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Biolnk Modified with Borophosphate Glasses.”

Paper 1V, found on pages 86-103, is intended for submission to Tissue
Engineering, Parts A, B and C, under the title “Development of Novel Bioink for Sizable

Organoids via Inner Gelation.”



ABSTRACT

There is a need for a model to better mimic human physiology in the clinic, so the
objective was to develop a novel bioink for a 3D tissue model to study human disease and
development in a dynamic 3D environment. The results from each corresponding study
helped in developing a novel bioink for use in a bioprinted human vascularized organoid.
The bioink composed of alginate with other natural hydrogels to function as extracellular
matrix and with the addition of borophosphate bioactive glasses (BPBGS) to replace
growth factors, can be used with multiple cell types to bioprint the proposed organoid.

Bioactive glass with varying borate-to-phosphate can be added to release
therapeutic ions to support multiple types of cells without significantly altering the local
pH in vivo and in vitro. First, the biological effects of these BPBGs were investigated by
multiple assays in vitro and in vivo. The results conclude that the pH neutral BPBGs
supported endothelial cell proliferation and migration in cell culture and had greater
blood vessel formation in the in vivo model, while BPBGs can directly influence
viability, differentiation, and migration in adipose stem cells (ASCs) and their secretome.
Next, BPBGs were used in an alginate-gelatin hydrogel bioink with ASCs in bioprinted
scaffolds. This resulted in the creation of a bioink in which the BPBGs release desired
ionic species that stimulate desired cellular responses and can control the bioink viscosity
for optimized printing of scaffolds. Finally, a novel bioink made via inner gelation with
fibrin instead of gelatin to create a more human-like bioink for the fabrication of a
vascularized organoid. Eventually, the organoid can be included in a microphysiological

system to facilitate studying developmental biology and disease mechanisms.
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1. INTRODUCTION

1.1. BIOACTIVE GLASS

Bioactive glasses are a biomaterial that react and can release ions to produce
desired physiological responses in the body. The first bioactive glasses, BGs, were based
on silicate chemistries developed 50 years ago but now include borate and phosphate
glasses[1-5]. Borate BGs have been shown to stimulate angiogenesis in tissues in various
applications and be able to promote the bone precursor, hydroxyapatite by creating a
local alkaline environment, but the basic conditions created by this glass can have
detrimental effects on cells in vitro if not pretreated[6-8]. The development of a pH-
neutral glass by the addition of phosphate would be of beneficial use when culturing
cells[5]. Adding phosphate to BGs to create different borate-phosphate ratios can lead to
acidic conditions instead of alkaline and allow for the control of the local pH

microenvironment.

1.2. CELLS

The cells used in the studies included in this thesis are adipose stem cells and
endothelial cells. Adipose stem cells (ASCs) are easily isolated from adipose tissue and
are used in regenerative medicine due to their ability to hone to damage and their
immunomodulatory effects[8-10]. These stem cells also can self-renew, differentiate into
multiple cell types, are endogenous to the stromal vascular fraction, and secrete growth
factors, cytokines, and other signaling molecules[11]. ASCs are widely used in tissue
engineering due to aft for mentioned effects, including being used with bioactive

glass[8,12,13]. Endothelial cells are required for angiogenesis, the process by which new



blood vessels develop from pre-existing vessels and an important part of tissue
engineering, to proliferate, migrate, and form tubes[14]. Since bioactive glass has been
shown to increase EC migration and stimulate angiogenesis by local pH[6,15], both
human umbilical vein endothelial cell, HUVECs and Human dermal microvascular
endothelial cells, HUMVEC-d will be used during this thesis, as results from Wesson et
al. demonstrated that microvascular cells from the kidney and the heart secreted different

levels of an angiogenic factor when the local pH was reduced[16].

1.3. HYDROGELS

Hydrogels are either natural or synthetic polymers that are a network of 3D
structures with the ability to absorb and retain a significant amount of water and have
comparable properties to natural tissues when swollen[17]. The networks are formed via
crosslinking, whether by ionic, covalent, or other means[18]. When hydrogels are used
together with cells, they can be used to create inks for 3D printing. The inks or bioinks
should have the following biological and mechanical aspects for optimal use:
biocompatibility with cells, biodegradation, permeability for O2 and nutrients, and tissue
regeneration and gelation, viscoelasticity, shear thinning, and printability[19-21]. Only
natural hydrogels, such as alginate and gelatin, were used to form bioinks in this thesis.
Alginate has nontoxic and noninflammatory properties and can provide structure since
due to no degradation in vivo, however its cell adhesion is poor and mechanical
characteristics are insufficient when used alone[17,22]. Alginate needs divalent cations to
cross-link. Gelatin on the other hand crosslinks by temperature and is usually physically

blended with alginate to provide cell adhesion and to support cell proliferation[17,20].
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I. THE ANGIOGENIC POTENTIAL OF PH NEUTRAL BOROPHOSPHATE
BIOACTIVE GLASSES

Bradley A. Bromet?, Nathaniel P. Blackwell?, Nada Abokefa?, Parker Freudenberger®,
Rebekah L. Blatt®, Richard K. Brow®, Julie A. Semon?

2 Department of Biological Sciences, Missouri University of Science and Technology,
Rolla, MO, USA

b Department of Material Science and Engineering, Missouri University of Science and
Technology, Rolla, MO, USA

ABSTRACT

Borate bioactive glasses have gained attention in recent years due to their
therapeutic and regenerative effects in vivo. However, borate bioactive glasses release
alkaline ions, increasing the local pH and creating a toxic environment for cell culture
studies. A partial compositional substitution of phosphate for borate can create a pH
neutral glass that does not significantly affect the local pH while still releasing
therapeutic ions. In the present study, a series of Na-Ca-borophosphate bioactive glasses
with different borate-to-phosphate ratios was evaluated in vitro and in vivo for
cytotoxicity and angiogenic effects. The pH neutral glasses supported endothelial
proliferation and migration and stimulated greater blood vessel formation in a chick
chorioallantoic membrane model, compared to more basic borate glasses. The results
from this study indicate that these pH neutral glasses are promising angiogenic

biomaterials for use in tissue engineering and regenerative medicine.
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1. INTRODUCTION

Bioactive glasses (BGs) react in the body to stimulate desired physiological
responses. The original bioactive glasses, including the 45S5 composition developed over
50 years ago by Hench[1], were based on silicate chemistries. Since then, BGs have been
developed from many different glass compositional families, including those based on
borate and phosphate chemistries[2—7]. Borate BGs have been of particular interest in
applications for vascularized tissues because it has been shown that borate ions stimulate
the secretion of pro-angiogenic growth factors[8-16]. Consequently, borate BGs are a
promising therapy to repair tissues that require a high degree of vascularization.
However, when borate BGs react in aqueous environments, the local pH of the solution,
or the region near the glass surface, quickly increases due to the release of alkali ions that
form strong bases (NaOH and Ca(OH)2) and borate ions that form a weak acid
(H3BOs3)[17]. The development of localized alkaline conditions promotes the formation
of hydroxyapatite[18], a desired outcome for many biomedical applications. However,
there are other situations where having localized neutral or acidic conditions around a
bioactive glass would be beneficial, including the ability to study the effects that BGs
have on cells in vitro. Furthermore, because they create local alkaline conditions when
first exposed to aqueous solutions, BGs are often pre-reacted before exposure to cell

cultures[14,19,20], a step that complicates potential clinical applications of the glass.



A silicate BG modified with significant concentrations of phosphate was
reported to create locally neutral pH conditions that increased the viability of a pre-
osteoblastic cell line, compared to the more conventional phosphate-free silicate BG that
created locally alkaline conditions[7]. Phosphoric acid released by the dissolution of the
glass can counter the effects of the concomitant release of alkaline ions. Adding
phosphate to borate BGs can also control the local pH conditions, from alkaline to acidic,
depending on the borate-to-phosphate ratio. In the present study, we show how those

local conditions affect the function of endothelial cells in vitro and in vivo.

2. MATERIAL AND METHODS

2.1. GLASS PREPARATION

Glasses with the nominal molar composition 16Na20-24Ca0-xB203-(60-x)P205
(mol%) were produced, where x =0, 10, 20, 30, 40, and 60, and several were doped with
different concentrations of CuO and CoO, as indicated in Table 1. The borate bioactive
glass 1393-B3 (B3)[8], with the nominal composition 6Na20, 12K20, 5MgO, 20Ca0,
4P20s, 53B202 (Wt%), was also produced. Reagent grade batch materials were calcined at
300°C for at least 4 hours and then melted for an hour in platinum crucibles at 1000-
1150°C, depending on composition. Melts were stirred on the half hour with a platinum
rod, then quenched in graphite molds. Samples were annealed at 350°C for one hour then
allowed to cool to room temperature and stored in a vacuum desiccator until use. Glasses

were analyzed by x-ray diffraction, using a PANalytical X Pert Multipurpose



diffractometer with a Cu K-a source and a P1Xcel detector, and all compositions were

found to be amorphous.

Table 1. Bioactive glass compositions. Nominal compositions in mol% of the
borophosphate glasses used in this study.

Glass Na20 Ca0o B20s P20s CuO CoO
Designation

X0 16 24 - 60 - -
X10 16 24 10 50 - -
X20 16 24 20 40 - -
X20Co 16 20 20 40 - 4
X20Cu 16 20 20 40 4 -
X20CuCo 16 20 20 40 2 2
X30 16 24 30 30 - -
X40 16 24 40 20 - -
X40Co 16 20 40 20 - 4
X40Cu 16 20 40 20 4 -
X40CuCo 16 20 40 20 2 2
X60 16 24 60 - - -

2.2. DISSOLUTION STUDIES

Glass particles (75-150 microns) in the amount of 150+1mg were sealed in nylon

mesh bags with 45um openings, then immersed in 50ml of either deionized water or



simulated body fluid[21] contained in high density polyethylene centrifuge tubes in a
shaker bath at 37°C. The bags were removed after 24 hours, dried and weighed, and the
solution pH was measured. lon concentrations in the dissolution solutions were analyzed
using Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES), using a
Perkin-Elmer Avio 200. These pH and ion concentration measurements were done in

triplicate and the average values are reported with their respective standard deviations.

