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2D Boron Nanoplatelets as a Multifunctional Additive for
Osteogenic, Gram-Negative Antimicrobial and Mechanically

Reinforcing Bone Repair Scaffolds

Jack Maughan, Harneet Kaur, Lucy Prendeville, Tian Carey, Cian O’Connor,
Kevin Synnatschke, Juan Carlos Palomeque, lan Woods, Fergal J. O’Brien,

and Jonathan N. Coleman*

Two-dimensional boron offers unique advantages in bone tissue engineering,
unlocking capabilities that conventional additives struggle to achieve. Herein, the 2D
morphology and intrinsic bioactivity of boron nanoplatelets are leveraged, to be
incorporated into collagen-based scaffolds and simultaneously achieve osteogenic,
mechanically reinforcing, and antimicrobial effects, with a shift toward neurogenic,
angiogenic, and anti-inflammatory signaling. Boron nanoplatelets, synthesized from
nonlayered precursors using liquid-phase exfoliation, are combined with collagen to
form boron-collagen scaffolds (BColl). Boron significantly reinforces the collagen
matrix, beneficial for mechanoresponsive bone cells. Osteoblasts and mesenchymal
stem cells exhibit healthy morphology and proliferation on BColl films and scaffolds,
with extended culture leading to increased alkaline phosphatase release and sig-
nificantly increased calcium deposition, indicating enhanced osteogenesis. E. coli
viability decreases significantly on BColl films, demonstrating their potential to limit
postimplantation infections. Finally, angiogenic, neurogenic, and anti-inflammatory
signaling, with dose-dependent upregulation of vascular endothelial growth factor-A,
nerve growth factor-beta, and interleukin-10, and downregulation of interleukin-6 are
observed, highlighting boron’s potential to drive pro-reparative processes. Taken
together, these data showcase boron’s potential for next-generation bone bioma-
terials, by offering multifunctional benefits to clinically relevant aspects of bone
regeneration such as mineralization, angiogenesis, and innervation, while improving
the mechanical and antimicrobial properties of natural polymer scaffolds.

1. Introduction

Due to its low cost, scalability, high yield,
andversatility, liquid phase exfoliation
(LPE) has emerged as one of the primary
methods to produce two-dimensional
(2D) materials from a wide range of layered
materials."! The resultant materials have
been used in a wide range of applications,
including electronics,””! batteries,””! coat-
ings and lubricants,'* energy production,”
catalysis,'® and biomedical applications.”"*!
Due to the weak van der Waals bonding
between layers, it is unsurprising that lay-
ered materials such as graphene, MoS,,
and h-BN can be exfoliated in this way.!”)
What is much more surprising is that
LPE can be used to exfoliate nonlayered
materials, which contain strong chemical
bonds in all three dimensions.'” In such
materials, the limited spatial anisotropy
in the chemical bonding makes exfoliation
considerably more challenging, and would
be expected to result in relatively low aspect
ratio nanoparticles.!'”! These issues can be
countered to a certain extent by careful
selection of the material to be exfoliated,
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as certain crystals exhibit some anisotropy in the bonding
strength of their lattice planes. The resultant preferential cleav-
age can lead to the production of quasi-2D nanoplatelets with
somewhat enhanced aspect ratios. Various papers have reported
nanoplatelets produced in this way, with aspect ratios that can
range from as low as 4 to as high as 1400."'” The exact mecha-
nism of this surprising result is highly material dependent, can
be tuned using techniques such as cryogenically mediated exfo-
liation,™" and appears to be driven by the formation of cracks at
intrinsic defects in a bulk precursor,”? which then propagate
through the material. Judicious choice of solvent and surfactant or
polymer stabilizers is also essential for preventing re-aggregation
of exfoliated materials, while enhancing hydrophilicity and, if
desired, biocompatibility.**!

Developments in the field of exfoliation of nonlayered materi-
als have dramatically increased the number of materials that
could be exfoliated and subsequently exploited in their 2D form.
This opens up a number of previously inaccessible application
areas, including a wide range of biomedical applications. For
example, boron is a key nonlayered trace element in the human
body, positively influencing bone health and osteogenesis,***"!
angiogenesis,!"® and wound healing,®! among many other bio-
logical systems.””” Indeed, while boron nanoparticles have been
synthesized and used in a variety of applications,'*"! research into
other dimensionalities of nanoscale elemental boron has only
picked up speed in recent years, as production of 2D nanoplate-
lets from nonlayered boron is not trivial. While substrate-
supported borophenes of the By, ¥3, and 8-Pmmn allotropes,
and even some in freestanding form,?>?% have been synthe-
sized using chemical vapor deposition, molecular beam epitaxy,
and mechanical exfoliation, these are expensive, time-consum-
ing, and low-yield synthesis techniques.***”) Recently, however,
top-down approaches such as LPE have demonstrated efficient
exfoliation of boron nanoplatelets consisting of p-rhombohedral
boron, with the same crystallinity as the bulk precursor.['22573!

Systemic boron supplementation has been studied for various
beneficial health outcomes,!’>*" along with boron-containing
compounds such as boron-doped bioglass and hexagonal boron
nitride successfully being used for bone tissue engineering appli-
cations, leading to enhanced repair and mineralization[*3%*!
Boron nanosheets in their 2D form, however, have yet to be
applied to the repair of large bone defects - this is a challenging
prospect, since robust osteogenesis, angiogenesis, and innerva-
tion are required to direct sustainable bone repair.*¥ On top of
this, the risk of infection,*>! the inflammatory response of the
tissue,*® and the stiffness of the biomaterial®”! must be suitably
managed to direct cell responses and prevent complications.
Despite its difficulty, the repair of large bone defects is highly
sought after, as current approaches to bone tissue regeneration
struggle with defects above a critical size, representing a signifi-
cant unmet clinical need.*®

2D materials are particularly promising for tissue engineering
broadly, and specifically bone tissue engineering,?~*! thanks to
unique properties such as high surface area—volume ratio,*?!
sharp edges,**! and network effects on the mechanical properties
of composites.** These properties, which arise directly from
their 2D nature and are not found in their bulk counterparts,
unlock a diverse range of possibilities and applications, from
antimicrobial effects*” and drug delivery,*® to mechanical
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reinforcement."*"! Building on previous experience in both
LPE of nonlayered nanomaterials,'®*”) and in the development
of 2D nanoparticle composites,*® we aimed to incorporate 2D
boron within a macroporous, biocompatible, and biodegradable
collagen scaffold*®! and test its multifunctional pro-regenerative
characteristics for bone tissue engineering applications, which
has not yet been demonstrated in the literature. Since natural
polymers excel biologically as scaffold materials, but often display
weaker mechanical properties,*>>” additives such as hydroxyap-
atite®" and carbon nanomaterials®? are often used to strengthen
the material, taking advantage of the preference of mechanosen-
sitive bone cells for stiffer substrates, and the importance of
mechanical properties in many bone repair applications.”* To
reduce the major problem of bone infection,®* metal ions, anti-
biotics, and chitosan are sometimes used to impart antimicrobial
activity.*>°! To enhance the regenerative capacity of the materi-
als, further drug and gene delivery is often carried out using
nanoparticle carriers,*® while osteogenic, angiogenic, and neu-
rogenic effects are often enhanced by various bioactive ions,
materials, or growth factors such as Mg®", hydroxyapatite or
the addition of recombinant growth factors such as BMP-
2.577% Each of these interventions can enhance the potential
of natural polymer scaffolds for bone tissue repair. However,
few materials have demonstrated the multifaceted capabilities
of 2D boron, which we propose can potentially leverage both
the intrinsic properties of elemental boron for osteogenesis,
angiogenesis, and neurogenesis, and the emergent effects of
2D materials for mechanical reinforcement and antimicrobial
activity. We therefore propose that 2D boron is an ideal multi-
functional additive for bone tissue engineering.

