in our previous studies.>® 37 The probe depth of ERDA is approximately 350
nm.

The PB2-P5 glass coupon recovered from 7 days of degradation experiments was mounted
vertically in epoxy resin and polished to a mirror finish (in non-aqueous media) to examine its
cross-section and determine the depth and characteristics of the hydrated surface layers. The
sample surface was sputter-coated with a 20 nm thick gold layer to reduce the charging effects.
Both secondary electron imaging (ZEISS Sigma) and energy dispersive spectroscopy (EDS; X-
Max Oxford Instruments; Aztec software) were performed using an electron beam of 10-20 kV.

EDS was employed to perform elemental mapping in the hydrated layers of the glass to assess
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compositional differences between the pristine and dissolved glass and supplement our

understanding of the dissolution mechanisms and surface layer formation.

5. Results
5.1 Glass formation

The glasses selected for degradation experiments were visibly transparent and did not show
any evidence of crystallinity in the XRD data, as shown in Figures S1 and S2, respectively. It was
observed that series MB2-Px and PB2-Px can incorporate up to 5 mol. % P,0s while peralkaline
series of glasses (PA2-Px) can only incorporate up to 3 mol. % P,0Os before visible phase separation
and/or crystallization. The absence of visible glass-in-glass phase separation and lack of XRD
patterns characteristic of NasP,O; phases (as observed in previously-reported translucent
samples®®) allows for an unambiguous examination of degradation behavior and structural
evolution of the present samples. The experimentally measured glass compositions are displayed
in Table 1 and show close agreement (within 0.6 mol.%) of their batched targets for B,O; and
P,0s. Experimental Na,O and SiO, contents similarly display close agreement with the batched
compositions (within £0.5 mol.%) in the baseline glasses, however, larger differences in their
content are evident in P,Os-containing samples (ranging between +0.7 and 2.7 mol.% in glasses
with x = 3-5 mol.%)).
5.2 Glass structure vs. T,

The evolution in short-to-intermediate-range ordering in the structure of these glasses as a
function of P,Os content has been extensively studied and reported in our previous article.3> The
network forming units (NFUs) have been labeled in terms of 7" (T = Si, B, P), where n denotes the

numbers of bridging oxygen atoms to other T species. It has been shown that in glasses with lower
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P,Os content (x = 1), phosphate units are dominantly present as isolated species (P° and P!).
Glasses with x > 1, on the other hand, exhibit increased P-O-B linkages with P? or P? species,
linked to P, Si, and B(IV), promoting a re-distribution of Na*. This is accompanied by an increased
degree of polymerization of silicate units and a decrease in the N, (fraction of tetrahedral boron)
units. <np>, the average number of bridging oxygen around each phosphorus, are listed in Table
1. Furthermore, it was observed that the fraction of four-coordinated boron species, Ny, increases
in the order PB < MB < PA, (as also displayed in Table 1), which is largely driven by the
Na,O/B,0s;ratio (R). Finally, for all the glasses, the average number of bridging oxygen per silicon
atom, <ng;>, increase with increasing P,Os content, reflecting the well-known tendency of
phosphorus oxide to act as an alkali metal scavenger in multiple network former glasses, i.e., to
attract the network modifier species preferentially.

The data pertaining to the short-to-intermediate ordering in the glass structure can be
correlated with the trends observed in their T, values, as presented in Figure la. The successive
addition of P,Os in perboric (PB2-Px) glasses results in an almost linear decrease in 7, from 558
°C to 505 °C. In the case of metaboric glasses, the initial addition of P,Os (1 mol.%) to the base
glass results in a decrease in T, from 560 °C to 542 °C. However, the T, remains relatively constant
upon further increases in P,Os content in the glasses. Finally, for peralkaline glasses, P,Os

additions seem to have an insignificant impact on their 7, values.
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Figure 1. (a) T, vs. P,Os content for PB2-Px, MB2-Px, and PA2-Px glasses and (b) T, vs. <n>,
the average network former coordination number, as calculated using equation (2). The dashed
line depicts a linear regression fit to the data.

When trying to understand the trends in 7, with respect to the structural evolution in
glasses, it is well-known that 7, values can be correlated with features like bond strength, network
connectivity, and network structural rigidity.’#¢° For instance, fully polymerized B(IV) and Si*
species in the glass network tend to increase the 7,,5" 62 whereas network forming units (NFUs)
containing non-bridging oxygen (NBO), i.e., low connectivity phosphate species (P and P!), tend
to decrease it.% For this reason, the low average phosphate connectivity (1.23-1.74) in P,Os-
containing glasses, as observed in Table 1, although rising with P,Os content due to the formation
of significant fractions of P-O-B(IV) linkages, is expected to have an overall negative impact on
T, across each series. Nevertheless, the introduction of P,Os also has different effects on the borate
and silicate networks, which is evident from the contrasting 7, behaviors between the glass series
with different R regimes (Figure 1a). Therefore, the observed T, trends can be rationalized based
upon the relative fraction of silicate and borate species in the glass structure and the distribution
of Na* in the glass network. For example, perboric glasses have higher overall borate contents,

thus 7, is more impacted by the decrease in average boron coordination number and borate
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connectivity in these glasses compared to their peralkaline counterparts. Furthermore, the
significant increase in the fraction of P-O—B(IV) linkages observed in perboric glasses (see Table
1) likely induces further Na* re-distribution towards P-NBO or Si—-NBO sites. Based on bond
valence considerations, P-O-B(IV) linkages do not require charge compensation for the
tetrahedral boron site, as the bridging oxygen linking these two species is essentially charge-
balanced owing to the bond valence gradient present. On the other hand, changes in the borate
network of metaboric and peralkaline glasses have less of an effect upon 7, values. In these
regimes, the increasing fractions of silicate network species more effectively counterbalance
changes in the borate network.

Putting each of these considerations into quantitative terms, Figure 1b shows a good
correlation of 7, with the average network former coordination number <#>, which is calculated
from Table 1 using equation (2):

<n>= (2[B,0s]<np> + 2[P205]<np> +[Si0,]<ns;>)/(2[B,0s] + 2[P,0s] + [Si02])  (2)
From this correlation, it is evident that phosphorus incorporation into these borosilicate glasses
tends to decrease the average coordination number, producing a systematic decrease of 7, in all

three series.