2.3. CELL CULTURE

Human umbilical vein endothelial cells (HUVECs, pooled donors) and adult
dermal microvascular endothelial cells (HMVEC-d) were obtained from Lonza
(Walkersville, MA). Endothelial cells were grown in endothelium media (EM), with
HUVECs grown in Endothelial Cell Basal Medium-2 and HMVEC-d grown in
Endothelial Cell Basal Medium-2MV, both from Lonza. Cells were fed every 3-4 days

and utilized when confluent.

2.4. CELL PROLIFERATION

HUVECs were plated at 5500 cells/cm? in a 96-well plate and incubated at 37°C,
5% CO2 overnight. Media was removed and glass was added at 2.5 or 10mg/ml in EM
under static conditions for 24 hours. For glass dissolution product (DP), 2.5 or 10mg/ml
of glass was added to EM and incubated at 37°C while rocking for 24 hours. The medium
was then filtered to remove any residual glass, and then media was added to HUVECs
and incubated under static conditions for 24 hours. Wells were gently washed 3-5 times
in pre-warmed PBS, and DNA was quantified with CyQuant (ThermoFisher; Waltham,

MA), according to manufacturer’s instructions and measured using a fluorescent



microplate reader (FLUOstar optima; BMG Labtech Inc.; Durham, NC). Each

experiment was performed in triplicate.

2.5. CELL MIGRATION

To evaluate the ability of the glass to attract ECs, migration assays were
performed in 96-well transwells with 8um pore membrane inserts (MilliporeSigma;
Burlington, MA). Glass was suspended in EM at 2.5 or 10mg/ml and 100ul of that
solution was added to the bottom of the transwell. For glass DP, 2.5 or 10mg/ml of glass
was added to EM and incubated at 37°C while rocking for 5 hours. The solution was then
filtered to remove any glass particulates, and 100l of that solution was added to the
bottom of the transwell. On the top of the membrane insert, ~ 2x10* ECs were loaded into
each well insert in triplicate. After incubating 5 hours at 37°C with 5% humidified COz,
the insert was rinsed with PBS, and the cells that had migrated to the bottom of the insert
were enzymatically removed and quantified for DNA using CyQuant and a fluorescent

microplate reader. Each experiment was performed in triplicate.

2.6. CHICK CHORIOALLANTOIC MEMBRANE (CAM)

White Leghorn chicken Spf fertile eggs (Charles River, East Roanoke, IL) were
acclimated to room temperature for 4-6 hours after delivery (Day 0) and then incubated at
37.5°C with constant humidity for 3 days. After incubation (Day 3), eggs were cracked
by gently breaking against a sterilized hex wrench and transferred into an 88 x 88 x
23mm weigh boat. A piece of eggshell was added to the embryo to ensure normal chick
development. Weigh boats with chick embryos were placed into individual humidity

chambers, which were prepared by placing Kimwipes (Kimberly-Clark Worldwide, Inc.,



Roswell, GA) and 100mL of Milli-Q® (MilliporeSigma, Burlington, MA) purified
water inside of a 6.5 x 6.5 x 4” polypropylene container. The humidity chambers with
chick embryos were placed in incubators at 37.5°C and allowed to develop 7 additional

days (Day 10).

2.7. BIOACTIVE GLASS ADMINISTRATION AND QUANTIFICATION

Bioactive glass was added to chick CAMs on Day 10. A sterilized 10mm diameter
poly-band ring was placed in an area on the chick embryo with no major vessels.
Approximately 2.5mg of -20um glass was suspended in 20pL PBS and immediately
added inside the poly-band rings. Either 2 or 3 samples were placed on each egg. An
overall image at 1x and a magnified image at 2x for each sample were captured on days 1
and 5 after the administration of glass using a Leica StereoZoom® S8 AP0 and Leica
software (Leica Microsystems Inc, Buffalo Grove, IL). Quantification of CAM images
were performed using Wimasis (Cérdoba, Spain). Images were digitally divided into
sections to quantify observed pathologies, with scoring criteria adapted from Raga et
al[22,23]. Vessels that appeared white due to a lack of blood flow were classified as
“ghost” vessels. If ghost vessels were seen in at least % of the sections (> 50% of the
surface area of the image), they were classified as progressive[22,23]. They were
considered preliminary if identified on less than half of the sections. An accumulation of
blood at the microcapillary level resulting in petechial hemorrhaging and blood droplets
was classified as hyperemia. Hyperemia was classified as minimal if identified in less
than ¥ of the sections, moderate in % to % of the sections, and severe if greater than % of

sections.
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2.8. STATISTICS

Analysis was performed using Minitab® Statistical Software (State College,
Pennsylvania, USA). The statistical differences among two or more groups were
determined by ANOVA, followed by post-hoc Tukey’s honest significant difference for

CAM assay and T-test for in vitro tests versus the respective control group.

3. RESULTS

3.1. GLASS PROPERTIES

Table 2 summarizes changes in the pH and the weight losses from glass particles
immersed for 24 hours at 37°C in either water or simulated body fluid (SBF). For
samples immersed in water, there is a clear trend in solution pH, with the phosphate-rich
glasses producing acidic solutions and the borate-rich glasses, including B3, producing
more basic solutions. The shifts in the pH of buffered SBF are smaller after 24 hours of
reaction, although both X60 and B3 glasses produce more alkaline solutions. It is worth
noting that the addition of up to 30 mol% B203 (X30) to the borate-free Na-Ca-
phosphate glass (X0) reduces the dissolution rate in SBF, with the X10 glass having the
lowest. The borate-rich glasses (X40, X60, and B3) dissolve much more rapidly, and the
X60 glass is almost completely dissolved after 24 hours. The slower dissolution kinetics
of the X10, X20, and X30 glasses help explain why these glasses had less effect on SBF
pH, whereas the fast-reacting, but pH neutral, X40 glass did not shift SBF pH the way the

basic X60 and B3 glasses did.
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Table 2. pH change and percent weight loss of glass. Change in pH and percent weight
loss of glass particles (3mg/ml) after 24 hours in 37°C water or simulated body fluid
(SBF, original pH=7.4+0.02 (SD)). ND = not detected.

Glass Water pH | SBF pH | Weight Loss | B Concentration, | Total B release,
(SBF) ppm (SBF) % (SBF)

X0 2.6£0.01 |7.4+0.01 |17.6£0.39% | ND ND

X10 3.1+0.00 |7.4+0.03 |1.8+0.08% | ND ND

X20 3.8+£0.00 |7.5+£0.04 |3.4+1.79% |1.7+0.19 1.2+0.14

X30 6.3+0.02 | 7.5+0.11 | 4.0+0.07% | 2.2+0.29 0.98+0.38

X40 7.1+0.00 | 7.1+0.01 | 56.240.29% | 290.3+£3.37 89.1+1.03

X60 9.6£0.00 |8.2+0.09 | 81.4+2.11% | 503.1+19.23 84.2+3.22

B3 9.4+0.01 |8.1+0.03 | 65.045.9% | 480.6+50.0 91.0+£9.5

No glass | 6.02+0.00 | 7.5+0.08 ND ND

3.2. EFFECTS OF BOROPHOSPHATE BGS ON HUVEC PROLIFERATION

Figure 1A shows the effects of 2.5 and 10mg/ml glass on the proliferation of

endothelial cells (ECs). At 2.5mg/ml, the acidic and pH neutral glasses (X0, X20, and

X40) did not affect HUVEC proliferation when compared to that measured for the

endothelial media (EM), whereas cell proliferation was significantly lower for the two

alkaline glasses (X60 and B3). In general, HUVEC proliferation was reduced at a higher

glass concentration of 10mg/ml, although not always significantly.

Glass particles at 2.5mg/ml were also reacted in EM in a shaker bath at 37°C for

24 hours, and the resulting dissolution product (DP) was then fed to HUVECs. The DP

from the two most reactive glasses (X40 and X60) decreased HUVEC proliferation




compared to the direct administration of each glass (Figure 1B). There were also
smaller, but statistically insignificant, decreases in cell proliferation associated with the
DPs from the X0 and X20 glasses.

Two pH neutral glasses, X20 and X40, were doped with metal cations (4 mol%)
reported to promote angiogenesis[24—27] and the effects of these glasses on HUVEC
proliferation are shown in Figure 1C. For both base glasses, CoO additions decreased
HUVEC proliferation, whereas the addition of CuO had no statistically meaningful
effect. Interestingly, the CuO/CoO combination increased HUVEC proliferation,
although not in a statistically meaningful way, compared to the respective base glasses.
Figure 1C also compares the effects of glass DP on HUVEC proliferation to the direct
contact data. As was the case for the undoped glasses (Figure 1B), the DPs typically

reduced HUVEC proliferation compared with the direct contact conditions.

3.3. BOROPHOSPHATE BGS INCREASE ENDOTHELIAL MIGRATION

The results of the endothelial migration tests for X20 and X40, both in direct
contact and DP conditions are summarized in Figure 1D. For both conditions, X40 was
associated with statistically greater migration than was found for the EM baseline,
whereas the X20 results were not statistically different from the EM results. The metal
doped X40 glasses promoted greater cell migration for both direct and DP conditions
than did the X20 glasses. As was found for the HUVEC proliferation experiments,
endothelial migration was greater under the direct contact conditions than the DP
conditions, although those results were statistically meaningful for only a few metal

dopants.
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While HUVECs are commonly used endothelial cells, they have characteristics
that are distinct compared to endothelial cells from other sources, particularly
microvascular endothelial cells[28-30]. It has also been shown that extracellular pH has

different effects on endothelial cells acquired from different sources[31].