To demonstrate this potential, the specific aims of this study
were to first synthesize boron nanosheets from a bulk precursor
by LPE, followed by their physical and biological characterization.
The study next aimed to fabricate boron-collagen (BColl) compos-
ite films and 3D scaffolds by lyophilization, characterize their
mechanical properties, and assess the osteogenic potential of
these 3D scaffolds with physiologically relevant bone cells.
Finally, the study endeavored to demonstrate the functional
effects of this material by assessing its antimicrobial and
mechanically reinforcing effects, and its impact on angiogenic,
neurogenic, and anti-inflammatory signaling.

2. Results and Discussion

2.1. Synthesis of Boron Nanoplatelets

Boron is a relatively new member of the two-dimensional mate-
rial family due to its nonlayered nature.*” As a result, before
commencing biological characterization, optimization of the syn-
thesis protocol was required, to both achieve optimal flake yield
and quality, and high biocompatibility by means of noncytotoxic
stabilizing molecules. This optimization was carried out along
three axes — bulk crystallinity, solvent choice, and exfoliation
method. With amorphous boron powder as the precursor,
LPE was carried out in a range of solvents — isopropanol
(IPA), ethanol (EtOH), and N-methyl-2-pyrrolidone (NMP).
These initial exfoliations failed to yield particles with a 2D mor-
phology, instead yielding 0D nanoparticle dispersions, as seen in
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Figure Sla—c, Supporting Information. This result suggests that
the lack of anisotropy in boron bonding leads to isotropic cleav-
age, and the subsequent formation of nanoparticles. However,
the efficiency of LPE for nonlayered materials can be enhanced
in similar ways to that of LPE for layered materials. For example,
cryogenic treatment can be used to render inter-atomic bonds
more brittle, and thus prone to fracture during exfoliation.!'>%"!
To induce this thermal fracturing, and thus exfoliation along a
plane, cryogenic exfoliation in IPA and NMP was then tested.
This approach was more successful, yielding a mix of morphol-
ogies, including 0D nanoparticles, 1D nanoribbons, and 2D
nanoplatelets (Figure S1d, Supporting Information). These mor-
phologies potentially arise due to the formation of cracks follow-
ing cryogenic treatment, which then propagate through the
material.’®” However, it was not possible to efficiently separate
these morphologies, nor to render the exfoliation more selective
for 2D nanoplatelets. Based on these results, we shifted to the use
of crystalline boron precursors, which provide crystalline planes
along which exfoliation can occur,'” due to intrinsic stacking
faults of boron icosahedra in the 3D crystal reducing the cleavage
energy along the {001} plane.'” With this in mind, 2D boron
nanoplatelets were ultimately exfoliated successfully from a crys-
talline precursor in NMP, chosen for its favorable surface tension
and solubility parameters."*? As seen in the scanning electron
microscopy (SEM) (Figure 1a) and transmission electron micros-
copy (TEM) (Figure 1b) data, the resulting boron nanoplatelets
exhibited a 2D morphology indicative of successful selective exfo-
liation, which was confirmed by atomic force microscopy (AFM)
measurements (Figure 1c).

Statistical analysis of these images revealed a broad distribu-
tion of nanoplatelet dimensions, with lengths (L) ranging from
50 to 500nm and thicknesses (t) ranging from 1 to 80nm
(Figure 1d, inset). The nanoplatelet length and thickness distri-
butions are shown in Figure 1d and e as histograms. The average
flake length was measured as 150 + 6 nm, with an average thick-
ness of 6.9+ 0.8nm. Knowledge of nanoplatelet length and
thickness allows the calculation of the aspect ratio (AR=1).
The AR distribution is shown in Figure 1f and has a mean of
38. These data give us an insight to the surface area:volume ratio
of our material, which is critical for many applications!®*! — for
the average nanoplatelet dimensions attained in this work, the
surface area:volume ratio is 0.32, >5 times larger than that of
the smallest widely commercially available nanoparticles, which
have a radius 50 nm(®*®! (Figure S5, Supporting Information).
This means more of the material is exposed to the surrounding
tissue at any given time, improving the efficiency of the material
at delivering intrinsic biological effects.®!

2.2. Physical Characterization of Boron Nanoplatelets

Following the successful exfoliation of boron nanoplatelets, the
crystal, thermal, and optical properties of the material were estab-
lished. A primary concern about elemental boron materials is
oxidation,!®”) since it can lead to changes in material properties
such as conductivity, surface chemistry, and biocompatibil-
ity [ To assess the degree of oxidation suffered by the mate-
rial, thermogravimetric analysis (TGA) and energy-dispersive
X-ray spectroscopy (EDX) were carried out. The tendency of the
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material to oxidize was first observed in TGA data (Figure 2a),
which showed that upon heating of boron under an air atmo-
sphere, the mass increased significantly due to the formation
of oxides, with the rate of oxidation increasing rapidly beyond
500 °C. The main oxidation peak (Figure 2a, inset) is centered
at 550°C, consistent with previous reports of the oxidization
of boron.[*777)

EDX (Figure 2b) was then carried out both on samples exfoliated
in ambient conditions with commercial solvents, and on samples
exfoliated in inert conditions with anhydrous, deoxygenated sol-
vents. Boron exfoliated in both conditions exhibited incomplete
oxidation after prolonged storage in ambient and inert conditions,
as indicated by comparison with the most common boron oxide,
B,0;, which would correspond to 60 at% oxygen.”"! This suggests
the occurrence of surface oxidation, slowing oxidation of the bulk
of the nanoplatelet. Furthermore, these analyses show that the oxi-
dation of the boron primarily occurs during the exfoliation process
as a result of dissolved oxygen in the solvents, rather than during
storage, as ambient-exfoliated boron that was stored under inert
conditions still exhibited a significant amount of oxidation. As a
result of these measurements, the standard exfoliation protocol
was adapted to use inert, degassed, and anhydrous solvents.
While accurate quantification of oxygen content is challenging
due to the limitations of EDX, the relative oxidation of these mate-
rials indicates the formation of a stable passivation layer of B,O; on
the surface of the boron nanoplatelets. Furthermore, boron oxide
has also been demonstrated to have similar bioactive effects to
other forms of boron and boron-containing compounds, meaning
it maintains its utility for bone tissue engineering scaffolds.”>~*

The final characterization of the boron flakes was intended to
reveal any shifts in crystallinity or optical properties arising after
exfoliation. The UV-visible absorption spectrum of a dispersion
of boron nanoplatelets exfoliated in NMP under inert conditions
is shown in Figure 2c. We note that the considerable scattering
background, typical of nanomaterial dispersions,”® has been
removed (Figure S3, Supporting Information). The same spec-
trum has been replotted in the inset, with the absorbance on
a log scale, plotted versus photon energy. This graph clearly
shows our boron nanoplatelets to be semiconducting with a
bandgap of slightly under 1eV. This could be consistent with
either crystalline boron or amorphous boron which display opti-
cal gaps of 0.9 and 0.7 eV, respectively.”® However, our relatively
featureless spectrum is more in line with amorphous boron. The
increase in absorbance below 250 nm (above 5.1 eV) may arise
due to the presence of boron oxide, an insulator with a larger
bandgap, around 5.23 eV.["”!