5.3 Elemental release behavior of glasses in Tris buffer solutions

Table S1 summarizes all the temporal evolutions of pH, elemental concentrations, and
normalized losses (NL) for each glass composition. Throughout 28 days of exposure, the solution
pH rises only slightly towards a constant value between 7.3 and 7.7, indicating that the Tris-HCI
and Tris-HNOj solutions exhibit a good buffering ability and can closely replicate the pH of human
body fluids. Figures 2(a-f) display NL vs. time curves of glasses with minimum (x = 0) and

maximum (x = 3 or 5 mol.%) concentrations of P,Os submerged in Tris-HNO; solutions. All
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glasses display a clear linear, forward release behavior within the first 12 to 24 hours, followed by

a rate drop and rapid or gradual transition into the residual rate regime, typically attributed to the

oNOYTULT D WN =

presence of a passivating gel layer on the surface of the glass and/or solution saturation with silica
10 species.® 9 The residual rate regime is reached within 3-14 days of immersion, depending on the
glass composition and dissolution kinetics. As expected, the sodium borosilicate compositions (x
15 = 0) exhibit very similar NL of Na and B, marked by rapid elemental release kinetics, while Si is
17 released from the glasses at a much lower rate. This is evidenced by the 3-4 mol/m? NL values of
Na and B after 28 days in glasses with x = 0 as compared to 0.8-1.1 mol/m? for Si (see Figure 2a,
22 ¢, and e). The magnitude of release is also observed to be highly dependent on the R compositional
24 regime, which will be discussed in the following sections. Upon the addition of P,Os in the glass,
P release closely follows that of Na and B in all the compositions. Thus, a close overlap of Na, P,

29 and B release data signifies their congruent dissolution from the glass.
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Figure 2. Plots of normalized loss (in units of 102 mol/m?) vs. time (hours) for each element
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present in the glass for (a) PBO, (b) PB2-P5, (c) MBO, (d) MB2-P5, (e) PAO, and (f) PA2-P3.
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To quantify the glass dissolution kinetics and estimate the forward rate, the initial portions
of the NL data have been fit using linear regression (within the first 12 hours of experiments) and
the extracted rates are displayed in Table 3. These values represent the maximum expected
degradation rates of the studied glasses. The error expressed in the table represents standard
uncertainty in linear regression, where the standard deviation of each NL data point has been
considered, and the relative impact of fitting a slope to uncertain data has been summed to
determine the overall fitted-slope uncertainty, similar to the method discussed by Kragten.®¢ In
general, it is observed that the dissolution rate of the glasses is highly dependent on their
compositional regime and ranks in the order PA < MB < PB. Figure 3a graphically depicts the Na
and B dissolution rates of the glasses (in Tris-HNOs) in each compositional regime as a function
of P,Os content. The release rates of Na, P, and B show good agreement and range between 0.04-
0.06 mol-m~h-! for PA glasses, 0.04-0.11 mol-m~h"! for MB glasses, and 0.15-0.17 mol-m~2h-! for
PB glasses. The silicate species are consistently released from the glasses at rates varying between

0.01-0.03 mol'm2h".
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Table 3. Degradation rates of Na, P, B, and Si for the studied glasses in simulated body environments. These rates were
determined by applying a linear approximation to the initial regime (first 12 hours) of the normalized loss vs. time plots.

Degradation Rates (x10-2; mol[Iglass/[m?h])

Sailll)ple Solution Na Na-error P P-error B B-error Si Si-error
PB0 16 +2 -- -- 14 +2 3.0 +0.3
PB2-P1 . 17 +2 16 +2 15 +1 2.9 +0.4
pB2-p3 | USHNOs | es 40s 15.2 +0.9 14.7 +0.5 3.1 +0.1
PB2-P5 16 +2 15 +2 16 +2 2.8 +0.7
MB0 8.5 +0.2 -- -- 7.2 +0.2 2.08 +0.01
MB2-P1 Tris-HCI 8.3 +0.3 6.9 +0.2 6.8 +0.2 1.6 +0.1
MB2-P3 7.2 +0.4 6.6 +0.4 6.0 +0.4 1.87 +0.02
MB2-P5 4.4 +1.1 4 +1 3.7 +0.9 1.1 +0.5
MB0 9.9 +0.7 -- -- 9.1 +0.7 2.2 +0.3
MB2-P1 Tris-HINO 11.0 +0.2 9.4 +0.6 9.6 +0.2 2.1 +0.1
MB2-P3 1 10.0 +0.2 9.0 +0.1 9.0 +0.2 2.4 +0.1
MB2-P5 7.09 +0.03 6.5 +0.1 6.59 +0.04 2.1 +0.1
PAO 6.3 +0.6 -- -- 6.2 +0.3 1.6 +0.3
PA2-P1 | Tris-HNO; 5.8 +0.2 4.44 +0.03 5.7 +0.2 1.84 +0.06
PA2-P3 3.84 +0.04 3.42 +0.04 3.94 +0.09 1.33 +0.05

The impact of P,O5 addition on the degradation behavior shows a considerable dependence

on their Na,O/B,0j; ratio. P,O5 does not exhibit a significant impact on the dissolution kinetics of

glasses in the perboric (Na/B < 1) regime (Figure 3a). On the other hand, the degradation rates of

metaboric (Na/B = 1) and peralkaline (Na/B > 1) glasses decrease with increasing P,Os content,

with a steeper and more linear decrease in the latter. Again, following previous suggestions in the

literature,57-%° the connectivity information listed in Table | provides a useful rationale for

explaining these trends. As the experimental results clearly show that the B,O; content in the

glasses significantly impacts their initial dissolution rates and since the local structure around

boron is also greatly impacted by phosphate network incorporation, it is vital to explore the

correlation between dissolution kinetics and borate presence/connectivity. Accordingly, Figures