A =25 mg/ml 10mgm B mDirect ~ DP
80 09—/ 80 .
60 * I * . 60 :[ :[ )
I I ® * *
—_ — *
= [e=] I #
SE ) g 40 =
2 I 2
o 20 20
1] 0
X0 X20 X40 X60 B3 EM X0 X20 X40 X60 EM
C
110
= I m Direct
—
=
E
g I I I
Base Co }Q{} CuCo Base Co X4{} CuCo

Figure 1. Borophosphate BGs dld not increase proliferation but did attract and stimulate
cells more than the dissolution product. Glasses were added to HUVECs in a 96-well
plate, and cell numbers were measured by DNA content 24-hrs later. (A) Glasses at two
different concentrations were evaluated, with the higher concentration showing reduced
cell viability. (B) Glass DP was compared to the direct addition of glass on HUVEC
proliferation, with the direct addition having higher HUVEC viability. (C) The DP of
doped glasses were compared to base glasses for and shown to have lower cell viability
for all except X20Co. For cell migration, DP or direct glass was added to the bottom
insert of a 96-well transwell, with endothelial cells plated on top and incubated for 5
hours at 37°C. HUVECs (D) and HUMVEC-d (E) migrated more to the direct glass.
Mean £ SD; *p < 0.01 compared to EM (A, B, D, E) or base composition (C); * p < 0.05
compared to concentrations of the same glass composition (A), to direct addition of glass
for that composition (B, D, & E), or to respective base compositions (C).
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Figure 1. Borophosphate BGs did not increase proliferation but did attract and stimulate
cells more than the dissolution product. Glasses were added to HUVECs in a 96-well
plate, and cell numbers were measured by DNA content 24-hrs later. (A) Glasses at two
different concentrations were evaluated, with the higher concentration showing reduced
cell viability. (B) Glass DP was compared to the direct addition of glass on HUVEC
proliferation, with the direct addition having higher HUVEC viability. (C) The DP of
doped glasses were compared to base glasses for and shown to have lower cell viability
for all except X20Co. For cell migration, DP or direct glass was added to the bottom
insert of a 96-well transwell, with endothelial cells plated on top and incubated for 5
hours at 37°C. HUVECs (D) and HUMVEC-d (E) migrated more to the direct glass.
Mean + SD; *p < 0.01 compared to EM (A, B, D, E) or base composition (C); * p < 0.05
compared to concentrations of the same glass composition (A), to direct addition of glass
for that composition (B, D, & E), or to respective base compositions (C) (cont.).

Because the migration of endothelial cells is critical for angiogenesis, a second
type of endothelial cell, microvascular endothelial cell from the skin (HMVEC-d), was
also tested in the 5-hour transwell migration assay, and those results are shown in Figure
1E for the six base glasses and the EM controls. In general, there were no statistically

significant differences in HMVEC-d migration for any of the glasses in the direct contact
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experiments, although the X60 glasses had the lowest levels of HMVEC-d migration.
As was found with other assays, the glass DPs attracted fewer cells than did the direct

contact glass particles.

3.4. BOROPHOSPHATE BGS STIMULATE ANGIOGENESIS IN VIVO

The developing chick chorioallantoic membrane (CAM) is a popular model to
evaluate in vivo angiogenic responses to biomaterials, including bioactive glass[32—35].
The developing CAM provides a large network of arterioles, venules, and capillaries that
can be easily imaged and used to investigate the in vivo vascular effects of these
borophosphate glasses. After the eggs were incubated for 10 days, 2.5mg/ml of bioactive
glass was suspended in PBS, added to the CAM, and imaged with a stereomicroscope 1,
3, and 5 days after administration.

Figure 2A shows representative images of the CAM on Days 1 and 5 after the
administration of different borophosphate glasses, the alkaline glass B3, and a PBS
control. Figure 2 (B-D) summarizes Day 1 metrics used to evaluate blood vessel
formation. In general, the acidic glasses (X0) had significantly lower average vessel
densities and total branching points than pH neutral (X40) and alkaline glasses (X60 and
B3). The trend did not continue with segment width, however. Segment widths were
significantly larger for the X20 and X60 glasses compared to the PBS control. X20 also
had increased widths compared to X0, X40, and B3 glasses.

The more acidic X0 glass had an acute effect on the CAM, generating prominent,
but nonuniform regions of ghost vessels (Table 3). Ghost vessels were found to be devoid

of blood flow and appeared clear under the microscope. On Day 1 after administration,
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100% of the CAMs treated with X0 displayed progressive ghost vessels (Table 3).
However, by Day 3 after administration, only 14% of CAMs treated with X0 samples had
progressive ghost vessels (ghost vessels on >50% of the surface area of the CAM),

whereas 43% had preliminary (<50% of treated CAM) ghost vessels.
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Figure 2. Borophosphate BGs stimulated angiogenesis in chick CAM. Approximately
2.5mg of -20um glass was suspended in 20pL PBS and immediately added to 10-day old
chick CAMs. Images were taken on days 1 and 5 after the administration of glass (A).
CAMs were evaluated by vessel density (B), total branching points (C), and vessel width
(D) at 24 hours. Values are mean + SD; * p < 0.05 compared to X0, * p < 0.05 compared
to X20, and # p < 0.05 compared to PBS. Scale bar: overall image taken at 1x = 4mm,
magnified image taken at 2x= 2mm.
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Ghost vessels were further reduced by Day 5 with only 17% of CAMs treated
with X0 having preliminary ghost vessels and none having progressive ghost vessels. It is
unclear to us if the reduction in ghost vessels is due to the sprouting of new vessels or
revascularization of functional ghost vessels. Ghost vessels were not detected in the
CAM s treated with X20 and X40 base glasses but were detected in some samples treated
with X60 (Table 3). To our knowledge, this is the first time any bioactive glass has been
associated with the creation of ghost vessels in CAMs.

A similar phenomenon occurred with hyperemia, which is an increased blood
flow at the microcapillary level. On Day 1 after administration, 100% of the CAMSs
treated with acidic X0 displayed moderate to severe hyperemia (Table 3). Fewer
examples of hyperemia were noted for CAMs treated with the X20 and X40 base glass
particles, and somewhat more were associated with samples treated with X60 glass
(Table 3). Numerous blood pools formed along the arteriole length and capillary
terminals. Initially, it was assumed that such an increase in blood flow may have
produced too much damage on the sprouting vessels, resulting in anoxia in the
developing embryo. However, the survival rate of the eggs remained high throughout the
study. Additionally, by Day 3, 100% of the CAMs treated with X0 had only minimal
hyperemia, which then was reduced to 17% by Day 5. This suggests that the acidic X0
glass produces a burst of angio-suppression that does not compromise mortality.

The pH neutral glasses, X20 and X40, were both doped with CoO, CuO, or a
combination of the two (CuCo). The dopants decreased the viability of the chick CAMs
(Figure 3A). For both series of base glasses, all dopants had less than 100% survivability

by Day 1, < 60% by Day 3, and < 30% by Day 5. Both CoO and CuO had lower survival
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rates than CuCo after Day 2. Furthermore, these dopants had some acute effects on the
CAM with more ghost vessels and hyperemia than their respective base glasses (Figure
3B-E; Table 3), although most of these pathological features disappeared by Day 5 after

administration.

Table 3. Percentages of chick CAMs with histological phenomenon with X0 examples.
Approximately 2.5mg of -20um glass was suspended in 20pL PBS and immediately
added to 10-day old chick CAMs. Images were taken on Days 1, 3, and 5 after the
administration of glass (A). The pathologies are characterized as ghost vessels (black
arrow) or hyperemia (white arrow). Scale bar: overall image taken at 1x (top row) =
4mm, magnified image taken at 2x (bottom row) = 2mm. Most severe pathologies were
observed on Day 1 and diminished by Day 5 (B).

B) Dopant Ghost Vessels Hyperemia
Glass Preliminary | Progressive Minimal Moderate Severe
Day(s) after

adding glass

X0 Base 0 |43 |17 100/ 14| O | O |100| 17 |50 | 0O | O |50 | O | O




Table 3. Percentages of chick CAMs with histological phenomenon with X0 examples.
Table 3. Approximately 2.5mg of -20um glass was suspended in 20uL PBS and
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immediately added to 10-day old chick CAMs. Images were taken on Days 1, 3, and 5
after the administration of glass (A). The pathologies are characterized as ghost vessels
(black arrow) or hyperemia (white arrow). Scale bar: overall image taken at 1x (top row)
= 4mm, magnified image taken at 2x (bottom row) = 2mm. Most severe pathologies were
observed on Day 1 and diminished by Day 5 (B) (cont.).

Base ocjojo0ofo0|0j0|j10{0|O0O|O]O0O|O0O]O 0

Co ocojojo0|0|0|O0O|63]0|0|13]0|O0]O 0
X20

Cu 210|012/ 0|0(2|0|0|0|0]O0]|O0 0

CuCo |30 0| O0O|O0O| 0| 0|60[213|20{30(0]|0]0O 0

Base OO 0|0O|O0O|O0O|20](0|0|0|0]|]0]O 0

Co 10/ 0 0| 0|0 |0 |50|25|25|10[25|25| 0 0
X40

Cu 50| 0 |0 |38|33|0|63|67|50({13] 0|00 0

CuCo |30/ 0|0 (30,00 |40]0]030[0|0]|O0 0
X60 |Base |25/ 0|0 (0| 0|0 |50]214] 029|010 |17 0
B3 |Base (10 0| 0| 0| 0| 0|5]0|0|13/0]| 0|14 0

glasses (4 mol% CuQ) may have been too much for developing vessels in the CAM,

reducing viability, and may have a different effect on established vessels. The X40Cu

Cu-ions are noted to be angiogenic[25,26], but the amount of Cu2+ in these

sample agglomerated on the CAM, making overall imaging and quantification

impossible. Interestingly, the X20Co glass increased the angiogenic indicators but

decreased mean segment width over the X20 base composition, whereas the X40Co glass

decreased angiogenic indicators and increased segment width over its base composition.

For both the X20 and X40 compositions, doping with CuCo increased vessel density and
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branching points. However, when compared to the respective base composition,

X40CuCo increased mean segment width while X20CuCo was comparable.

4. DISCUSSION

Both Na-Ca-borate and Na-Ca-phosphate glasses dissolve congruently in neutral
pH solutions, releasing boric and phosphoric acid to the solution, respectively[17,36]. At
these time scales (<48 hours), borophosphate glasses also dissolve congruently. As
shown in Table 2, phosphate-rich glasses create acidic environments, borate-rich glasses
create basic environments, and the intermediate compositions can retain pH neutral
environments. Similar pH-control effects have been reported for the substitution of P20s
for SiOz in Na-Ca-silicate glasses[7].