To assess whether there was a shift in the crystallinity of the
material due to the exfoliation, powder X-ray diffraction (XRD)
(Figure 2d) was carried out. The XRD spectrum for the bulk
boron precursor is consistent with the crystalline form of
p-boron, as shown in the literature,'**”® and matches well with
the relevant powder diffraction file from the ICDD database!””!
(PDF #080-032).

The XRD spectrum for the 2D boron nanoplatelets, in con-
trast, is indicative of a shift toward an amorphous allotrope of
boron/boron oxide. Such amorphization has been observed pre-
viously for LPE of nonlayered materials such as red phospho-
rus.’) Furthermore, this indicates that no transition to a
borophene-like phase occurs. This is consistent with previous
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Figure 1. Morphological characterization of boron nanosheets: SEM (a, scalebars 500 nm) and TEM (b, scalebars 100 nm) imaging were used to visualize
successful exfoliation of the boron nanosheets. c—f) AFM imaging (a) of 147 boron nanosheets was used to assess the length (d), thickness (e), and
aspect ratio (f) distributions of the nanosheets, corroborating the 2D morphology seen in the SEM and TEM. Scale bar 2 um.

work on LPE of crystalline boron precursors,”®%? suggesting
that top-down exfoliation of boron leads to the formation of
few-layer nanoplatelets consisting of the bulk material, rather
than the allotropically distinct borophene phases.®® Taken
together, the physical characterization of the material shows that
we have successfully exfoliated 2D nanoplatelets of amorphous
boron. We believe these are suitable for leveraging the benefits of
both the 2D morphology and the intrinsic properties of boron.
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2.3. Fabrication and Characterization of 2D BColl Films and 3D
BColl Scaffolds

We propose that one important application of our boron nano-
platelets is as a filler material in polymer-based composites. One
significant advantage of high aspect ratio nanoplatelets, when
compared to quasi-spherical nanoparticles, is their ability to
mechanically reinforce polymers.! Stiffness is well-established
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Figure 2. Physical characterization of boron nanoplatelets: a) TGA, with an increase in sample mass with temperature showing oxidation of boron
nanoplatelets upon heating. Inset shows derivative of mass loss. b) EDX, used to assess the elemental makeup (atomic %) of the sample under different
conditions of exfoliation and storage — inert exfoliation was demonstrated to have the largest impact on prevention of oxidation in the material.
c) UV-visible light spectroscopy (UV-vis) of a boron nanoplatelet dispersion showing absorption spectra typical of a semiconducting nanomaterial.
d) XRD patterns used to assess the crystallinity of the starting bulk boron powder and exfoliated boron nanoplatelets, showing a potential shift toward

an amorphous allotrope following exfoliation.

as a key regulator of cellular differentiation,®*#¥ and thus mes-
enchymal stem cells (MSCs) will exhibit different differentiation
behavior on a stiff substrate than a soft substrate. Models such as
shear-lag theory®®* and Halpin-Tsai theory®! clearly show that
composite reinforcement depends sensitively on filler particle
aspect ratio, with higher AR particles leading to greater
reinforcement.

To test the magnitude of mechanical reinforcement and its
effect, composite films were fabricated by blending boron nano-
platelets with collagen to form boron-collagen (BColl) slurry, fol-
lowed by casting into homogeneous films of 0, 0.5, 1, 2.5, and 5 vol
% boron loading (Figure 3a). Tensile testing was then carried out
using thin strips of these BColl films. Examples of stress—strain
curves for BColl composites with differing boron volume fractions
(Vr) show a clear increase in stress at all strains as the boron load-
ing is increased, a clear sign of reinforcement (Figure 3b). While
various parameters can be extracted from these stress—strain
curves, we focus on Young’s modulus (E, Figure 3c) and the ulti-
mate tensile strength (UTS, Figure 3d). In both cases, we see
steady increases as the volume fraction is increased, with satura-
tion occurring at a loading of roughly 2.5 vol%, and both param-
eters undergoing a near doubling in their values on addition of
boron. The average Young’s modulus of BColl composites was
973 MPa, comparing favorably to the typical stiffness range of tra-
becular bone, 10 MPa—-3000 MPa.®® A significant increase was
further observed in the initial tensile modulus of the material
(Figure S9a, Supporting Information), within the first 0.5% strain,
the regime primarily experienced by cells, as well as a trend toward
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an increase in the toughness (Figure S9b, Supporting
Information). These increases render the environment more suit-
able for osteogenic differentiation, potentially contributing to the
increase in osteogenic potential observed for the BColl material.

To understand the reinforcement of the BColl composite
films, we analyze the data in Figure 3c using Halpin-Tsai the-
ory.®! The Halpin-Tsai equations describe the composite mod-
ulus, E, as a function of the filler volume fraction, Vi, the moduli
of filler, Eg, and matrix, Ey;, as well as the platelet aspect ratio, L/t.
This particular model is appropriate when nanosheets are
aligned in the plane of the composite, and has been shown to
describe composites of BN nanosheets in polymer matrices quite
well.®”) It has been shown that applying the approximations that
Ep/Ep >> 1and V¢ << 1, which are appropriate for most nano-
composites, to the basic Halpin-Tsai equation gives the simpli-
fied expression®”:

Ep Ve

_— 4 EM
(557 +1]

~

This equation predicts a linear increase in composite modulus
with nanoplatelet volume fraction. We can test the applicability of
this equation by plotting its prediction on top of our data using
our measured values for Ey (0.64 GPa) and £(38), as well as a
previously reported value for the stiffness of amorphous boron
(Er = 300 GPa).¥ This prediction is shown as the solid line in
Figure 3c and matches the data reasonably well, especially at low
loading values where the model is most applicable. The data
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Figure 3. Characterization of BColl composite films and scaffolds: a) images of BColl films at each boron loading. b) Representative stress—strain curves
for BColl composites. ¢,d) Measurement of Young's modulus (c) and UTS (d) for BColl films, showing significant reinforcement with boron loading.
€) Images of BColl scaffolds at each boron loading. f) Compressive modulus testing of BColl scaffolds. g) Measurement of the porosity of BColl scaffolds

at varying boron loadings, showing a slight increase in porosity for 5vol% boron loading. Significances: “p < 0.05, *p <0.01, “p < 0.001,
p < 0.0001.

deviate from the model at higher loadings, where Halpin-Tsai To extend this analysis into 3D, macroporous BColl composite
theory predicts nanocomposite behavior less accurately.®®  scaffolds (Figure 3e) were produced by lyophilization, at boron
Furthermore, this reinforcement is highly dependent on the loadings of 0, 0.5, 1, 2.5, and 5 vol%. Compressive modulus test-
aspect ratio and size distributions of the nanosheets,” allowing  ing of these BColl scaffolds revealed a slight trend toward rein-
for some composite tunability by size-selecting distinct nanoma-  forcement at lower boron loadings (Figure 3f), followed by a
terial fractions, for example via liquid cascade centrifugation.’!  drop-off in modulus, likely to be related to the increased porosity
These data clearly show that our stiffness results are consistent ~ of the higher loading scaffolds (Figure 3g) — this increase was
with theory, confirming that boron nanoplatelets are an appropri- ~ observed for the highest boron loading, and it is posited that
ate reinforcing material for collagen. These results imply that it is due to a slight dilution of the collagen slurry caused by
boron nanoplatelets are a promising multifunctional composite ~ the addition of the boron dispersion during synthesis.
component for reinforcing the struts of collagen-based tissue

engineering scaffolds. Given the small size of the boron nano-  2.4. Biocompatibility of Boron/Collagen (BColl) Composites
platelets compared to the collagen microstructure in scaffolds,  with Bone Cells in 2D Films