3b-1 and 3b-II illustrate excellent linear correlations between the dissolution rate of Na from the

glass (which dissolves concurrently with both B and P) and <fz>, the fraction of B of all NFUs,

and (<fg><np>) / <np mean™, respectively. In the latter term, <ng> indicates the average connectivity
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of boron in the individual glass and <np pean™ 1S @ constant (the average <np> for all compositions
is equal to 3.664) which serves as a scaling factor and allows for a direct comparison between the
slopes of Figure 3b-I and 3b-II. Accordingly, linear regression performed on each plot displays a
highly linear trend (R> > 0.91), where Figure 3b-I indicates the strong correlation between the
amount of boron in the network and the dissolution rate, driven by fast hydrolysis of borate units.
However, by incorporating the term <ng> into Figure 3b-II and appropriately scaling the x-axis,
we deduce from the noticeably larger slope in this figure (83.2 vs. 77.7) that <ng>, along with
<fg>, additionally impacts the dissolution rate of the glass. These results signify that although the
relative fraction of boron NFU species acts as the main driving factor controlling dissolution rates,
changes in the local structure around boron species similarly correlate with rate increases. Finally,
we note that the very similar dissolution rates as measured for boron and phosphorus are not
unexpected given the strong B-O-P connectivity encountered in these glasses. Thus, the majority
of phosphate units from the glasses can only be released concurrently with the boron species they
are bonded to.

Figure 3c displays a comparison between the dissolution rates of Na, B, and Si extracted
from MB glasses (as a function of P,Os content) in Tris-HCI and Tris-HNOj; solutions, where all
other experimental parameters (i.e., temperature, pH, SA/V, etc.) have been carefully controlled
and held constant. Interestingly, it is observed that the degradation rates of borosilicate glasses are
higher in Tris-HNOj; solutions as compared to Tris-HCI solutions, which is contrary to the results
reported by Tournié et al.>® While these kinetic changes are statistically significant based upon the
current error analysis, it is uncertain if Tris-HCI vs. Tris-HNOj rates are appreciably different,
given the 15-25 % systematic errors typically associated with the dissolution experiments’’-72 and

the approximation involved in fitting NL data with a single rate.”> 7* Accordingly, many—but not
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all—of the rate differences reported in Tris-HCI vs. Tris-HNOj; for the current compositions are
within the usually attributed errors in dissolution experiments. Furthermore, a close agreement is
observed for the NL values within the residual rate regime. Thus, further work is needed to clarify

the influence of acid identity on the dissolution process.
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connectivity for each glass, scaled by <npmean™, the average boron connectivity for all studied
compositions, for Na for all glasses in Tris-HNO3, and (c) for Na, B, and Si for MB2-Px glasses
in Tris-HCI and Tris-HNO; environments.

5.4 Structural evolution of the glass and surface layers during dissolution processes

The glass powders recovered from degradation experiments were first analyzed by XRD
for the presence of any crystalline secondary phases. As shown in Figure S3, all the samples remain
amorphous after degradation in the buffer solutions. Thus, to understand the evolving amorphous
structure (in the top ~10-15 um of the surface and in the bulk) of the glasses as a function of
chemical degradation, FTIR and MAS NMR spectroscopic experiments were performed on the
pre- and post-degradation glass particles. Figure 4 displays a comparison between the baseline-
subtracted FTIR spectra of the as-synthesized PB2-P5 glass and those obtained on the glass
particles recovered from buffer solutions at time intervals varying between 1 hour and 28 days.
Due to the ATR measurement mode, these spectra selectively monitor the development of the
surface layer. As the duration of dissolution progresses, the FTIR spectra undergo significant
changes in the region of 850-1200 cm!, marked by two evident bands (955 and 1055 cm™') and a
shoulder at 1220 cm! which begin to emerge after 1 day and grow with further exposure time.
These bands at 955, 1055, and 1220 cm! are associated with stretching vibrations of NBO or Si—
OH groups,” 7® asymmetric stretching and vibrations of bridging oxygen,’® and asymmetric Si—
O-Si stretching,”> 77 respectively. The observed structural changes are consistent with the
beginning of the transitional “rate drop” regime (as displayed in Figure 2b) where the glass begins
to progress from the forward rate regime to the slower residual rate regime, caused by the
formation of a silica gel layer on the glass surface which evolves with increased thickness, as a
function of dissolution time.** 7577 This attribution is further supported by the development of a

minor peak near 1630 cm™!' and a broad peak in the higher frequency region centered near 3350
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cm’!, attributed to the presence of H,O bending modes and H,O and OH stretching modes,
respectively.’>7® Further, the emerging and growing peaks at 450, 560, and 795 cm! are likely
attributed to greater fractions of silica species in the surface layers, as various bending and
stretching modes of Si-bonded bridging and NBO species have been observed in these regions for
silica gel layers.” Alongside the emergence of silica-related bands, increased dissolution time
leads to a decrease in the intensity of bands associated with borate units, namely a weak shoulder
centered at 690 cm! associated with metaborate species and a broad band centered at 1380 cm™!
which may be associated with several borate structural units.”®- 3 The aforementioned borate bands

are not evident in samples recovered from the dissolution experiments lasting longer than 1 day.
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m
8 28d -
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) 1d
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*é 3d
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/\\/\/\_(111 Initial
M

800 1000 1200 1400 1600 2400 2800 3200 3600
Wavenumber (cm™)

Figure 4. FTIR spectra of PB2-P5 glass before and after immersion in Tris-HNO; for 1 h to 28
days.