In addition to altering local solution pH, the ion release rates of the X-series base
glasses vary significantly (Table 2). In SBF, X20 dissolves at a rate that is about 30 times
slower than X0, which itself dissolves about 10 times slower than X40, and X40
dissolves about half as fast as X60. Because these glasses dissolve congruently at these
time scales, the release of the constituent ions, including metal ion dopants, will vary
accordingly. For example, ions are released from X40 about 350 times faster than from
X20. The weight loss fractions from the undoped X40 and B3 glasses (56% and 65%,
respectively, Table 2) were significantly less than the respective fractions of borate
released to solution (89% and 91%). This is consistent with the precipitation of calcium
phosphate phases on the surfaces of these glasses[18]. The weight loss and borate release

fractions from the other glasses are similar, indicating that the precipitation of similar
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phases did not occur over the course of 24 hours in SBF. The ability to tailor the time-
release kinetics should allow biomaterial designers to use materials like these for

different applications.
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Figure 3. Dopants decreased viability of chick CAMs but increased width of vasculature.
Approximately 2.5mg of -20um doped glass was suspended in 20uL PBS and
immediately added to 10-day old chick CAMs. The addition of dopants reduced the
viability of chick CAMs, with the combination of dopants having better survivability than
single doped glasses (A). Images were taken 1 day after the administration of glass (B).
CAMs were evaluated by vessel density (C), total branching points (D), and vessel width
(E) at 24 hours. Dopants had little effect on angiogenesis compared to base glasses and
the control. Values are mean + SD; * p < 0.01 compared to X20 base, * p< 0.01
compared to X40 base, and # p < 0.001 compared to PBS. Scale bar = 2mm.
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Angiogenesis, the process by which new blood vessels develop from pre-
existing vessels, requires EC to proliferate, migrate, and form tubes[38]. A previous
report showed that borate BGs did not stimulate HUVEC proliferation but did increase
endothelial migration[14]. Similarly, our glass series did not stimulate HUVEC
proliferation, but the glasses with higher borate contents increased HUVEC migration. It
is interesting to note that while the X20 glass did not increase HUVEC migration (Figure
1D), it did increase HMVEC-d migration (Figure 1E), suggesting that local pH and ion
concentrations may have different effects on distinct regions of the vascular system. This
coincides with results from Wesson et al. who demonstrated that microvascular cells
from the kidney and the heart secreted different levels of an angiogenic factor when the
local pH was reduced[39].

Previous studies have reported that an acidic pH can increase angiogenesis to
poorly vascularized sites under both normal and pathological conditions[38]. This may be
due to an acidic extracellular environment upregulating GPR4, a proton-sensing receptor
expressed on endothelial cells, or it could be that the acidic extracellular environment
increases VEGF binding[24-26,31,40]. In this work, the acidic X0 glass produced the
most ghost vessels and hyperemia on chick CAMs one day after being administered.
However, these features disappeared by Day 5, and the viability of the chick was
unaffected throughout the experiment. Although the reasons for this are unclear, the
capillary endothelium does undergo considerable morphological change in this stage of
chick development, with developing vasculature having discontinuous basement
membranes, increased mitosis in days 8-10, and relatively undifferentiated endothelial

cells[34]. It would be interesting to compare the results here for the developing vascular
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network of a chick CAM to an established vascular network and evaluate if an acidic
bioactive glass might have increased therapeutic applications related to angiogenesis.

Less is known about the vascular effects of an alkaline environment, like those
created by X60 or B3. The earliest reports of alkaline reactions in vascular cells showed
differing effects on capillaries compared to medium-sized arterioles, as well as
differences in phosphatase activity in the capillaries of different organs[41]. Other studies
showed that an alkaline agent, such as sodium bicarbonate, increased the percentage of
endothelial cells expressing VEGFR-2 and provided stronger anti-cancer activity when
combined with an anti-cancer drug[31]. Similar to Faes et al who witnessed an increase
in mean vessel density with sodium bicarbonate treatment[31], the CAM treated with
X60 particles in this study also increased mean vessel density (Figure 2B).

EC proliferation and migration to the DP unexpectedly decreased compared to the
direct glass. Except for X20Co, the DP of the doped glasses did not stimulate HUVEC
proliferation as much as the direct administration of glass (Figure 1C). Though further
investigations are needed to explain this phenomenon, it may be that ions are
precipitating out of solution more quickly in the absence of cells, reducing the remaining
ions in the DP and, therefore, having an insignificant effect on cell behavior.

An overall summary of our results for all the borophosphate glass base
compositions is given in Table 4. X10 and X30 Of all the compositions tested in this
study, X40, a fast-reacting, pH neutral glass, was the most angiogenic and had the least
amount of pathology (ghost vessels and hyperemia) associated with the chick CAM.
Consequently, X40 was further investigated by doping with CuO, CoO, or CuCo, all

which had previously been shown to increase angiogenesis[26,27]. There was not an
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increase in angiogenesis with the CuO-doped glasses, though such a result was
expected. The concentration of CuO may not have been optimized for developing vessels
and may have different results in established vessels. On the other hand, a previous study
observed that CuO-doped borophosphate BG decreased viability of adipose stem cells,

demonstrating the need for further understanding of CuO-doped BGs[42].

Table 4. Summary of glass responses in vitro and in vivo. Double arrows indicate
progressive / severe pathology. Dash indicates no change. NA = not available because not

tested for.
Glass | HUVEC HUVEC HMVEC-d | Angiogenesis Ghost
Proliferation Migration Migration Vessels
X0 T NA T T m
X20 | — — 1 1 —
X40 | — — 1 1 —
X60 | — NA 1 ) T

5. CONCLUSIONS

There have been few investigations of BGs that degrade in a pH neutral manner.
In this study, we evaluated the angiogenic potential of a series of novel borophosphate
BGs with different borate-to-phosphate ratios. Of these glasses, the pH neutral X40 glass,
with 20 mol% P205 and 40 mol% B203 was shown to have a better angiogenic potential
than either it’s acidic (X0, 60 mol% P205) or basic (X60, 60 mol% B203) counterparts.

Compared to the other compositions, X40 increased HUVEC and HUVEC-d migration,
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increased vessel density, increased total branching points, and had no pathologies for
the base composition in the CAM assay. The in vitro and in vivo results from this study
demonstrated that these pH neutral glasses are promising candidates as angiogenic

biomaterials for future use in regenerative medicine and tissue engineering.
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ABSTRACT

Silicate and borate bioactive glasses have been reported to create alkaline
solutions by the rapid release of ions when degrading. At certain levels, this alkaline
solution can negatively affect cell viability. Adding phosphate ions to the glass
composition can control the degradation rate of bioactive glasses and create a neutral pH
environment. In this study, we evaluated a series of novel borophosphate bioactive glass
(BPBGs) compositions that varied based on the borate-to-phosphate ratios. Borate-free,
borate-rich, and intermediate borate-phosphate glasses were evaluated using adipose stem
cells (ASCs), a cell population known for their therapeutic abilities. BPBGs were
investigated on their ability to modify the pH of cell culture, ions released during
degradation, and changes in ASC functions, including viability, migration, angiogenic
ability, differentiation, and protein secretions. The intermediate borate-to-phosphate
BPBGs created a physiologically neutral pH in cell culture media after 24 hours. The
slightly alkaline borate-free BPBG promoted ASC migration while the highly alkaline

borate-rich BPBGs showed to increase the angiogenic ability of ASCs. Together, these
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results show that BPBG can be used safely in cell culture studies and can be

customized for specific biomedical applications.

1. INTRODUCTION

Bioactive glasses (BGs) are a class of oxide-based ceramics first invented by
Larry Hench in the late 1960s[1]. BGs have gained interest due to their bioactivity,
biocompatibility, ability to bond to hard and soft tissues, and potential to stimulate tissue
regeneration[2-5]. They have a versatile nature to be manufactured into different shapes
and sizes such as powders, fibers, and scaffolds[6, 7]. Consequently, several BG families
have emerged with different compositions, one of which is borate BGs (BBGs). When
compared to the traditional silicate BG, BBGs showed lower chemical durability which
increased their degradation rate[8—10], enhanced cell proliferation and differentiation in
vitro[11], and tissue infiltration in vivo[12]. Remarkably, BBGs have been shown to help
in healing chronic wounds and stimulating angiogenesis[13-16]. However, BBGs quickly
release borate ions creating a basic pH environment[17, 18]. This increase in pH has been
shown to be toxic to cells under static conditions in vitro[15, 19]. A recent study
demonstrated that preconditioning BGs with cell culture medium will prevent the
cytotoxic effects of the BG[20]. However, preconditioning is still unclear in terms of how
different pretreating periods can affect the cell viability and characteristics. Furthermore,
prolonged preconditioning times are not ideal in clinical or in laboratory settings.

As the blood and most of the interstitial fluids in the human body have a normal

pH level of 7.35-7.45 which is considered physiological pH neutral range, it is important
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to maintain this normal pH range when developing a new biomaterial[21].
Borophosphate glasses have been shown to dissolve congruently which impacts the pH of
the solution. Another way to control the local pH of BG is to add phosphate to the glass
composition[7, 17, 22]. Phosphate based bioactive glasses (PBGs) have increased interest
because degradation rates can be controlled, ion release can be customized, and the glass
can influence the local pH[23-26]. A previous study showed that increasing the
phosphate content in the BBG can balance the basic borate ions and reduce the local pH
without the need of pretreating the glass prior to use[27]. However, the usage of PBGs in
the clinic was potentially limited due to the high temperature preparation requirements
and their tendency to crystallize after thermal treatment[28]. Adding phosphate to BBGs
could control the local pH conditions, which would be beneficial for many applications,
including cell culture.

A series of novel borophosphate bioactive glasses (BPBG) were investigated on
adipose stem cells (ASCs). ASCs are therapeutic cells with increased clinical interests
due to their ease of isolation, differentiation capacity, immunomodulatory effects, and
angiogenic abilities[29-31]. Currently, it is believed that the therapeutic effect of ASCs
largely results from their secretome, which are proteins secreted into the extracellular
space[32—38]. The secretome of any cell is often overlooked when evaluating
biomaterials. However, as this is a very important mechanism in tissue regeneration, this

study evaluates for the first time the effects of novel BPBGs on the ASC secretome.