the tensile modulus observed in Figure 3c can be interpreted

as an estimate for the modulus of the collagen struts and films  As with any novel biomaterial additive, it was necessary to estab-
upon and between which cells sit in the scaffold. lish the biocompatibility of the boron nanoplatelets before
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proceeding with functional testing, to ensure safe degradation
and excretion of the scaffold after implantation. Boron nanopla-
telets, stabilized with polyvinylpyrrolidone (PVP), a biosafe poly-
mer®? for biocompatibility and hydrophilicity, were added to the
media of osteoblasts (MC3T3-E1, osteogenic cell line®?)). Cells
were grown in suspension with 40 pgmL™" and 80 pgmL™" of
boron for 72h. Metabolic activity and DNA content analysis
(Figure 4a) showed robust proliferation of the cells in the pres-
ence of boron, with a significant increase in both measures for
80 pgmL ™" of boron after 72 h. This indicates that the material is
noncytotoxic and can promote proliferation of bone cells, even in
free suspension with high concentrations of the material. This is
essential, as during the degradation of BColl scaffolds, boron will
be released into the surroundings and must be safely excreted.
Once the biocompatibility of the boron nanoplatelets had been
established, to further demonstrate that BColl composite

www.small-science-journal.com

materials were well-tolerated by cells, osteoblasts were grown
on the surface of 0vol%, 0.5vol%, and 1vol% BColl films for
7 days, similar to previous work in our group assessing the
biocompatibility of nanocomposite materials.**! Metabolic activ-
ity and DNA content analysis demonstrated robust proliferation
of the cells across the surface of the material (Figure 4b). The cell
coverage observed for the BColl materials was significantly
higher than that of collagen (Figure 4c), as verified by fluorescent
staining of the cells with phalloidin and DAPI, with confluent cell
layers forming on the surface of the BColl samples (Figure 4d),
showing that BColl is not only well-tolerated in a 2D culture envi-
ronment with bone cells, but that it appears to be enhancing the
proliferation and viability of these cells, due to the bioactive
effects of boron and its oxides. Various mechanisms that explain
ion-mediated enhancement of growth fail to account for boron,
which typically does not exist in the B*>" form due to the high

@ 40 8
B Py o
= o 89 £ 0 6
- D oD
O c = C
< ® 64 c & {|:
o o C
= O . . O O 41
Fogne; 7 *ok ok — <3
T O Z o
DL o] n = Qw29 R BE
= - - L = |
0 T T 0 T . T
1d 3d 1d 3d
Media Control Boron 40 ng/ml B8 Boron 80 ug/ml
(b) (c)
> 3 5
— N - oo —~~ ok Kk
%% I r = 8%4- Iz X 100- =
< c 24 = - | c * KK
o 5 8 3 S =
25 06 5
% 9 1_ I I :Iw % E 2" LE 50 I
9 88z d = 3
g = = ‘ < =
0 T T 0 T T 0 T T T
1d 3d 1d 3d
(d) Collagen 0.5 vol% B B 1vol%B

Collagen’

¥

0.5 vol% B/ »

halloidin
DAPI

Figure 4. Biological characterization of boron and BColl films in 2D: a) metabolic activity and DNA content of osteoblasts in suspension with varying
concentrations of boron nanoplatelets, showing robust proliferation, particularly for the highest boron concentration. b) Metabolic activity and DNA
content of osteoblasts grown on BColl films, showing healthy proliferation in all conditions. c) Percentage coverage of osteoblasts grown on BColl films
for 7 days, showing significant increase in coverage for cells grown on BColl films. d) Cell membrane (phalloidin) and nuclear (DAPI) staining of osteo-
blasts showed healthy cellular morphology and robust proliferation of cells grown on BColl films for 7 days. Imaged at 10x magnification. Significances:
“p<0.05, “p<0.01, "p <0.001, "

“p < 0.0001.
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ionization energies needed to achieve this state,®" so other
research suggests that the release of bioactive ions from the cova-
lent compounds of boron!®® leads to activation of the BMP and
MAPK pathways, and subsequent osteogenic and angiogenic
effects such as increased RUNX2 phosphorylation and VEGF
upregulation.®*~! In addition to enhancing osteoblast differen-
tiation, boron has been shown to inhibit osteoclastogenesis via
the downregulation of osteoclastogenic genes such as RANK
and MMP-9 and inhibition of the RANKL/RANK pathway.®”!
Finally, boron has been shown to influence macrophage polari-
zation and inhibit the toll-like receptor pathway, the immuno-
modulatory effect of which is beneficial for bone implant
materials.”!

2.5. Antimicrobial Activity of BColl Composite Films

With the biocompatibility of the boron material confirmed in
2D, focus shifted to testing the antimicrobial activity of the
BColl composite, since infection is a key concern during
the implantation and lifetime of any scaffold. Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) were cultured
on the surface of BColl films for 24 h, followed by live-dead
staining.

There are two primary origins of the antimicrobial effect
caused by boron - first, boron compounds exhibit some innate
antimicrobial effect with a range of bacterial strains."*”! Second,
2D nanomaterials often exhibit antimicrobial behavior due to the
interaction of nanomaterial edges and basal planes with the bac-
terial cell membrane.'°'%? There was a significant drop in E.
coli viability at all concentrations of boron tested (Figure 5a).
This indicates the potential of the boron to inhibit the growth
of gram-negative bacteria on the surface of its composites,
addressing a key clinical issue - Masters et al.l'® stated that
20% of all trauma-related skeletal infections and 35-55% of those
in foot/ankle infections are caused by gram-negative bacteria.
However, it is important to note that no antimicrobial effect
was observed with S. aureus bacteria (Figure 5b). This difference
is potentially due to differing interactions of the boron edges with
the bacterial membranes of gram-positive (S. aureus) versus
gram-negative (E. coli) bacteria. Gram-positive bacteria, while
possessing more porous membranes and thus less resistance
to typical antimicrobial agents, have considerably thicker cell
membranes!'® than gram-negative bacteria, which possess a
thinner but more complex outer membrane. This thin mem-
brane may be sliced more deeply by sharp nanoplatelets protrud-
ing from the composite surface, leading to a greater
antimicrobial effect!’®'%] _ however, further research will be
required to establish the exact mechanism of the antimicrobial
effect, especially in composite form. This indicates that boron
nanoplatelets have the potential to be used in conjunction with
a traditional antimicrobial agent such as chitosan or small-
molecule antimicrobials, leading to effective inhibition of both
bacterial subgroups across a range of strains, as demonstrated
previously by Tasaltin et al.l'®! Furthermore, adaptations of
the boron nanoplatelets, including size selection for smaller,
thinner nanoplatelets, or inclusion of nano-needle (=1D) or
nano-sword (1D/2D) morphologies may improve the inhibitory
effect of boron on bacterial growth.
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2.6. Biocompatibility and Osteogenesis-Inducing Effect of BColl
Scaffolds with Osteoblasts and MSCs

To demonstrate the potential of BColl in a 3D culture environ-
ment, osteoblasts were cultured in BColl scaffolds for 21 days.
Both metabolic activity (Figure 6a) and DNA content analysis
(Figure 6b) showed no significant difference from the control
after 21 days, indicating a high degree of biocompatibility of
BColl scaffolds with bone cells. The osteogenic potential of
the boron was assessed by measuring the release of alkaline
phosphatase (ALP), a key enzymatic regulator of bone forma-
tion,"® and by the deposition of calcium, indicative of bone
mineralization.

There was a trend toward increased ALP release for the BColl
scaffolds at each measured timepoint (Figure 6¢), and calcium
deposition showed a significant increase at 21 days
(Figure 6d), indicative of improved bone mineralization. This
shows that boron supplementation leads to robust proliferation
and enhanced osteogenic behavior in osteoblasts.