400 600

To further evaluate the structural evolution in glasses as a function of dissolution time,
multinuclear MAS NMR spectroscopic techniques were utilized. Figure 5 displays the ''B MAS
NMR spectra and fittings of PB samples dissolved in Tris-HNOj; for 7 days (as compared to the
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spectra of the initial glass). Similar spectral comparisons for MB and PA samples (as-synthesized
vs. samples recovered after 7-day experiments) are depicted in Figures S4 and S5, respectively.
These spectra display two main resonances: a broad feature centered near 14 ppm and a narrower
peak in the region 0-3 ppm consisting of multiple underlying species. The feature near 14 ppm is
associated with B(III) species, which consists of overlapping ring- and non-ring trigonal boron
species. Nevertheless, this broad lineshape component may also contain unresolved B(III) species
bound to an NBO. Therefore, the ~14 ppm peak has accordingly been fitted using two distinct
second-order quadrupolar lineshape components (using Q mas ‘2 functions in DMfit),
encompassing ring- and non-ring B(III) species. The N, values for the glass particles recovered
after 1 and 7 days in Tris-HNO; environments (as compared to the initial glass) are presented in
Table 4, and the fitting parameters are listed in Table S2. In general, N, values rise as a result of
the dissolution process, by as much as 4% in 1-day samples and 33% in 7-day samples, as
compared to the initial glasses. N, values change most significantly in glasses undergoing rapid
network dissolution, i.e., the corresponding rates follow the order PA < MB < PB. Accordingly,
comparing the spectra of the parent glass with that obtained after 7 days of dissolution (see Figure
5 and Figures S4 and S5), it is observed that the intensity of the B(III) peak decreases in all cases,
with the most significant spectral changes occurring for PB samples. For instance, the B(III)
signatures in the PB2-P3 and PB2-P5 glasses exposed to Tris-HNOj; for 7 days are very minor.
Furthermore, the displayed spectra do not undergo any apparent shape change in the B(III) signals
following glass dissolution, as highlighted by their simultaneous reductions in peak area (see Table
S2). On the other hand, the peaks associated with the B(IV) units show clear changes in shape,
particularly evidenced in the PB glasses (Figure 5). A careful analysis of this region using DMFit

was guided by the fittings performed for the as-synthesized samples (as published in Ref.3%), where
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the full-width half-maxima (FHWM) and position of the two previously identified components
(hereafter labeled B(IV)-a and B(IV)-b, respectively) were held roughly constant, allowing their
intensity to vary. This analysis indicated the development of an additional sharp peak (FWHM =
0.8-1.0 ppm) centered at -1.1 to -1.2 ppm (hereafter labeled B(IV)-c) in the PB and MB glass
samples recovered after 7 days of dissolution, suggesting the presence of a new distinct four-
coordinated boron species. The fitted B(IV) components mentioned here are labeled as ‘a’, ‘b’,
and ‘¢’ in Figures 5 and S4. Further, it is evident from the deconvolutions displayed in Figure 5
that the intensity of the B(IV)-c peak grows with increases in P,Os content in the glass (see Table
S2). Additionally, it is observed that the broader B(IV)-a and B(IV)-b peaks reduce significantly
in intensity for the 7-day samples PB2-P3 and PB2-P5 (Figure 5c and d), as compared to the lower
P,05 content PBO and PB2-P1 (Figures 5a and b) glasses. The 'B MAS NMR spectra of glasses
MB2-P1, MB2-P3, and MB2-P5 degraded in Tris-HNO; for 7 days similarly depict a B(IV)-c
peak, however, the spectral changes are not as evident or significant (Figure S4). The ''B MAS
NMR spectra of glass particles from series PA2-Px recovered after 7 days of dissolution did not

display any evidence of a similar peak (see Figure S5).
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Figure 5. ''B MAS NMR spectra and subsequent lineshape fitting of the as-synthesized (a) PBO,
(b) PB2-P1, (c) PB2-P3, and (d) PB2-P5 glasses as compared to analogous glass powders
recovered from 7 d degradation experiments in Tris-HNOj; solutions.
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Table 4. N, values (in percent) of the initial glasses and the
powders recovered from 1- and 7-day degradation experiments
in Tris-HNO; environments.

Sample 1B MAS NMR
ID Initial 1 day 7 days

PB0 63.7 65.2 72.0
PB2-P1 63.4 67.3 78.3
PB2-P3 61.8 64.5 92.7
PB2-P5 58.5 60.5 91.3

MB0 67.2 69.5 72.8
MB2-P1 67.5 68.6 73.7
MB2-P3 67.2 68.7 74.9
MB2-P5 65.5 64.7 70.6

PAO 71.3 72.4 74.2
PA2-P1 72.2 72.8 75.8
PA2-P3 72.2 72.7 75.5

The results from "B MAS NMR (as discussed above) indicate that the glasses undergo
preferential dissolution of B(III) species as compared to B(IV). In addition, with regard to the
emergence of the newly observed B(IV)-c species, there are two possible scenarios: (i) they
represent species present in the original glass which dissolve more slowly compared to the other
B(IIT) and B(IV) units, thus, becoming more clearly visible in the spectra of the exposed samples,
or (i1) they represent a new surface species (or even a precipitated boron-containing secondary
phase) generated due to the interaction of the glass with the buffer solution. Although precipitated
borate species have been hypothesized/demonstrated in the literature discussing glass dissolution
behavior in highly alkaline solutions (pH > 10.5),%% 8183 their formation is not expected in near-
neutral environments, and thus will not be considered here. It is known from the literature on
sodium borosilicate glasses that both B(II) and B(IV) species can have distinctly different
chemical shifts depending on the identity of the next-nearest neighbor species. For instance, in our
system, it is expected that the resonances associated with multiple combinations of B(IV)-O—

B(III), B(IV)—-0O-Si, and B(IV)-O-P linkages all occur within the region -2 to +1 ppm, as has been
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shown by Du and Stebbins®* who attributed a peak near -2 ppm to B(IV)op 4si, whereas a greater
fraction of B-O-B linkages would lead to more positive chemical shifts. Furthermore, it can be
inferred from the previous study of the structure of these glasses that a peak observed near -1 ppm
is likely not associated with B(IV)-O-P linkages.>> Additionally, the 3'P MAS NMR experiments
on the recovered PB2-P5 7 d sample indicate the absence of phosphate species remaining in the
dissolved glass (see Figure S6). Rather, this species is presumably associated with B(IV)ys; species
pinned within the hydrated silica network. In an attempt to confirm this peak assignment, ''B->*Si
REDOR experiments were performed on sample PB2-P5 (before and after 7 days of dissolution;
data not shown). However, the results from the 'B-2°Si REDOR experiments remain inconclusive
due to the low natural abundance of 2°Si and require further investigation using °Si-enriched
glasses. Further, in an effort to attribute the emergent B(IV)-c component to a newly created
surface species, the strength of the ''B-"H magnetic dipole-dipole coupling due to hydrous species
was examined for the sample PB2-P3 using ''B{'H} REDOR NMR spectroscopy. Figure 6a shows
the full REDOR curves (normalized difference signal (S,-S)/S, versus dipolar mixing time) for the
initial (unexposed) sample, the sample exposed for 7 d, and the model compound B(OH);. While
the unexposed sample shows no ''B-'H interactions, as expected, there is clear evidence for such
interactions in the REDOR curves of the sample exposed to Tris-HNOj; solution for 7 days. This
concerns both the B(III) and the B(IV) species. Figure 6a also shows the REDOR curve for the
model compound B(OH); which displays the strong dipolar dephasing expected due to the
presence of three B—OH linkages. Further insights are possible by considering the Fourier
Transforms of the Sy, S, and A4S signals, shown in Figure 6b as obtained from the REDOR curves
for dipolar mixing times around 1.07 ms. To improve the signal-to-noise ratio, seven Sy and S