2. MATERIALS AND METHODS

2.1. GLASS PREPARATION

Glasses of the compositional space 16Na20-24Ca0-XB20s3-(60-X)P20s (mol %)
system are listed in Table 1. Batch materials were calcined at 300°C for at least 4 hours,
and then melted in platinum crucibles from 1000-1150°C, depending on the composition.
Melts were quenched in graphite molds after one hour and were stirred on the half hour
during melting with a platinum stir rod. Samples were annealed at 350°C for one hour
then allowed to cool to room temperature. Glasses were confirmed to be fully amorphous
by x-ray diffraction (XRD), using a PANalytical X’Pert Multipurpose diffractometer

utilizing a Cu K-a source and a PIXcel Detector. Glasses were ground into 75-150um

particles and stored in a vacuum desiccator until use.

Table 1. Bioactive glass compositions.

Glass Designation | Na,0 | CaO | B,0; | P,Oq
X0 16 24 - 60
X40 16 24 40 20
X60 16 24 60 -

2.2. CELL CULTURE

2.2.1. Adipose Stem Cells. ASCs were prepared by thawing frozen vials of

approximately 1x106 cells (Obatala Sciences, LLC, New Orleans, LA) into 150cm2
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culture plates (Nunc, Rochester, NY) in 20ml complete culture media (CCM)
consisting of alpha minimum essential media (a-MEM; Sigma; St. Louis, MO), 10% fetal
bovine serum (FBS; VWR, Dixon, CA), 1% 100x L-glutamine (Sigma), and 1% 100x
antibiotic/antimycotic (Sigma). After 24 hours incubation at 37°C humidified and 5%
CO2, media was removed and the adherent, viable cells were washed twice with
phosphate buffer solution (PBS; Sigma) and harvested using 0.25% trypsin/1ImM
Ethylenediaminetetraacetic acid (EDTA; Sigma). ASCs then were plated at 100 cells/cm2
in CCM. The media was changed every 3—4 days and sub-confluent cells (<70%
confluent) from three separate donors between passages 2-6 were used for all
experiments.

2.2.2. Dermal Microvascular Endothelial Cells. Human dermal microvascular

endothelial cells (HMVEC-d, pooled donors) were obtained from Lonza (Walkersville,
MA). HMVECs were grown under normal conditions in Endothelial Cell Basal Medium-

2 (Lonza), and the media was changed every 3-4 days.

2.3. GLASS CHARACTERIZATION

Approximately 2.5mg/ml of X0, X40, or X60 glass was dissolved in CCM, added
to cell culture, and incubated under normal static conditions for 5 hours or 24 hours.
Media was then collected, and the pH of each glass composition was measured. At the
same timepoints, media was diluted with 1% HNO3 to obtain solutions with ion
concentrations in the 1-20 ppm range. lons release rates were measured using Inductively

Coupled Plasma — Optical Emission Spectroscopy (ICP-OES) on an Avio 200
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Spectrometer (PerkinElmer; Waltham, MA, USA). CCM with no glass was used as a

control. Samples were run in triplicate and averages are reported.

2.4. CELL VIABILITY

ASCs were plated in 8-chambered slides (LabTek; ThermoFisher; Rochester, NY)
and grown until 70% confluence under normal static conditions. Approximately
2.5mg/mL of X0, X40 or X60 glass dissolved in CCM was added to the cells for 24 or 72
hours. After incubation at 37°C humidified 5% CO2, chambers were gently washed 3-4
times in pre-warmed PBS and stained with live/dead stain (Fisher Scientific, Pittsburg,
PA). Micrographs were taken with 10x objective on a Nikon A1R-HD/Ti2 E inverted
confocal microscope (Melville, NY) and quantified by Fiji software (Madison,

Wisconsin).

2.5. DIFFERENTIATION

ASCs were cultured in 6 well plates at 37°C humidified 5% CO2 until 100%
confluent in CCM. A solution of 2.5mg/ml X0, X40 or X60 glass dissolved in CCM was
added to the wells and incubated for 24 hours under static conditions. Media was
aspirated, wells were gently washed twice with PBS, and differentiation media was
added. Adipogenic induction media (Lonza; Walkersville, MD) consisted of 1mM
Dexamethasone, 0.5mM methyl-isobutyl xanthine, 10mg/mL insulin, 200mM
indomethacin, and 10% FBS in DMEM (4.5 g/ L glucose). Osteogenic induction media
(Lonza) consisted of 50mM ascorbate-2-phosphate, 10mM b-glycerol phosphate, and
1028M dexamethasone. Media was changed every 3-4 days for 14 days. Cells were

washed gently with PBS and fixed in 10% formalin for 1 hour at room temperature. Cells
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were stained with 0.5% Oil Red O to visualize fat droplets or with 40mM Alizarin Red
(pH 4.1) to measure calcium deposition. Differentiation was imaged with an inverted
microscope (Leica DMil; Heerbrugg, Switzerland). Data was quantified by Fiji software

(Madison, Wisconsin).

2.6. MIGRATION

Cell migration assays were performed in a 96-well transwell with 8mm pore
membrane inserts (BD Biosciences, Bedford, MA). To evaluate if ASCs were attracted to
BPBG, 5.0x104 ASCs were suspended in serum-free (SF) media and were added to the
top of the transwell inserts. Approximately 2.5mg/ml X0, X40 or X60 glass were
suspended in CCM and were added to the bottom of the transwells. After 5 hours of
incubation at 37°C, 5% CO2, the transwell insert was removed and gently placed into
trypsin/EDTA (Figure. 1A). Cells that had migrated to the bottom of the insert were
stained with CyQuant and quantified using a fluorescent microplate reader (Fluostar
Omega; BMG Labtech, Cary, NC).

In order to evaluate if BPBG could increase the angiogenic ability of ASCs, ASCs
were treated with 2.5mg/ml of X0, X40, or X60 glass in CCM for 24 hours. Media was
then collected, filtered to remove any remaining glass, and placed in the lower chamber
of a transwell. Around 2x10* HMVEC-d were added to the top of the inserts and
incubated for 5 hours. HMVEC-d that migrated to the bottom of the inserts were stained
with CyQuant and read on a plate reader (Figure. 1B). Each experiment was performed in

triplicate.
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Figure 1. Schematic of the experimental setup for migration assays. (A) ASCs suspended
in serum-free media were added to the top of 8mm transwell inserts. Glass solutions at
2.5mg/ml were added to the bottom of the transwells. After 5 hours, cells that had
migrated to the bottom were measured by CyQuant. (B) ASCs were grown under
standard conditions until 70% confluent. Glass was added to ASCs at 2.5mg/ml for 24
hours. The glass-treated conditioned media was then added to the bottom of a transwell.
ECs were added to the top of 8mm transwell inserts and incubated for 5 hours. ECs that
migrated to the bottom of the inserts were measured by CyQuant.

2.7. CYTOKINE ARRAY

Subconfluent ASCs were incubated with 2.5mg/ml of X0, X40, X60, or CCM.

After 24 hours of incubation, 200l of conditioned media was collected, filtered to

remove any remaining glass, and analyzed using the Human Cytokine Quantibody Array

4000 (RayBiotech, Norcross, GA) following the manufacturer’s instructions. Cytokine

concentrations data was sorted on Microsoft Excel spreadsheets based on the

concentration hierarchy. A log base 2 of the ratio of the significant protein concentrations
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datasets compared to the control was calculated and used in designing the hierarchal
clustered heatmaps. These experiments were performed in duplicates on pooled

conditioned media from three ASC donors.

2.8. STATISTICS

Each experiment was performed in triplicate with a minimum of three separate
ASC donors. All values are presented as means + standard deviation (SD). The statistical
differences among two or more groups were determined by ANOVA, followed by post-

hoc Tukey versus the control groups.

3. RESULTS

3.1. GLASS PROPERTIES

BPBG was added to ASCs under normal culture conditions, and the pH and ions
released were measured (Table 2). The X0 glass, which is acidic in water (data not
shown), created a physiologically neutral pH of 7.36 in cell culture at 5 hours and further
increased to pH 7.57, creating a slightly alkaline environment at 24 hours. On the other
hand, borate rich X60 glass increased the alkalinity to pH 7.78 at 5 hours and maintained
a similar pH until 24 hours. The intermediate boron to phosphate X40 glass retained a
physiologically pH neutral environment at both 5 and 24 hours. For all glasses, the pH
change was less when cells were present, showing that cells even under static condition
have a buffering potential.

Alongside the pH changes, the ions released from each glass composition varied

according to the boron to phosphate ratios. At 5 hours, X40 glass released 40% more
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phosphorus than X0, however, by 24 hours, X0 released 10% more phosphorus than
X40. The calcium release from X0 at 5 hours was insignificant compared to the cell
culture without glass, while X40 was 20% higher than control and X60 was 62% higher
than control. Boron release for X40 increased 42% between 5 and 24 hours, while boron
release for X60 only increased by 17%. It is interesting to note that at 24 hours, X0 glass
released more ions (Ca and P) than X40, which shows the faster degradation of X0 than
X40 glass. Furthermore, X40 showed a higher rate of boron release while slow-release
rates of calcium and phosphorus ions between the 5- and 24-hour time points. The slow
release of calcium and phosphorus in the X40 glass may be due to the formation of a
brushite reaction layer. As more glass dissolved, it left behind a fully reacted particle and

a solid precipitate.

Table 2. pH change and ion release in CCM with or without cells.

Time Cells lons Released (ppm)
Sample pH
(hours) | present P B Ca
- 7.42 | 35.74+0.98 ND 66.54+1.58
0
+ 7.44 _ _ _
CCM - 7.42 _ _ _
5
+ 7.44 | 34.80+1.45 ND 65.82+2.68
24 - 7.44 _ _ _
- 7.95 | 80.48+2.16 ND 78.57+1.09
X0 0
+ 7.94 _ _ _
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Table 2. pH change and ion release in CCM with or without cells (cont.).