While the MC3T3 osteoblast cell line is a good model for oste-
oblast mineralization in general, they are not perfect models,
with a differing gene expression profile, and variable degrees
of mineralization when compared with the primary osteoblasts
they are intended to replicate.'*”! For these reasons, we decided
to assess the biocompatibility, osteogenic potential, and func-
tional performance of the boron nanomaterial with a more physi-
ologically relevant cell type. For this purpose, MSCs are highly
therapeutically relevant, as they are readily differentiated to an
osteoblastic lineage by media supplementation and are used clin-
ically in musculoskeletal applications.l''"! By culturing MSCs on
BColl scaffolds, we are thus able to more accurately model long-
term clinical implantation. MSCs were grown on BColl scaffolds
for 28 days followed by fluorescent staining and confocal imag-
ing, showing that the cells had proliferated robustly across the
BColl scaffolds, and maintained a healthy cellular morphology
(Figure 7a), and the biocompatibility was assessed by metabolic
activity (Figure 7b) and DNA content (Figure 7c) analysis.

No significant difference was observed between the boron-
treated samples and the collagen-only controls, indicating that
the BColl material is well-tolerated even by sensitive MSCs at
high concentrations, up to 5 vol%, for extended periods of cul-
ture. The osteogenic potential of these cells was then assessed,
as before, by analyzing ALP release and measuring calcium depo-
sition. There was no significant difference observed in the ALP
release for the BColl samples (Figure 7d) - however, ALP release
has a short peak, typically around day 8 as the differentiating cells
commit to the osteoblastic lineage,"'* and thus it may have been
missed by the timepoints analyzed. This peak is reflected in the
higher per cell expression of ALP for all conditions at days 1 and
7, compared to the later timepoints. As described above, the key
indicator of osteogenic potential of any biomaterial is the quan-
tity of calcium deposition. This was measured at days 21 and 28,
when MSC-derived osteoblasts had matured sufficiently to lead
to calcium deposition (Figure 7e). A significant dose-dependent
increase was seen in the calcium deposition for BColl samples
when compared with collagen-only scaffolds. This indicates that
boron is having a positive effect on the rate of mineralization, and
thus the osteogenic potential of the cells, pointing toward the
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Figure 5. Antimicrobial testing of BColl films: antimicrobial testing with BColl films of varying boron loadings ranging from 0 to 5 vol%, with E. coli a) and
S. aureus b) bacteria grown for 24 h, showing significant antimicrobial activity against E. coli bacteria. Live-dead staining coverage was analyzed using FI]I.

“*p < 0.0001.

potential of BColl scaffolds to accelerate bone formation after
implantation. Cross-sections of these scaffolds were stained,
and infiltration analysis showed that cells in BColl scaffolds were
colonizing deeper into the scaffold (Figure 7f). Finally, SEM
(Figure 7g) and EDX (Figure S7, Supporting Information) of
these scaffolds showed increased calcium phosphate deposition
for boron-containing scaffolds, and further SEM showed areas
with exposed boron flakes on the higher loading samples

Small Sci. 2025, 5, 202500409 €202500409 (9 of 18)

(Figure 7g). While the increase in calcium deposition with boron
scaffolds is lower compared to additives like osteoconductive
hydroxyapatite’**! or expensive osteoinductive growth factors
BMP-2,"'* these scaffolds exhibit both osteoconductive and
osteoinductive properties. Additionally, boron scaffolds offer a
multifunctional profile, encompassing osteogenic, antimicrobial,
mechanically reinforcing effects, as well as angiogenic, neuro-
genic, and anti-inflammatory signaling, that address key
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Figure 6. Assessment of osteogenic effect of BColl scaffolds with a bone cell line: a,b) metabolic activity (a) and DNA content (b) of osteoblasts grown on
BColl scaffolds for 21 days, showing high levels of biocompatibility. c) ALP release of osteoblasts on BColl scaffolds, trending toward increased release for
BColl scaffolds. d) Calcium release of osteoblasts on BColl scaffolds, showing a significant increase indicative of increased bone mineralization on BColl

scaffolds. Significances: “p < 0.05, “p < 0.01, “p < 0.001, “p < 0.0001.

challenges in bone repair. Achieving such comprehensive func-
tionality would otherwise require the use of multiple, potentially
incompatible additives. Furthermore, although growth factors
like BMP-2 provide strong osteoinductive effects, they are asso-
ciated with several adverse outcomes at high concentrations and
high cost when used clinically.""”!

2.7. Neurogenic Assessment of BColl Scaffolds with Dorsal
Root Ganglia (DRGs)

To assess the impact of boron loading on innervation, a key
functional outcome in bone repair, the neurogenic effect of
BColl was assessed. DRGs isolated from rats, a model of neu-
ronal tissue that is both aged and injured, and thus particularly
difficult to heal, were cultured on the surface of BColl scaffolds
for 14 days. Staining and confocal imaging subsequently estab-
lished that DRGs extended neurites effectively on BColl scaf-
folds and maintained healthy morphologies (Figure 8a). We
next established that the scaffolds led to no cytotoxic or inflam-
matory effect, by measuring lactate dehydrogenase (LDH;
Figure 8b) and pro-inflammatory TNF-a release (Figure 8c),
which showed no significant difference compared to the colla-
gen control scaffolds.

The neurite outgrowth from the DRGs was extracted from
these images, showing an increase in the maximum migration
distance of DRG neurites on BColl scaffolds (Figure 8d). This
was qualitatively confirmed by SEM imaging of the same scaf-
folds, showing significant neurite outgrowth on BColl scaffolds
(Figure 8e). These data show that boron contributes to a

Small Sci. 2025, 5, e202500409 €202500409 (10 of 18)

supportive environment for neurogenesis and innervation, a
key process in bone regeneration,''® by employing a highly
physiologically relevant tissue explant model.

2.8. Impact of BColl Scaffolds on Angiogenic,
Immunomodulatory, and Neurogenic Signaling of MSCs

The final aim of this study was to demonstrate the benefits of
boron incorporation on the paracrine release profile of mesen-
chymal stem cells, a key cell type that modulates bone remodel-
ing via cross-talk with other bone cells, and via their
differentiation into osteoblasts.!'’”) Effects on the paracrine sig-
naling of these cells can potentially have a downstream impact on
the therapeutic efficacy of the scaffold, so a multiplex ELISA array
was used to assess the cytokine release profile of mesenchymal
stem cells on the BColl scaffolds at day 7 (Figure 9a). Of course,
many of the cytokines assessed using this array have multiple
potential effects, which were assessed by a literature review
(Figure 9b). First, several cytokines can be used to corroborate
the calcium deposition data, indicative of enhanced osteogenic
signaling and a more favorable environment for osteoblastic dif-
ferentiation. Several factors involved in both osteogenesis (mono-
cyte chemoattractant protein-1 (MCP-1 (CCL2)), macrophage
inflammatory protein-3 alpha (MIP-3a (CCL20))™#)), and osteo-
clastogenesis  (interleukin-1a/p  (IL-1o/),'®  fractalkine
(CX3CL1),**! and TNF-0) were upregulated in BColl scaffolds.
We posit that the apparent dose-dependent increase in these oste-
ogenic and osteoclastogenic factors results in a more favorable
scaffold environment for infiltrating MSCs, which in turn
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Figure 7. Assessment of osteogenic effect of BColl scaffolds with osteogenically-differentiated mesenchymal stem cells: a) confocal microscope images
of lateral cross-sections of BColl scaffolds with MSCs grown in them for 21 days, stained with phalloidin for the cell membrane, and DAPI for the cell
nucleus, showing robust cellular proliferation and infiltration of the scaffolds. Scalebars 500 pm (low magnification) and 200 pm (high magnification).
b) Metabolic activity of MSCs on BColl scaffolds and c) DNA content of MSCs on BColl scaffolds indicate high levels of biocompatibility. d) ALP release of
MSCs on BColl scaffolds, showing significant fall-off in release after differentiation is complete. e) Calcium release of MSCs on BColl scaffolds, showing
significant, dose-dependent increase in calcium deposition and thus bone mineralization. f) Percentage infiltration of MSCs into boron scaffolds mea-