spectra were co-added (5" — 11" REDOR data points). It is worth noting that the fraction of B(III)
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species appears considerably larger in the Sy spectra as compared to the single-pulse spectra. This
enhancement is due to the chosen ''B spin echo pulse durations which, while resulting in 90° and
180° flip angles for the B(III) central transition, correspond to smaller flip angles for the B(IV)
units, for which the effective nutation frequency is lower because the satellite transitions are
partially excited. This situation results in an effective reduction of the B(IV) spin echo intensity
relative to the B(III) spin echo intensity; in addition, differences in spin-spin relaxation times may
contribute to this effect.

For further analysis, the co-added spectra were then simulated by assuming four lineshape
components (two for B(III) and two for B(IV) with identical parameters between S, and S, while
optimizing the areas of the respective components. Finally, the difference spectrum 4S was created
by subtracting the co-added S spectra from the co-added S, spectra and fitted by the same
deconvolution model. Within the limited resolution and signal-to-noise ratio available, it is not
possible to reveal clearly different REDOR behaviors for the three distinct B(IV) units a-c
identified in the single-pulse spectra. On the other hand, the REDOR experiments allow a clear
distinction between two types of B(III) units differing in their dipolar coupling strength with 'H
nuclei from the hydrous species: the component at an isotropic chemical shift of 18.2 ppm is
emphasized in the '"B{'H} REDOR difference spectrum, suggesting that this species has a
significantly stronger interaction with 'H than the B(III) units giving rise to the low-frequency
component near 13.3 ppm, which is emphasized in the spectrum with dipolar dephasing. We
attribute the 18.2 ppm peak to B(III) units within the hydrated layers where they may be bonded

to hydroxyl groups.
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Figure 6. (a) ''B{'H} REDOR curves and parabolic fits of the initial dephasing behavior obtained
for the unexposed (initial) and exposed (7 d) PB2-P3 glass samples, and the model compound
B(OH);. (b) Sy, S, and AS spectra of the exposed glass sample (7 d), obtained by co-adding six
spectra from the REDOR curve centered around a dipolar mixing time of 1.07 ms (the 8t point),
and simplified spectral deconvolutions highlighting the different dephasing behavior of the boron
species represented by the assumed lineshape components. The following lineshape parameters
were used for the deconvolutions: B(Ill)-a: Cq = 2.5 MHz, 1nq = 0.5, 8*° = 18.2 ppm; B(III)-b:
Cq =2.7 MHz, ng = 0.5, 8*° = 13.3 ppm; B(IV)-a,c: Gaussian, .*° = -0.4 ppm, FWHM = 620
Hz; B(IV)-b,c: Gaussian 8,%° = -1.4 ppm, FWHM = 640 Hz.

In an attempt to probe the phosphate species both in the bulk of the glass and near the
surface of the Tris-exposed glasses, 3'P MAS NMR and 'H—3'P CP-MAS NMR were performed
on selected samples. Comparisons between single resonance and CP-MAS spectra are displayed
in Figure 7a-c for PB2-P5, MB2-P5, and PA2-P3 samples dissolved for 1 day, 3 days, and 7 days,
respectively, as compared to the initial glass spectra. The fitted deconvolutions of 3'P MAS NMR
spectra are also depicted; the fitting parameters are listed in Table S3. In our previous publication,3?
several species were identified within the region 3 to -19 ppm associated with P°, P!, P2, and P3
units, with or without P-O-B linkages. The fits displayed in Figure 7a-c were guided by the fitting
parameters as reported in our previous article,>> maintaining similar FWHM and isotropic chemical

shift values. In the studied samples exposed to Tris-HNO3, the most notable changes occurring in

the spectra are a slight sharpening of the P!;p (P! species linked to another P, labeled P!ip-a)
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resonance near 6 ppm, and the development of a minor, sharp secondary peak near 3 ppm (labeled
Plip-b in Table S3). These peaks indicate the possible development of more highly-ordered P!
species as a result of dissolution processes. Further, a quantitative picture of the overall spectral
changes occurring following Tris-HNO; exposure (depicted in Table S3) indicates that <np>, the
average number of bridging oxygen species around phosphorus, increases for each glass studied
in the exposed samples (relative to the unexposed ones), and <mg(P)>, the average number of B
neighbors around P, also tends to increase. This finding indicates that less connected phosphate
units (such as P° units) are more easily leached from the glass while species connected to one or
more B or P are more effectively retained in the glassy network. The 'H—3'P CP-MAS NMR
spectra recorded for selective detection of those phosphate species interacting with the hydrous
species near the surface are displayed in Figure 7a-c. While these spectra generally show the
signals in similar locations as the single resonance spectra, there are two notable changes; the sharp
signal near 3 ppm attributed to the P';p-b species appears enhanced, identifying it as a surface
species. Secondly, a broader feature that is visibly enhanced compared to the single-pulse spectra
emerges near -3 ppm. To further examine this, Figure 7d presents the CP-MAS spectra of the PB2-
P5 sample dissolved for 1 day as examined using variable cross-polarization contact times, in an
attempt to differentiate the strength of internuclear 'H/3'P interactions for distinct phosphate
species. While short-contact time experiments emphasize phosphate species closest to protons, at
longer contact times, phosphate species that are more distant to protons are also being detected
due to spin diffusion processes. These variable contact time experiments also indicate the
particularly close proximity of the P!;p-b species (sharp line at 3 ppm) and the P-O-B(IV) species
giving rise to the broader signal near -3 ppm to protons, confirming their nature as surface species