- 7.39 | 79.47+0.60 ND 76.25+0.52
5
+ 7.36 | 72.04+0.47 ND 68.84+2.67
X0
- 7.81 | 237.62+£2.92 ND 113.40+0.29
24
+ 7.57 | 197.03+5.91 ND 101.28+1.64
- 7.92 | 160.98+£3.20 | 211.12+7.73 72.23+1.11
0
+ 7.89 _ _ _
- 7.38 | 113.72+3.07 109.49+0.40 83.34+1.55
X40 5
+ 7.33 | 121.06£3.61 126.10£1.46 82.36+1.37
- 7.50 | 150.27+0.88 179.79+1.88 68.24+0.66
24
+ 7.47 | 176.01£4.24 | 217.40£1.06 73.26£1.11
- 8.31 | 29.44+0.42 88.84+1.15 109.52+1.08
0
+ 8.18 _ _ _
- 7.83 | 23.56+0.57 351.90+8.23 215.86+4.55
X60 5
+ 7.78 | 23.27+0.30 249.43+8.00 173.16+3.79
- 7.92 | 25.62+0.59 | 482.474+21.85 | 256.79+12.31
24
+ 7.75 | 24.96+0.18 301.26+6.03 201.43+5.03

3.2. HIGH CONCENTRATION OF BPBGS REDUCED ASCS VIABILITY AT

72 HOURS

According to ISO norm, a decrease in cell viability by 30% indicates a

biomaterial is toxic and not biocompatible[39]. To evaluate the cytotoxicity effect of

BPBGs on ASCs, low and high concentrations (2.5 and 10mg/ml, respectively) of three
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glass compositions were directly added to ASCs under normal static conditions (Figure
2). At 24 hours, all glass compositions, at both low and high concentrations, were viable.
Interestingly, the phosphate-rich X0 glass had the lowest viability with both
concentrations, despite having a more neutral pH than the X60 glass (7.57 vs 7.75,
respectively). The X0 glass did have 7.8 times more phosphorus released than the X60,

suggesting that cell viability is dependent on pH, as well as ion concentration.

A

24 hours

2.5
mg/ml

10
mg/ml

72 hours

2.5
mg/ml

10
mg/ml

Figure 2. A high concentration of BPBGs reduced ASCs viability at 72 hours under static
conditions. Subconfluent ASCs were treated with low or high concentrations of BPBG.
(A) Live/dead stain showed ASC viability at 24 and 72 hours. Scale bar = 500um. (B)
Viability was quantified with three donors examined in triplicate. Error bars indicate SD
(n=9); *p <0.01, and **p<0.5.
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Figure 2. A high concentration of BPBGs reduced ASCs viability at 72 hours under static
conditions. Subconfluent ASCs were treated with low or high concentrations of BPBG.
(A) Live/dead stain showed ASC viability at 24 and 72 hours. Scale bar = 500um. (B)
Viability was quantified with three donors examined in triplicate. Error bars indicate SD
(n=9); *p <0.01, and **p<0.5 (cont.).

Only one composition, the phosphorus-rich X0 glass, was considered non-viable,
and that was using a high concentration for 72 hours. Interestingly, a low concentration of
the same glass maintained its viability while all other glass compositions and

concentrations decreased at that timepoint.

3.3. BPBGS AFFECTS ASCS DIFFERENTIATION

In the presence of low concentration BPBGs, ASCs were evaluated for their
differentiation ability into adipogenic and osteogenic lineages. ASCs were grown to
100% confluency and were incubated with X0, X40, or X60 glasses under normal, static
conditions for 24 hours. ASCs were then grown for 14 days in adipogenic or osteogenic

media. Interestingly, X60 glass reduced adipogenic differentiation, while X0 glass
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inhibited osteogenic differentiation (Figure 3). Furthermore, X0 inhibited osteogenesis

in all three donors tested, while there was a donor variation with all other differentiation

assays.

>

R
¢

Figure 3. BPBGs influence ASC differentiation. ASCs were induced to differentiate in
the absence or presence of BPBG. (A) Representative micrographs of 3 ASC donors are
shown. Osteogenic (B) and adipogenic (D) differentiation quantified using Fiji software.
Mean £ SEM; " p < 0.05 compared to no glass control; * p < 0.05 compared to XO0; # p <

0.05 compared to X40. Donor differences with ability of glass to stimulate osteogenesis
(C) and adipogenesis (E). Mean + SEM; " p < 0.05 compared to D1; * p < 0.05 compared

to D2; # p < 0.05 compared to D3.



44

B =0 50 .
70
40 A
60
g a0 1 -
< 20 *H#
£ 30 I I 1
20 I 10 I
10
0 0 =
2 D3 7 D3 7 D3
No X0 X40 X680 D1 D2 D3 D1 D2 D3 DI D2 D3
Glass X0 X40 X60
6 8
N A*# 6 A
4
I Y
#
: I W [
2 2 I
I I I
_ I
0
0 ) D1 D2 D3 DI D2 D3 DI D2 D3
No X0 X40 Xo0
Glass X0 X40 X60

Figure 3. BPBGs influence ASC differentiation. ASCs were induced to differentiate in
the absence or presence of BPBG. (A) Representative micrographs of 3 ASC donors are
shown. Osteogenic (B) and adipogenic (D) differentiation quantified using Fiji software.
Mean £ SEM; " p < 0.05 compared to no glass control; * p < 0.05 compared to XO0; # p <
0.05 compared to X40. Donor differences with ability of glass to stimulate osteogenesis
(C) and adipogenesis (E). Mean + SEM; " p < 0.05 compared to D1; * p < 0.05 compared

to D2; # p < 0.05 compared to D3 (cont.).

3.4. PH-NEUTRAL BPBGS ATTRACT ASCS WHILE ASCS TREATED WITH
BASIC BPBGS ATTRACT ECS

Adipose stem cells possess an inherent ability to migrate to sites of injuries and
secrete various chemokines, cytokines, and growth factors that enable them to mediate
the regeneration process[40-43]. To test whether different compositions of BPBGs

affected migration of ASCs, a 5-hour transwell migration assay was used. Glasses X0 and
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X40 increased ASC migration, while X60 had no statistical effect (Figure 4A). ASCs
are also angiogenic, partially due to their ability to attract endothelial cells (ECs)[35]. To
test if BPBG could affect the ability of ASCs to attract ECs, sub-confluent ASCs were
treated with BPBG for 24 hours. The resulting conditioned media was used as an

attractant for EC migration. Interestingly, only X60 increased the ASCs’ ability to attract

ECs (Figure 4B).
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Figure 4. BPBGs affect cell migration. (A) Migration was examined by a transwell assay.

ASCs were loaded onto the top inserts, while 2.5mg/ml of glass was added to the bottom.

After 5 hours incubation, migrated cells were measured by CyQuant. (B) ASCs Figure 4.
BPBGs affect cell migration (cont.). were treated with glass for 24 hours under standard
conditions. The resulting conditioned media was put in the bottom of a transwell with

ECs added to the top. After 5 hours of incubation, migrated cells were measured by
CyQuant. In both assays, three separate ASC donors were examined in triplicate. Error
bars indicated SD (n=9); *p-value <0.05.

3.5. BPBG ALTERS ASC SECRETOME

To determine if BPBGs influenced the ASC secretome, a quantitative sandwich-

based ELISA array was performed. After conditioning ASCs with a low concentration of
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BPBG for 24 hours, the conditioned media was examined for 200 secreted proteins,
including cytokines, growth factors, proteases, soluble receptors, and other proteins. Of
those, 183 proteins were detectable in sufficient expression levels, with only 154 proteins
differentially expressed between BPBG treatment groups and the control.

Of the 55 proteins that were differentially secreted regardless of glass treatment, 5
proteins were secreted in all three BPBG treatments while not being secreted at all under
normal conditions (Figure 5A), 26 proteins increased their expression irrespective of
glass treatment (Figure 5C), 20 proteins decreased with all three glass treatments (Figure
5D), and the secretion of 4 proteins were completely hampered (Figure 5B) regardless of
glass treatment. There were 22 proteins that were differentially secreted with boron
concentration: 2 decreased while 20 increased (Figure 6, Table 2). Figure 7 shows the
unique secretion pattern for each glass composition represented in hierarchal clustering

heatmaps.

4. DISCUSSION

Because alkaline glasses are toxic to cells and tissues, they are often pre-reacted
before use in cell culture. Even pH-neutral BPBGs have been pre-reacted to maintain
high ASC viability for 14 days[44]. This makes cell culture, and potential clinical
applications of BGs, complicated. Furthermore, in order to understand the role of BGs in

the clinic, it is important to evaluate them in direct contact with cells.
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Figure 5. Effect of BPBGs on the ASCs secretory profile. Subconfluent ASCs were
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treated with 2.5mg/ml of BPBG for 24 hours. Media was then collected and analyzed for
secreted proteins. ASC protein secretion was promoted (A), inhibited (B), increased (C),

or decreased (D) with glass treatment. All three glass compositions increased the

secretion of 26 proteins (C) while promoting the secretion of 5 additional proteins that

ASCs did not secrete under normal conditions (A). All three BPBGs decreased the

section of 20 proteins (D) while the secretion of 4 additional proteins was completely

inhibited (B).
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Figure 5. Effect of BPBGs on the ASCs secretory profile. Subconfluent ASCs were
treated with 2.5mg/ml of BPBG for 24 hours. Media was then collected and analyzed for
secreted proteins. ASC protein secretion was promoted (A), inhibited (B), increased (C),

or decreased (D) with glass treatment. All three glass compositions increased the
secretion of 26 proteins (C) while promoting the secretion of 5 additional proteins that

ASCs did not secrete under normal conditions (A). All three BPBGs decreased the

section of 20 proteins (D) while the secretion of 4 additional proteins was completely
inhibited (B) (cont.).
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The low concentration of the phosphate-rich X0 glass-maintained viability over
the course of 72 hours better than the glasses with less phosphate, however, the high
concentration of the same glass was considered non-viable at the same timepoint. This
correlates with other studies showing that increasing extracellular levels of inorganic
phosphate promotes cell growth and proliferation, while further increasing the
concentration (above 16mM) triggered cell death by activating both intrinsic and

extrinsic apoptotic pathway[45].
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Figure 6. Boron concentration influenced ASC secretome. There were 20 proteins that
increased and 2 that decreased with increasing boron in BPBG compositions.