sured radlally from the geometric center of the scaffold, showing significant increase in infiltration for boron-containing scaffolds g) SEM imaging
i ed calcification in BColl scaffolds, and exposed boron flakes in the collagen matrix. Significances: “p < 0.05, “p <0.01,
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Figure 8. Assessment of neurogenic effect of BColl scaffolds on DRGs: a) representative confocal microscopy images of DRGs on surface of scaffolds,
stained with -lll-tubulin as a marker of neuronal maturity and for cell morphology, and counter-stained with DAPI for nuclei. b) LDH release was
assessed to investigate the cytotoxicity of BColl scaffolds. ¢) TNF-a release was assessed to examine the effect of BColl scaffolds on the inflammatory
signaling response of DRGs, showing a slight trend toward decreased TNF-a release. d) Maximum migration distance of neurites from DRG center
showing a trend toward increased migration for BColl scaffolds, measured from confocal images by using NeuriteTracer!'*? and FIJI. &) SEM images of
DRGs growing on BColl scaffolds, with significant neurite outgrowth visible on both samples.

impacts the rate of osteoblastic differentiation and bone remod-
eling and deposition within the scaffold. It is well-established
that an increase in osteoblast activity will often be associated
with an increase in osteoclast activity, to maintain bone
homeostasis.!'*"]

Tissue inhibitor of metalloproteinase 1 (TIMP-1), a cytokine
involved in tissue remodeling, is also upregulated in the
BColl scaffolds, corroborating the shift toward a supportive envi-
ronment for bone repair. A dose-dependent increase was
observed in the expression of angiogenic factors such as vascular
endothelial growth factor A (VEGF-A), fractalkine,"*?! and
lipopolysaccharide-induced CXC chemokine (LIX).'**) This
effect has been observed in boron-containing compounds in
the literature, with increased phosphorylation in the Akt/eNOS
pathway proposed as the mechanism for its upregulatory

Small Sci. 2025, 5, €202500409 €202500409 (12 of 18)

effect.l'*"l The pro-angiogenic effect is also backed up by a strong
trend for enhanced VEGF release from a human ELISA assay on
the BColl samples (Figure S11, Supporting Information). This is
a key finding, as vascularization is an important target in bone
regenerating biomaterials,'*! and the induction of infiltrating
MSCs to a pro-angiogenic phenotype renders the scaffold a more
favorable environment for blood vessel formation. Enhanced vas-
cularization is not the only nonbone effect essential for bone
repair, however, innervation is required for healthy bone
repair.l'?! Both nerve growth factor-beta (8-NGF) and ciliary neu-
rotrophic factor were upregulated in the BColl scaffolds, indicat-
ing an improvement of the neurogenic environment of the
scaffold following boron addition, and corroborating the results
found with DRGs. This is consistent with the literature, where
boron-containing compounds have been previously evaluated
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Figure 9. Investigation of paracrine release profile of rMSCs on BColl scaffolds: a) assessment of cytokine release profile of rat mesenchymal stem cells
using a multiplex ELISA array. Heatmap indicating relative change to collagen-only control. b) Matrix detailing the primary effects of each cytokine
assessed in the ELISA data. Green corresponds to literature evidence of an effect, gray to contradictory or highly environment-dependent effect,
red corresponds to evidence of a negative effect, and white corresponds to no evidence for an effect. Citations are available in Figure S10,

Supporting Information.

for their neuroprotective and neuroregenerative effects.'*”)

Finally, increased anti-inflammatory signaling of MSCs in
BColl scaffolds was indicated by downregulation of key inflam-
matory cytokines interleukin-6 (IL-6), interferon gamma (IFN-y),
and granulocyte-macrophage colony-stimulating factor (GM-
CSF), with associated upregulation of anti-inflammatory cyto-
kines such as interleukin-4 (IL-4) and interleukin-10 (IL-10).
This is a highly notable result, as nanomaterials often cause
inflammatory responses in biological systems.'?®! This anti-
inflammatory effect of boron has been observed in previous
work, %! suggesting that boron-mediated immunomodulation
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may be countering any nanomaterial-induced inflammatory
effect. It is worth addressing that many of the cytokines impli-
cated in osteogenesis, osteoclastogenesis, and angiogenesis
above are also associated with inflammatory and immune
responses from macrophages and other cell types invivo.
However, taking the data as a whole, it is clear that boron incor-
poration in the scaffolds leads to healthy, proliferative cells with a
pro-osteogenic paracrine signaling profile. This, coupled with the
downregulation of key pro-inflammatory cytokines, makes it sig-
nificantly more likely that the upregulation of these pleiotropic
cytokines is associated with reparative processes.
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While beyond the scope of this materials development study,
detailed in vivo evaluation of boron scaffolds in animal bone tis-
sue, encompassing their effects on osteogenesis, neurogenesis,
angiogenesis, and immunomodulation, the underlying mecha-
nisms of these processes, and scaffold degradation, will form
the basis for future work, in line with the 3Rs principle of stream-
lining animal use.

3. Conclusion

This study demonstrates that boron nanoplatelets can be used as
a versatile and powerful additive for enhancing the regenerative
properties of biomaterial scaffolds for bone repair, thanks to their
unique combination of intrinsic and 2D material-specific prop-
erties. High aspect ratio 2D boron nanoplatelets, stabilized with
polyvinylpyrrolidone, were synthesized using an optimized
liquid-phase exfoliation approach. Their biocompatibility was
confirmed across a range of exposure conditions and cell types,
demonstrating their safety for biomedical applications. Boron
increased the osteogenic potential of both osteoblasts and osteo-
genically differentiated mesenchymal stem cells in long-term
3D scaffold culture. The material also boosted angiogenic,
neurogenic, and anti-inflammatory cytokine signaling, key tar-
gets for regenerative therapies, in addition to increasing
neurite migration of neuronal tissue explants on scaffolds.
Additionally, the 2D morphology of the nanoplatelets yielded
antimicrobial activity against E. coli, and significantly enhanced
the tensile modulus, toughness, and strength of collagen. These
findings highlight BColl as a versatile composite biomaterial,
offering multifunctional benefits for key bone regeneration tar-
gets such as mineralization, angiogenesis, and innervation, along
with improved mechanical and antimicrobial properties. In sum-
mary, this study employs cutting-edge nanoscience and novel
exfoliation techniques to develop biocompatible boron nanopla-
telets and BColl composite scaffolds, which represent a promis-
ing new treatment for tackling bone repair in orthopedic,
reconstructive, and tissue engineering applications.

4. Experimental Section

Preparation of Inert Solvents to Prevent Boron Oxidation: Inert, anhy-
drous, anddeoxygenated solvents were produced by drying, distillation,
and degassing. The solvent was first dried using molecularsieves for
3 days. The solvent was then distilled to remove impurities. Finally, it
was degassed by bubbling nitrogen gas through it for 2 days. The material
was then stored in the glovebox under an argon atmosphere until use.