with close proton contacts.
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Figure 7. 3'P MAS NMR spectra for the as-synthesized (a) PB2-P5, (b) MB2-P5, and (¢) PA2-P3
samples, as compared to the 3'P MAS NMR and 'H—3*'P CP-MAS NMR spectra of analogous
glass powders subjected to 1-, 3-, and 7- day degradation experiments, respectively, in Tris-HNOj;
environments. Lineshape fittings of all the 3'P MAS NMR spectra are also displayed. (d) depicts
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the 1H—>_31P CP-MAS NMR spectrum of the PB5 1-day sample as analyzed using different '"H—3'P
contact times.

To further explore the structure of hydrated layers formed on the glass surface, 14-day
recovered MB0, MB2-P5, and PB2-P5 samples were analyzed by 2°Si MAS NMR (Figure 8a) and
'H—2°Si CP-MAS NMR (Figure 8b). According to the 2°Si MAS NMR results from our previous
study, the silicate network in the analyzed (unexposed) samples comprised at least 67% Si* with
the remainder of the inventory being Si?® units before dissolution in Tris-HNO;. After exposure to
Tris-HNOj3, the 2°Si MAS NMR spectra show the following three main resonances: -91 ppm (Si?),
-101 ppm (Si®), and -111 ppm (Si*). The former two species likely represent silicate species
containing hydroxyl groups: Si’>-(OH), and Si3-OH, respectively, whereas the latter represents
fully connected silicate species that are cross-polarized from more remote protons across longer
'H-2°Si distances. The relative fraction of these species can be estimated from the fitted single-
pulse 2°Si MAS NMR spectra of these samples (displayed in Figure 8a); the fitting parameters and
fractions of each species are depicted in Table S4. As expected, the results indicate that Tris-
exposure leads to some depolymerization of the silicate network and reduced the average silicate
polymerization in studied samples, through either Na™/H* ion exchange with NBO sites or silica

hydrolysis.
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Figure 8. (a) Si MAS NMR and (b) '"H—?’Si CP-MAS NMR spectra of selected samples

recovered from 14-day experiments in Tris-HNOj; solutions. Lineshape fittings of 2°Si MAS NMR
spectra are also displayed in (a).
5.5 Glass surface evolution during degradation experiments

In addition to the degradation experiments performed on glass powders, two monolithic
polished coupons each for PB2-P5 and MB2-P5 glasses were studied for their degradation
behavior in Tris-HNOj; for 3-day and 7-day durations. Both polished (undissolved) and dissolved
samples were analyzed for their surface characteristics using XPS and ERDA analyses, whereas
the cross-section of the PB2-P5 sample recovered from 7 days of glass degradation experiments
was analyzed using SEM-EDS to decipher the microstructure of the hydrated surface layers.

Table 5 presents a comparison between the surface chemistry (3-10 nm probe depth) of the
polished monolithic glass samples/coupons (PB2-P5 and MB2-P5) and those dissolved/corroded
in Tris-HNOs for 3 and 7 days, respectively. Further, the surface chemistry of the polished samples
has also been compared with their bulk compositions, as analyzed by ICP-OES. Overall, the
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1
2
2 comparison between the surface and bulk chemistry of the investigated glasses is within +1 %.
5 . . .. . .
6 However, a slightly higher deviation of 2-4 % in the surface concentrations of B (depleted) and O
7
8 (enriched), as compared to the bulk, has been observed. Upon 3 days of exposure to Tris-HNOs3,
9
1? both glasses displayed a nearly complete dissolution of P and B from the top surface, coupled with
:g a>85 % reduction in Na content. Likewise, 7-day samples were entirely depleted in P and B, while
14
15 showing similar amounts of Na remaining in the surface layers. Thus, the remaining surface layers
16
17 are primarily O and Si, with a stoichiometry ~3:1 (O:Si), which is a much higher ratio than
18
;g observed in pure SiO,. This deviation from stoichiometry indicates a significantly depolymerized
21
22 silicate layer at the surface, consistent with the high concentrations of Si?-(OH), and Si*-OH units
23
24 detected by NMR.
25
26 Table 5. Surface compositions of PB2-P5 and MB2-P5 samples as measured in the top 3—10 nm layer via XPS
27 analysis (atomic percentages accurate within £5%). In each sample, we have compared compositions of polished
;8 and corroded samples to the bulk compositions measured using ICP-OES. H concentrations were measured
33 using ERDA analysis.
Sample

31

Element PB2-P5 MB2-P5
> (at. % by Polished Polished
33 XPS) Bulk oushe 3d 7d Bulk onsae 3d 7d
34 Surface Surface
35 Na 13.7 13.9 1.9 1.9 13.4 13.2 1.2 1.1
36 P 2.6 2.1 0.2 0.0 2.7 2.0 0.0 0.0
37 B 15.4 13.3 0.9 1.4 13.0 11.8 0.0 0.0
38 Si 10.6 9.5 21.9 22.4 12.6 11.5 24.0 23.0
39 0O 57.7 61.3 75.2 74.3 58.2 61.5 74.9 75.8
40 H* -- <0.1 n.d.} 10.2 -- <0.1 6.5 6.8
41 *H concentration in the top ~350 nm as determined from ERDA (within £5 %)
42 INot determined
43
44
45 ,
46 Furthermore, the hydrogen content in the surface layers of these glass samples has been
47
48 measured by ERDA, and the spectra are displayed in Figure 9, while Table 5 presents the
49
g? calculated hydrogen contents. ERDA, which probes a significantly larger depth of the surface
52 .. .o .
53 (~350 nm), indicates that H content is higher in the exposed PB2-P5 sample (10.2%) as compared
54
55 to the exposed MB2-P5 samples (6.5-6.8%). The PB2-P5 3-day sample was not examined using
56
57
58 39
59
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ERDA due to the complete removal of the brittle surface layer upon sample handling. The
elevation in hydrogen content in the surface layers of PB2-P5 in comparison to MB2-P5 glass may
be explained from a standpoint of elemental release since PB glasses exhibit faster dissolution
kinetics / NL curves in comparison to MB glasses. Accordingly, it can be expected that protons

and water molecules can diffuse more extensively into the glass surface for the PB2-P5 glass.
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Figure 9. ERDA spectra of (a) PB2-P5 and (b) MB2-P5 polished glass coupons subjected to 3-
and 7- day degradation experiments in Tris-HNOj; solutions.