Our results show that ASCs act as buffers, making the extracellular environment
more acidic when in the presence of BGs. Though little is known about the ability of

ASCs to regulate extracellular pH, it is understood that cells can maintain a narrow range
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(7.1-7.2) of intracellular pH through the actions of membrane proton pumps and

transporters, which are controlled by intra-cytoplasmic pH sensors[46]. These sensors

have the ability to recognize and induce cellular responses to maintain the intracellular

pH, often at the expense of acidifying the extracellular pH. In turn, this extracellular

acidification impacts G-protein coupled receptors.

Table 3. Protein secretion levels, presented in pg/ml and mean£SD. Yellow represents the

highest expression.

CCM X0 X40 X60
ENA-78 5.72£0.58 16.91 £0.94 34.72 + 18.34 66.43 + 19.25
Activin A 280.68 +3.43 43.34 + 4.66 112.34+£40.94 72543 +86.71
LAP (TGFp1)| 32.84+3.69 21.13+1.78 27.32+2.82 39.70 £ 1.17
TNF RI 201.07 +8.25 185.55+14.80 188.68+£14.05  289.75+0.51
TRAIL R3 22.90 +£7.87 1934 +£1.15 22.52 £2.56 35.79 £ 0.92
IL-1 R4 68.35+£53.92 2.01 £2.84 8.30+11.74 158.44 £ 43.02
VEGF 92.27+2.51 94.50+3.18 137.60 £ 14.54 29471 + 7.60
IL-6 2701.45+26.20 3118.31+41.64 3865.87 £254.17 4109.95 +226.75
MIP-1b 68.36 £ 13.41 70.92 +£4.68 92.55+2.58 96.42 £ 2.91
12795.45 + 6473.49 +
TIMP-2 7645.48 £155.76 8481.24 +£400.92
1190.17 1026.09
PAI-1 4466.23 £ 25595 3381.66 +£472.87 3408.96 + 451.51 3876.75 +£261.23
Dtk 45.79 + 10.57 29.92 +£40.39 37.39+6.93 43.84+12.14
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Table 3. Protein secretion levels, presented in pg/ml and mean+SD. Yellow represents
the highest expression (cont.).

Contactin-2 | 54.06 + 25.45 34.79 +£23.03 39.99 +15.39 41.34+11.09
IL-1 RI 9.29 +0.58 1.51+0.18 2.36 £0.29 8.00 +1.02
IL-17R 32.17+0.49 14.40 + 18.02 17.93 £ 1.26 30.14 £ 5.68

L-Selectin | 149.13 +58.12 4.48 £6.85 10.85+12.99  144.18 +23.18
MICB 356.25+61.86 24129+ 140.60 322.14+82.21  339.68 +24.50
PDGFRb | 441.62+174.57 0.00 70.73 £99.85  149.87 £193.95
RAGE 7.73 £ 1.51 2.63 £2.20 3.02+2.71 572 +1.28
Trappin-2 15.20 +1.92 3.47+047 8.47+£2.55 11.78 £ 0.54
Control X0 X40 X60
1-309 1.77 £ 0.57 1.98 = 0.00 0.05+0.07 0.00
CD40L 1591 +13.60 37.10£13.53 36.48 £ 0.87 32.77 +£10.19

There is evidence that expression of proton-sensing GPCRs can regulate

migration and invasion of cells. Which may explain why X0 increased ASC migration the

most. On the other hand, elevated levels of extracellular inorganic phosphate have been

shown to induce epithelial-mesenchymal transition through ERK1/2 signaling, promoting

cell migration and invasiveness during development, cancer metastasis, wound healing,

and fibrosis[45]. The exact mechanism for the increased migration, extracellular pH or

increased extracellular phosphate, needs to be explored to maximize the use of the X0

glass.
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Figure 7. Representative hierarchal heatmap clustering the proteins based on function. All
proteins presented are significant from the control (p<0.5). Log2(FC) is used in which (-5
to 5) is the range and any value above 5 represented as dark blue while any value below -
5 represented as dark red color while the white color represents all the proteins that are
not significant. FC represents the fold change between the samples treated with glass in
relation to the control.

ASCs demonstrated increased migration to X0 as it degraded over 5 hours.
Because X0 and X40 both exhibited similar pH neutral effects with cells at this

timepoint, it suggests that the migration difference is due to the ions present and not the
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pH. Consequently, it is worth noting that X0 released the lowest amount of calcium
ions at this timepoint. Calcium has long been known as a crucial regulator and mediator
in cell migration[47-49]. Indeed, previous research shows calcium has an optimal range
to promote BMSC migration[50]. The X40 and X60 glasses may be releasing too much
calcium to effectively stimulate downstream genes of G-protein coupled receptor (GPCR)
signaling pathways, which is an early response to calcium-based ceramics[51].
Consequently, calcium sensing receptor (CaSR), a receptor belonging to the GPCR
family and modulates the chemotactic response of MSCs in response to extracellular
calcium, may be stimulated by X0 glass and not X40 or X60 glasses.

BMSCs, with similar properties to ASCs, are known to migrate during the initial
stages of wound healing. During this inflammatory phase, the pH of the damaged area
decreases to an acidic state[52]. The pre-treatment of BMSCs with an acidic (pH 6.8)
environment enhances the stemness of stem cell markers (oct 4, nanog)[52]. Though it’s
reported that this ability decreases BMSCs migration ability, the X0 glass may be able to
provide an acidic pH for stem cell markers while also providing calcium for cellular
migration.

BBG has been previously reported to be angiogenic[14, 53, 54]. In our study, we
showed that after 24 hours, only the boron-rich X60 glass increased the angiogenic ability
of ASCs by attracting endothelial cells, as well as increased secreted angiogenic, such as
VEGF, ANG-1, b-NGF, IGFBP-3, TGFb3 and bFGF. This agrees with other studies that
have shown the impact of boron in BBG on promoting angiogenesis[14, 27, 54-56]. The
phosphate-rich X0 glass completely inhibited osteogenesis in all three ASC donors. The

adipogenic ability was also reduced from controls, though not at significant levels. This
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again correlates with the notion that pre-treating MSCs with an acidic environment
enhances the stemness of MSCs, thus resulting in a lack of differentiation ability[52]. The
borate-rich X60 glass, on the other hand, reduced adipogenic differentiation. This
coincides with previous work showing boron prevented lipid deposition, suppressed
adipogenesis transcriptional programming, while still maintaining cell viability[13].

Most literature on bioactive glass, including BPBG, focuses on cell viability,
proliferation, or differentiation of ASCs[16, 44, 57-59]. However, there is little reported
on the effect of BG on the ASCs secretome. ASCs have a broad secretory profile of
different growth factors, cytokines, and other proteins which impact the body’s response
to injuries, healing, and tissue regeneration. These secreted proteins all work to keep the
body in homeostasis[34, 37]. In this study, we showed for the first time that BPBGs can
alter the ASCs secretome.

Our study showed that, regardless of the glass composition, the expression of 6-
Ckine, EpCAM, FasL, TRAIL R4, and IL-4 were promoted, while they were not secreted
without any of the glass treatments. Each of these biomolecules are worth looking into, as
BGs may be able to be used as a cell treatment to increase the efficacy of the cells. For
example, IL-4 overexpression in BMSCs polarized macrophages from an inflammatory
M1 macrophage into a tissue regenerative M2 phenotype[60]. Evaluating these molecules
will allow biomaterial designers to cater their materials for different applications.

The concentration of boron affected the ability of ASCs to secrete 22 proteins:
two decreased with increased boron while 20 increased, which included many pro-
inflammatory (IL-1, IL-6, IL17, etc.) and angiogenic (VEGF, L-Selectin, TIMP-2, etc.)

proteins. As boron has been shown to be anti-inflammatory in other applications, it is
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worth looking into how the controlled release of boron ions, in different pH ranges,
may have different control over cells[61]. On the other hand, ASCs treated with the pH-
neutral X40 glass increased the secretion of anti-proliferation and anti-migration proteins

which may be more related to the high phosphorus release[7, 15, 62].

5. CONCLUSION

Phosphate-rich glasses create acidic environments, borate-rich glasses create basic
environments, and the intermediate compositions can retain pH neutral environments.
We, for the first time, evaluated BPBGs on the secretome of ASCs, which provides some
insight as to how to customize BPBG for specific biomedical applications. At a low
concentration, each of these glasses can be used safely in cell culture studies without
having to pretreat the glass. This opens the doors for further investigating the impact of

BG directly on cells in vitro.
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ABSTRACT

In summary, we have developed a bioink system that can be used to print
scaffolds for biomedical applications. The ink has rheological properties suitable for
extrusion-based printing techniques and adipose stem cells infused in the ink remain
viable seven days after printing. The ink consists of a mixture of alginate hydrogels,
which provides the structural integrity of the printed scaffolds, and gelatin hydrogels,
which supports cell proliferation. Borophosphate glass particles are added to the hydrogel
mixture where they release Ca-ions that control the viscoelastic properties of the gel
before and after printing. Glasses, like X40, that release Ca-ions without creating local
alkaline conditions promote significantly better ASC viability than the more basic
glasses. It is anticipated that these “pH neutral” glasses could be doped with other ions
that promote specific responses from the stem cells or surrounding tissues when such

scaffolds are implanted in animals.
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1. INTRODUCTION

Three-dimensional (3D) printing techniques are used to produce bio-engineered
structures for biomedical applications. The materials used to print these scaffolds, the
bioinks, should possess rheological properties that allow efficient printing of structures
that maintain desired forms and functions. The bioinks should be made from non-toxic
materials that can be resorbed by the body and that support the proliferation of stem cells
added to the inks to promote tissue regeneration.