Sonic Tip Exfoliation of Boron Nanoplatelets: Crystalline boron powder
(Stanford Advanced Materials, median particle diameter =15 pm), stored
under an argon atmosphere, and 160 mg of polyvinylpyrrolidone (PVP,
M,,=40kDa, Sigma Aldrich) were added to 80mL of anhydrous,
degassed N-Methyl-2-pyrrolidone (NMP, ACS Reagent, >99% purity,
Honeywell, USA) in a metal beaker. The mixture was then exfoliated
for 8 h at 55% amplitude, on a 6s/2's on/off pulse, using a sonic probe
(VCX750, Sonics & Materials Inc., USA). Following exfoliation, the material
was centrifuged at 1 krpm to cause unexfoliated material to crash out of
the dispersion. This sediment was discarded, and the supernatant was
subsequently centrifuged at 6 krpm, to remove small impurities and
0D particles from the dispersion.”! The resulting sediment was redis-
persed in anhydrous, degassed isopropanol (IPA, HPLC grade, 99.9%
purity, Sigma Aldrich), and washed twice with fresh IPA at 6 krpm to
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remove excess residual NMP. To slow oxidation, the resulting dispersion
was stored under argon in a glovebox (Jacomex, France) until use. For use
in biological scaffolds, the material was redispersed in deionized water
(18.2 MQ) with 2 mgmL™" polyvinylpyrrolidone (PVP, Sigma) by centrifu-
gation at 6 krpm, and washed twice in fresh deionized water to remove
traces of IPA. The concentration of the dispersions was assessed by filtra-
tion of a known volume of dispersion using a 200 nm filter membrane and
weighing.

Cryogenic Exfoliation of Boron: Cryogenic exfoliation was carried out by
submerging a vial of TmgmL™" boron powder and 1mgmL™" PVP in
IPA in liquid nitrogen for 5 min. The material was then immediately placed
in a sonic bath and sonicated at 37 kHz for 1h.

Physical Characterization of Boron Nanoplatelets: Establishing Thermal
Degradation and Oxidation Properties Using TGA: TGA was carried out using
a Q50 thermogravimetric analyzer (TA Instruments, USA). The tempera-
ture was ramped from 25 °C to 900 °C, at a ramp rate of 10 °C min™" in air,
then held isothermal at 900 °C for 5 min to ensure complete combustion.

Elemental and Oxidation Analysis Using EDX: EDX analysis was carried
out using the secondary electron detector of a Zeiss Ultra field-emission
(FE)-SEM (Zeiss, USA), at an accelerating voltage of 5kV and a working
distance of 11 mm. Peak assignment was carried out using INCA software
(Oxford Instruments).

SEM for Nanoplatelet and Scaffold Visualization: Where necessary, sam-
ples were first gently dehydrated using a Leica critical point dryer. Dry sam-
ples were then sputter coated with a 5 nm layer of an 80:20 mixture of gold
and palladium using a Cressington 108 auto sputter coater. Imaging was
carried out using a Zeiss Ultra FE-SEM using the InLens detector at an
accelerating voltage of 5 kV, an aperture size of 30 pm, and a working dis-
tance of 5 mm, with images acquired at varying magnifications.

Ultraviolet-Visible (UV-Vis) Spectroscopy: Boron nanoplatelets were first
diluted 1:20 in isopropanol. UV-vis spectroscopy was then carried out in a
quartz cuvette (path length 1 mm) using a Perkin-Elmer Lambda 1050+
spectrophotometer and an integrating sphere, to collect information on
the scattering, absorption, and extinction spectra. A background spectrum
with isopropanol was gathered as a reference and subtracted from all
spectra.

AFM for Establishing Nanoplatelet Dimensions and Morphology: Utilizing
a Bruker Multimode 8 microscope, AFM was performed to assess the
thickness and lateral dimensions of the flakes. After dilution with isopro-
panol at a ratio of 1:100, the boron inks were drop-cast onto Si/SiO, sub-
strates. Imaging of the samples was carried out using OLTESPA R3
cantilevers in ScanAsyst mode, and statistical data were derived from
the analysis of 569 flakes. The lateral dimensions were determined by com-
puting the square root of the product of the flake length and width. Data
were analyzed using Gwyddion SPM software.l*%

TEM for Nanoplatelet Visualization: A JEOL 2100 system operating in
bright-field mode was used to perform the TEM measurements. Freshly
exfoliated boron nanoplatelets, centrifuged between 1 and 6 krpm, were
used to prepare the holey carbon TEM grids (400 mesh). 100 pL of the
dispersion (concentration of approx. 0.1 mgmL"") was drop-casted on
the grids, and vacuum dried at 80 °C in the oven overnight prior to the
measurements. Images were acquired at an accelerating voltage of 200 kV.

XRD for Establishing Material Crystallinity: The powder samples were
structurally characterized by performing symmetric 26,, XRD scans using
a Panalytical X'Pert Pro diffractometer equipped with a Cu K, source
(A=1.5406 A) and a Ni filter to remove K; peak intensities.

Mechanical Testing to Identify Mechanical Reinforcement of Natural
Polymers: Mechanical testing was carried out using a Zwick Z0.5
Proline tensile tester with a T00 N load cell, at a strain rate of 0.01%/s.
Samples were cut into strips (20 mm x 3 mm), clamped, and tested in
a uniaxial strain configuration. Young’s modulus and other mechanical
properties were calculated for each sample from the stress—strain curve.

Synthesis of 2D Boron/Collagen (BColl) Nanocomposites: The BColl slurry
was fabricated by mixing type | collagen (bovine tendon, 5 mg mL™", milled
form, Collagen Solutions) with a 2D boron dispersion in deionized water
and acetic acid. The composite slurry was blended (T25 Ultra-Turrax,
VWR) at 15 000 rpm for 30 min until homogeneous. The composite materi-
als subsequently underwent dehydrothermal (DHT) crosslinking treatment
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for 24 h at 105 °C under vacuum. For 2D culture, they were cast in square
molds and allowed to dry. For 3D culture, porous scaffolds of BColl were
produced by lyophilization - slurries were placed in Teflon molds and freeze-
dried for 24 h at —40°C to obtain lyophilized cylindrical scaffolds.

Biocompatibility Testing of 2D Boron Sheets: Ethical Declaration for
Ex Vivo Experiments: For the experiments detailed in Sections 4.5.2 and
4.8, exvivo tissue was obtained from animals donated as post-mortem
byproducts from ongoing experiments in other groups in the RCSI, in line
with our policy of reduction according to the 3 Rs of animal research. Rat
femora for isolating mesenchymal stem cells in Section 4.5.2 were
obtained from rats culled under project authorization number
REC202012003, accredited by the Animal Research Ethics Committee
of RCSI (RECTHO17). Mouse spinal cords used to extract DRGs in
Section 4.8 were obtained from animals donated by the Tissue
Engineering Research Group. Post-mortem harvesting was carried out
under Health Products Regulatory Authority (HPRA) individual license
AE19127/1259, with ethical approval from the Animal Research Ethics
Committee of RCSI (RECTHO17).

Isolation of Clinically Relevant Rat Mesenchymal Stem Cells (rMSCs): Rat
mesenchymal stem and endothelial progenitor cells were isolated from 6-
to 8-week-old male Sprague Dawley rats as described in Power et al.,['*"!
under ethical approval detailed in Section 4.5.1. Both ends of the femora
of the hind legs were clipped to expose the bone marrow, which was then
flushed out with rat MSC medium using an 18 G needle and a 12 mL
syringe into a petri dish using Dulbecco’s Modified Eagle Medium
(DMEM) containing: 20% fetal bovine serum (FBS, Biosera, Ireland),
2% penicillin streptomycin (P/s, Sigma Aldrich, USA), 1% nonessential
amino acids (NEAA, Thermo Fisher Scientific, USA), 1% GlutaMAX
(Thermo Fisher Scientific, USA), and 0.002% Primocin (Sigma,
Ireland). The cells were then cultured in 15 mL of media under standard
cell culture conditions (37°C, 5% CO,) for 24 h. The supernatant was
then removed and centrifuged at 300 x g for 5 min.