The cross-sectional SEM and EDS analysis of the PB2-P5 glass dissolved for 7 days has
been performed to probe the entire depth of hydrated glass layers, to supplement the XPS and
ERDA studies of the top surface layers. In this way, it is possible to understand the entire interface
between the pristine glass and the fluid, including the reactive interface alongside the established
hydrated layers. Accordingly, Figure 10 displays SEM images and EDS maps of the glass’ cross-
section. Figures 10a and b contain three regions, labeled ‘g’ for pristine glass, ‘h’ for hydrated
layer, and ‘e’ for epoxy resin. It is evident from these images that the thickness of the fully hydrated
layer varies between 150 and 200 um, thus, it is orders of magnitude larger than the probe depth

of either XPS or ERDA. Additionally, this layer is observed to undergo thickness fluctuation and
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reveals significant cracking behavior, where many of the propagated cracks are perpendicular to

the interface between the pristine glass and the hydrated layer. The presence of cracking

oNOYTULT D WN =

throughout this layer is consistent with our observations of apparent brittleness in the surface
10 layers, which may indicate weak bonding to the pristine glass surface and/or weakly bound silicate
species. To verify the composition of this layer, Figure 10c displays the EDS maps in this region,
15 which confirms that although the pristine glass layers consist of Na, P, Si, and O, the hydrated
17 layer exclusively contains Si and O (in the absence of Na and P), agreeing with the findings from
XPS in the top 3-10 nm of the surface. It should be noted that although B content is not readily
22 detectable in EDS maps due to its low K, energy, the ''B MAS NMR results previously discussed,

24 suggest that certain B species are likely also contained within the gel layer.
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Figure 10. SEM images of the cross-section of the PB2-P5 glass subjected to 7-day degradation
experiments (taken in secondary electron mode), at (a) 100- and (b) 500-fold magnification. (c)
displays the EDS maps of the region depicted in the SEM image of (b).
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6. Discussion

With an overarching goal of proposing a rational design of borosilicate-based bioactive
glasses with tunable dissolution behavior and controlled ionic release for soft tissue repair and
regeneration, the present study is aimed at unearthing the underlying compositional and structural
drivers governing the degradation behavior of borosilicate-based model bioactive glasses. In this
context, the results presented here reveal that, in general, two compositional parameters, i.e., R
(Na,0/B,03) and K (Si0,/B,03), should be thoughtfully considered when designing a glass with
controlled degradation rates in vitro or in vivo. These ratios not only impact the glass network
constitution, but also significantly influence the short- and medium-range ordering in the structure,
including features such as boron coordination, borate/silicate network connectivity, and overall
network polymerization, each of which exhibits a significant impact on the reactivity of the glass
in physiological fluids. For instance, it has been shown that the degradation rates are inversely
proportional to R and K (as displayed in Figure 3a), in the order: peralkaline (R = 1.25, K = 2.75)
<metaboric (R =1, K =2) <perboric (R = 0.83, K = 1.5). These kinetic differences in the baseline
glasses (P,0s-free) can be explained by a change in the borosilicate network makeup since boron
species are known to undergo hydrolysis and release from the glass at significantly elevated rates
in comparison to silicate units.’’ Specifically, the overall rates of elemental release vary by at least
a factor of two when comparing the extremes in the peralkaline and perboric systems. Thus,
carefully tuning the R and K ratios during glass compositional design allows for the development
of glasses with controlled functional ion release within the studied region. With decreasing R and
K, the fractional contribution of B—-O-B linkages to the network increases. As the quantum

chemical calculations mentioned above indicate that such linkages are hydrolytically less stable
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than Si—~O-B or Si—O-Si linkages, it is easy to understand that the highest hydrolysis rates are
observed in the perboric glass system.

Further, the modification of the glass’ hydrolytic properties is then effected upon by the
addition of P,Os. In the most rapidly hydrolyzing perboric system, its impact upon glass
degradation turns out to be minor, whereas degradation rates reduce by up to 20-35 % in metaboric
and peralkaline glasses as a result of 3-5 mol. % of P,Os addition. At the structural level, the
addition of P,Os into the glass increases the polymerization in the silicate network and decreases
the fraction of four-coordinated borate units due to the re-distribution of Na*™ towards phosphate
units. In addition, stepwise additions of P,Os also result in increased P-O-B(IV) linking at the
expense of isolated phosphate units. In the studied systems, since R and K ratios are maintained
while substituting P,0Os, the direct structural impacts upon degradation behavior can be uncovered
within each glass series. As expected, the ''B MAS NMR experiments confirm that B(III) species
are preferentially extracted in comparison to B(IV) species, as evidenced from the significant
reductions in B(III) fraction in the post-dissolution glasses, but to the largest extent in glasses
undergoing greater magnitudes of elemental release. Furthermore, it is confirmed that ion-
exchange/hydrolysis reactions of Na, P, B, and to a lesser extent, Si units in the glass result in a
silicate-rich gel layer on the glass surface which contains higher concentrations of Si? and Si? units
with terminal hydroxyl groups. Phosphate species, on the other hand, are not detected to undergo
preferential extraction. However, based on our observations from ''B MAS NMR, it can be
hypothesized that P-O-B(IV) linked units, which dominate the speciation at higher P,0s-
contents,® dissolve at a slower pace as compared to isolated phosphate species. Based on our
findings and the known literature,?® #-92 it can be concluded that the presence of high

concentrations of B(III), isolated P%P!, and Si%*/Si3 (specifically, NBO sites) species in the glass
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structure result in a faster degradation and ion release rates. On the other hand, the presence of
B(IV), P?/P? (P-O-B(1V)), and Si* species tend to slow down the degradation behavior of
borosilicate glasses.