2D Culture of Osteoblasts in Free Suspension with Boron Nanoplatelets: 2D
boron was first dispersed in DI water and sterilized by autoclaving.
Osteoblastic immortalized cells (MC3T3-E1, isolated from mouse calvaria,
American Type Culture Collection, ATCC, Middlesex, UK) were cultured in
T175 flasks until needed, then seeded in a 48-well plate, at a density of
1 x 10* cells per well. The cells were supported in growth media consisting
of Alpha Modified Eagle Medium (a-MEM, Sigma, Ireland) with 10% fetal
bovine serum (FBS, Biosera, Ireland), 1% Penicillin/Streptomycin (P/s,
ScienCell, USA), and 1% |-glutamine (l-glut, Sigma, Ireland). The cells were
seeded, and left to settle for 24 h, before the treatment was applied.
Dispersions of 40 ugmL~" and 80pugmL™"' of boron nanoplatelets in
growth media were made up, and the media on the cells was replaced
with 360 pL of fresh treatment media after 24 h of settling. After 24 h
and 72 h, 40 pL of Alamar Blue (Invitrogen, UK) was added to measure
the cellular metabolic activity, and the cells were incubated at 37 °C for
2h. Following this, fluorescence was measured using excitation at
535nm and emission at 590 nm with a plate reader (Infinite M Plex,
Tecan), to assess the metabolic activity of the cells. The cells were then lysed
using lysis buffer (100 mL autoclaved DI water, 0.5 mL Triton X-100, 29 mg
EDTA (Ethylenediaminetetraacetic acid), 2.12g sodium carbonate), and
total DNA content was assessed using the Picogreen assay (Invitrogen,
UK), which was carried out as per the manufacturer’s instructions. For
assessment of osteogenesis in 3D, 1% p-glycerophosphate (Sigma,
Ireland), 0.5% ascorbic acid (Sigma, Ireland), and 100 nM dexamethasone
(Sigma, Ireland) were added to create osteogenic differentiation media.

2D culture of Osteoblasts on BColl Films: BColl films were fabricated as
described above, at loadings of 0 vol%, 0.5 vol%, and 1 vol%. MC3T3 cells
were seeded on 8 mm diameter discs of these films and allowed to grow
for 7 days.

3D Culture of Osteoblasts and MSCs on BColl Scaffolds: BColl scaffolds
were fabricated as described above, at loadings of 0vol%, 0.5 vol%, 1 vol
%, 2.5 vol%, and 5 vol%. Scaffolds were sterilized in 70% ethanol for 24 h,
followed by washing in PBS (x3, 5mins). The scaffolds were then
immersed in growth media at 37 °C and 5% CO, for 24 h. Cells were pas-
saged and seeded at densities of 3 x 10°-5 x 10° per scaffold. Half of the
cells were seeded on each side of the scaffold for 1 h each, before the wells
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were flooded with growth media for 24 h. Growth media were exchanged
for osteogenic media after 24 h.

Analysis of Boron Effect on Osteogenesis and Bone Mineralization: Alkaline
Phosphatase (ALP) Release Quantification to Assess Osteogenesis: ALP
release was analyzed using a Sensolyte PNPP ALP Assay Kit (Anaspec,
USA). Cells were washed with PBS at the relevant timepoints, and subse-
quently lysed with ALP lysis buffer. The assay was then carried out accord-
ing to the manufacturer’s instructions.

Calcium (Ca®*) Release Quantification to Assess Bone Mineralization:
Following culture, calcium was extracted from quartered scaffolds using
0.5 M hydrochloric acid (Sigma, Ireland). Calcium release was analyzed
using a Calcium LiquiColor assay (StanBio, USA), according to the man-
ufacturer’s instructions.

Histology: Sample Preparation: Samples were embedded in sucrose for
48 h, and then sectioned in OCT using a cryostat (Leica Biosystems, UK),
into 5 pm thick slices.

Hematoxylin and Eosin (H&E) Staining: H&E staining was carried out to
image the ECM and nuclei present in the sample. The following order was
used for staining: Tap water rinse for 5 min, hematoxylin for 3 min, tap
water for 10 min, DI water for 5 min, eosin for 3 min, 3-4 dips in tap water,
15 dips in 95% ethanol, 15 dips 100% ethanol, 15 dips in acetone, and 15
dips in xylene substitute. Coverslips were then mounted on the samples
using DPX.

Alizarin Red Staining: Alizarin Red staining was carried out to image
calcium deposition present in the sample. The following order was used
for staining: Tap water rinse for 5min, 250 pL of 2% Alizarin Red
(Generon, Ireland) per slice for 30 min, 5 dips in acetone, 20 dips in
1:1 acetone:xylene substitute solution, xylene substitute for 5 min.
Coverslips were then mounted on the samples using DPX.

Immunofluorescence Staining: Cells were fixed using 10% formalin
(Sigma, Ireland), and stained with phalloidin (Sigma, USA) for the cell
membrane, and DAPI (Thermo-Fisher Scientific, USA) for the cell nucleus.
The samples, once fixed and stained, were fluorescently imaged using a
Zeiss AxioObserver inverted microscope. Infiltration analysis was carried
out by measuring the radial distance from the edge of the scaffold to the
furthest infiltrated cell at 15° intervals around the cross-section.

Antimicrobial Testing: S. aureus (Newman) and E. coli bacteria were cul-
tured separately for 24 h at 37 °C in brain/heart infusion broth, before 1 mL
of bacteria was plated into wells containing sterile boron discs (diameter =
6 mm) at a density of 5 x 10° CFUs mL™". These samples were then cul-
tured for another 24 h at 37 °C. The broth was subsequently removed, and
the samples were washed with phosphate-buffered saline. Live-dead stain-
ing was then carried out with SYTO 9 and propidium iodide (LIVE/DEAD
BacLight Bacterial Viability Kit L7007, Thermo Fisher Scientific, USA),
according to manufacturer instructions. Imaging was carried out on a
Zeiss LSM 710 NLO confocal microscope and analyzed using FlJI.

DRG Culture with BColl Scaffolds: To assess the ability of the scaffolds to
enhance neurogenesis in an ex vivo model, DRGs from 5-month-old adult
female C57 mice (N =09, 385-500 g) were seeded onto the scaffolds. All
animals were kindly donated by the Tissue Engineering Research Group,
under the ethical approval detailed in Section 4.5.1. DRGs were isolated
and dissected using a previously established method.®?! 20-24 DRGs
and their roots were dissected from each animal. The roots were then
trimmed of their associated nerves using micro-scissors (F.S.T. Cat
# 15000-08) and cultured on scaffolds in neurobasal medium with 1%
P/s, 1% GlutaMAX, and 2% B27 supplement for 14 days.

ELISA Analysis: ELISA analysis was carried out using a 19-target mul-
tiplex array of rat cytokines (AAR-CYT-1-4, CliniSciences, Ireland).
Samples were diluted 1:2 with blocking buffer, and analysis was carried
out according to manufacturer’s instructions. Densitometry measure-
ments were carried out using FlJI. A blank reading consisting of cell-free
media was subtracted from the data.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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