Thus, to rationalize our findings within each compositional regime, the overall dissolution
rate is governed by a delicate balance between the structure and chemistry of glasses. For example,
the perboric glasses exhibit minimal changes in degradation rates as a function of P,Os content,
since the B(III) fractions (and B,Os content) are higher and rise with P,Os content, thus, more
effectively balancing out the effects of increasing Si* and P-O-B(IV) units. Further, as R and K
decrease (i.e., in metabolic and peralkaline glasses), the drop in B(III) fraction (and B,O; content)
results in degradation rates which are more significantly controlled by the rises in Si* and P-O-
B(IV) linkages, thus causing an overall rate decrease upon increasing P,Os content. It is expected
that the comprehensive structural understanding of the degradation behavior in the sodium
borosilicate and phospho-borosilicate glass systems presented here will promote a rational design
of borosilicate-based bioactive glasses with the desired degradation rates and ionic release profiles

tailored for the repair and regeneration of specific hard/soft tissues.

7. Conclusions

Using a systematic and dedicated approach, the present study explored the compositional
and structural drivers controlling the degradation behavior of borosilicate-based model bioactive
glasses (in pH = 7.4) across a broad composition space, including perboric (Na/B < 1), metaboric
(Na/B = 1), and peralkaline (Na/B > 1) regimes. A multi-scale investigation employing a suite of
state-of-the-art characterization techniques reveals that the kinetics of glass degradation depends

on the R (Na,0O/B,0;) and K (SiO,/B,0s) ratios, reflecting the details of the short- and
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intermediate-range molecular structure controlling the ionic release rates. Successive additions of
P,0s into sodium borosilicate glasses result in complex glass structural changes that impact
degradation behavior due to multiple factors. The observed degradation behavior can be explained
from the viewpoint of the effect that specific NFUs (i.e., B(III)/B(IV), Si3/Si4, etc.) have upon
ionic release behavior, through the formation of oxygen linkages and interactions with Na*. The
present study illustrates that a comprehensive understanding of the composition-structure-property
relationships can facilitate the development of novel borosilicate bioactive glasses with tunable

degradation and ionic release rates specific for targeted applications in soft tissue engineering.
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Figure Captions

Figure 1. (a) 7, vs. P,Os content for PB2-Px, MB2-Px, and PA2-Px glasses and (b) 7, vs. <n>, the
average network former coordination number, as calculated using equation (2). The dashed line
depicts a linear regression fit to the data.

Figure 2. Plots of normalized loss (in units of 102 mol/m?) vs. time (hours) for each element
present in the glass for (a) PBO, (b) PB2-P5, (c) MBO, (d) MB2-P5, (e) PAO, and (f) PA2-P3.
Figure 3. Degradation rates (in units of 102 mol-m~2h') (a) as a function of P,Os content for Na
and B for all glasses in Tris-HNO3, (b)-I as a function of <fg> the fraction of B NFU species, and
(b)-1II as a function of (<fg><np>) / <npmean>, the product of <fg> and <np>, the average boron
connectivity for each glass, scaled by <npmean™, the average boron connectivity for all studied
compositions, for Na for all glasses in Tris-HNO3, and (c) for Na, B, and Si for MB2-Px glasses
in Tris-HCI and Tris-HNO; environments.

Figure 4. FTIR spectra of PB2-P5 glass before and after immersion in Tris-HNO; for 1 h to 28
days.

Figure 5. ''B MAS NMR spectra and subsequent lineshape fitting of the as-synthesized (a) PBO,
(b) PB2-P1, (c) PB2-P3, and (d) PB2-P5 glasses as compared to analogous glass powders
recovered from 7 d degradation experiments in Tris-HNOj; solutions.

Figure 6. (a) '"B{'H} REDOR curves and parabolic fits of the initial dephasing behavior obtained
for the unexposed (initial) and exposed (7 d) PB2-P3 glass samples, and the model compound
B(OH)s. (b) So, S, and AS spectra of the exposed glass sample (7 d), obtained by co-adding six
spectra from the REDOR curve centered around a dipolar mixing time of 1.07 ms (the 8" point),
and simplified spectral deconvolutions highlighting the different dephasing behavior of the boron

species represented by the assumed lineshape components. The following lineshape parameters
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were used for the deconvolutions: B(Il)-a: Cq = 2.5 MHz, ng = 0.5, 8*° = 18.2 ppm; B(III)-b:
Cq =2.7 MHz, ng = 0.5, 3.*° = 13.3 ppm; B(IV)-a,c: Gaussian, .*° = -0.4 ppm, FWHM = 620
Hz; B(IV)-b,c: Gaussian 8,%° = -1.4 ppm, FWHM = 640 Hz.

Figure 7. 3'P MAS NMR spectra for the as-synthesized (a) PB2-P5, (b) MB2-P5, and (c) PA2-P3
samples, as compared to the 3'P MAS NMR and '"H—3!P CP-MAS NMR spectra of analogous
glass powders subjected to 1-, 3-, and 7- day degradation experiments, respectively, in Tris-HNO;
environments. Lineshape fittings of all the 3'P MAS NMR spectra are also displayed. (d) depicts
the 'TH—3'P CP-MAS NMR spectrum of the PB5 1-day sample as analyzed using different '"H—3'P
contact times.

Figure 8. (a) °Si MAS NMR and (b) '"H—?’Si CP-MAS NMR spectra of selected samples
recovered from 14-day experiments in Tris-HNO; solutions. Lineshape fittings of 2°Si MAS NMR
spectra are also displayed in (a).

Figure 9. ERDA spectra of (a) PB2-P5 and (b) MB2-P5 polished glass coupons subjected to 3-
and 7- day degradation experiments in Tris-HNO; solutions.

Figure 10. SEM images of the cross-section of the PB2-P5 glass subjected to 7-day degradation
experiments (taken in secondary electron mode), at (a) 100- and (b) 500-fold magnification. (c)

displays the EDS maps of the region depicted in the SEM image of (b).
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