Alginate-based hydrogels have been used with extrusion techniques to print 3D
structures[1]. Alginate has the requisite non-toxicity and bio-compatibility properties
required for biomedical applications and these hydrogels have the rheological properties
for efficient printing. To maintain the structural integrity of printed structures, alginate
gels must be cross-linked with divalent ions, like calcium. In addition, alginate hydrogels
do not support cell proliferation and so they are mixed with hydrogels that have arginine-
glycine-aspartate (RGD) peptides and amide groups such as gelatin, fibrin, etc. to
produce a mixed hydrogel base ink that support cell proliferation and can then be infused
with stem cells intended to regenerate desired tissue[1]. The desired rheological
properties required to print Alg-Gel bioinks are typically achieved by ionic solvents
which can also affect the viability of encapsulated stem cells added to the bioinks to

promote tissue regeneration[2].
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Bioactive glasses, including the borate-based 13-93B3, have been shown to
promote wound healing, although the mechanism for soft-tissue regeneration is not well-
understood[3]. Conventional borate and silicate bio-active glasses create local alkaline
conditions when they react in aqueous solutions[4]. The “pH shock” associated with the
rapid release of alkali ions creates conditions that are often detrimental to cell
proliferation[5], particularly under static in vitro conditions, although cell proliferation is
enhanced under dynamic in vitro conditions[6]. Bioactive silicate glass particles (1wt%)
have been added to Alg-Gel bioinks infused with osteogenic cells and were found to
reduce cell viability compared to bioinks without the bioactive glass[7]. Recently, 13-
93B3 glass particles were added to Alg-Gel bioink systems and infused with adipose
stem cells (ASCs) before printing, but again, cell viability was reduced compared with

bioinks that contained no glass[8].

2. METHODS

2.1. GLASS PREPARATION

Glasses with the nominal molar composition 16Na20-24Ca0-XB203-(60-X)P20s
(mol%) were produced, where X =0, 20, 40, and 60 (Table 1). The borate bioactive glass
1393-B3 (B3)[9], with the nominal composition 6Na20, 12K-20, 5MgO, 20Ca0, 4P20s,
53B20:2 (Wt%), was also produced. Reagent grade batch materials were calcined at 300°C
for at least 4 hours and then melted for an hour in platinum crucibles at 1000-1150°C,
depending on composition. Melts were stirred on the half hour with a platinum rod, then

quenched in graphite molds. Samples were annealed at 350°C for one hour then allowed
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to cool to room temperature and stored in a vacuum desiccator until use. Glasses were
analyzed by x-ray diffraction, using a PANalytical X’Pert Multipurpose diffractometer
with a Cu K-a source and a PIXcel detector, and all compositions were found to be

amorphous.

Table 1. Bioactive glass compositions. Nominal compositions in mol% of the glasses
used in this study.

Bioactive Glass SiOy Na.O | KO MgO | CaO P20s B20Os
13-93B3 0 6.0 12.0 5.0 20.0 4.0 53.0
X0 0 16 0 0 24 60 0
X20 0 16 0 0 24 40 20
X40 0 16 0 0 24 20 40
X60 0 16 0 0 24 0 60

2.2. HYDROGEL PREPARATION

Gelatin (Type B, Sigma-Aldrich, St. Louis, MO, USA), alginate (Sigma-Aldrich,
St. Louis, MO, USA), and bioactive glass powders were UV sterilized for 5 min before
gel preparation. Gelatin in 3wt/vol% (0.3g in 10mL) was dissolved in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, ThermoFisher Scientific, MA, USA) in a
glass beaker at ~40°C while being magnetically stirred at 200RPM. Upon gelatin
dissolution, glass, (10wt% of hydrogel material) was added to the gelatin solution and
stirred to obtain uniform suspension of glass particles. Sodium alginate was added to the

solution and mixed overnight to prepare the gelatin-alginate hydrogel. The hydrogel was
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transferred to 3mL Loctite® Henkel syringe barrel, centrifuged to remove air pockets,
and attached with 25G (100um) tips (SmoothFlow Tapered, Nordson EFD, Westlake,

OH, USA) for fabrication.

2.3. CHEMICAL TESTING

Glass particles (75-150 microns) in the amount of 150+1mg was sealed in nylon
mesh bags with 45um openings, then immersed in 50ml of either deionized water or cell
culture media contained in high density polyethylene centrifuge tubes in a shaker bath at
37°C. The bags were removed after 24 hours, dried and weighed, and the solution pH
was measured. Glass dissolution and ion concentrations in the dissolution solutions were
analyzed using Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-
OES), using a Perkin-Elmer Avio 200. These pH and ion concentration measurements
were done in triplicate and the average values are reported with their respective standard

deviations.

2.4. MECHANICAL TESTING

For rheological characterization, hydrogels were prepared in DI water with gelatin
(3 wiv %), alginate (3 w/v %), AG (6 w/v %), and with addition of borophosphate glasses
in varying concentrations. AG hydrogels with and without glass were tested for viscosity
using a Kinexus rheometer (Malvern Panalytical, Westborough, MA, USA) with a
parallel plate set-up. A gap of 0.5mm was set between plates and measurements were
conducted at room temperature. Hydrogels were subjected to increasing shear rates from
0.01 to 1000 s. A fresh scoop of gel was loaded each time to test viscosity, recovery,

yield strength, etc. Data points below 0.01 s shear rate were not reported because of the
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instability at low shear rates. Although one set of data is reported for each gel type,

measurements were repeated to confirm the validity of the data.

2.5. MICROSTRUCTURE OBSERVATION

A cross section of the hydrogel was observed using scanning electron microscopy
(SEM). Samples were extruded by 10ml syringe on a microslip with a size around 2mm
diameter and 1cm in length. Samples were imaged post extrusion, post -20C, post freeze
dry, and post SEM by a digital single-lens reflex camera (DSLR) (Nikon D5500 with an
AF-S DX Micro NIKKOR 40mm f/2.8G lens, Nikon Inc, USA) Dorsal and lateral images
were taken of four samples per group. For environmental SEM preparation, samples were
put in a -20C freezer for 24hrs after printing / crosslinking, then put in a FreeZone 2.5
Liter -50C Benchtop Freeze Dryers (Labconco, Kansas City, MO) for 24hrs. After
warming to room temperature, samples were taken to the Advanced Materials
Characterization Laboratory (MS&T, Rolla, MO) and broken in half (LN2 was used to
help break AlgGel crosslinked sample) and a PrismaE SEM (Thermo Fisher Scientific

Inc.) was used to analyze the interior cross section of each sample.

2.6. CELL CULTURE

ASCs were prepared by thawing frozen vials of approximately 1x10° cells
(Obatala Sciences, LLC, New Orleans, LA) into 150cm? culture plates (Nunc, Rochester,
NY) in 20ml complete culture media (CCM) consisting of alpha minimum essential
media (a-MEM; Sigma; St. Louis, MO), 10% fetal bovine serum (FBS; VWR, Dixon,
CA), 1% 100x L-glutamine (Sigma), and 1% 100x antibiotic/antimycotic (Sigma). After

24 hours incubation at 37°C humidified and 5% CO2, media was removed and the
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adherent, viable cells were washed twice with phosphate buffer solution (PBS; Sigma)
and harvested using 0.25% trypsin/ImM Ethylenediaminetetraacetic acid (EDTA,;
Sigma). ASCs then were plated at 100 cells/cm? in CCM. The media was changed every
3-4 days and sub-confluent cells (<70% confluent) from three separate donors between

passages 2-6 were used for all experiments.

2.7. SCAFFOLD FABRICATION

ASCs were added to the hydrogel ink after alginate had finished mixing. 4x10°
ASCs pellet was re-suspended in 0.2mL CCM and pipetted into AG hydrogel and
magnetically stirred for no more than 3 min to obtain a uniform cell distribution and a
final ASC concentration of 1x10° cells per 1mL of bioink. The bioink is then transferred
to the 3ml syringes and made ready for bioprinting. A custom-modified tabletop cartesian
3D printer to include syringes connected through digital syringe dispenser (Loctite®,
Rocky Hill, CT, USA) was used to fabricate scaffolds. Scaffold dimensions were set to
15mm length, 15mm width and ~ 1mm thick (6 layers) and printed with 0-90° filament
orientation in alternate layers. Customized software was written for g-code generation
and syringe dispenser control. Sterile practices were followed for scaffold fabrication
with ASCs, bioink syringes were maintained at room temperature, and the scaffolds were

bioprinted in less than an hour inside the laminar flow hood.

2.8. CELL VIABILITY

Cell viability was evaluated using a Live/Dead kit (ThermoFisher Scientific Inc.,
USA), according to the manufacturer’s protocol. Scaffolds were washed with PBS and

soaked in 1mL of prepared reagent (Calcein AM to stain live cells green and Ethidium
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homodimer-1 to stain dead cells red) for 30min at room temperature. Micrographs
were taken with 10x objective on a Nikon A1R-HD Eclipse Ti2 inverted confocal
microscope (Nikon Instruments Inc., USA). Three scaffolds were examined per
experimental group and images were taken covering an area of 6x6mm?Zof the full
scaffold thickness. A Z-step thickness of 40pum was used during image acquisition. One
maximum intensity projection image of multiple Z-step images was used for
quantification. Cell viability was calculated as [live cells / (live cells + dead cells)] x

100%. Live/Dead images were quantified using Fiji ImageJ software.

2.9. STATISTICAL ANALYSIS

5 samples in each set were used for rheology tests and three samples in each set
were used for cell viability quantification. The results were reported as average
standard deviation. Minitab® software was used to analyze the difference in means of
different groups using One-way ANOVA. The means were considered significantly

different if the P-value is less than 0.05.

3. RESULTS

3.1. PH CHANGE, GLASS DISSOLUTION, AND ION RELEASE

Figure 1 shows the effect of borophosphate glasses effect on solution pH in DI
water. There is a clear trend as phosphate rich glasses, X20 & X0, produce more acidic
solutions and borate rich glasses, X40 & X60 produce more basic solutions (although
X40 is more pH-neutral than basic. This corresponds to the dissolution rate at which

Ca2+ is released from the glasses (X20 < X0 < X40 < X60). The pH change in
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surrounding media of varying wt% of hydrogel with BPBGs at 1 and 7 days is
displayed in Figure 2. Gels with lower concentrations of glass with a higher amount of

phosphate stayed around the same acidic pH values in the buffered SBF (~6) through day

7.
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Figure 1. pH shifts for borophosphate glasses dissolved in water after more than 8 days.
The boron content in borophosphate glass series is varied to control the dissolution rate of
glasses and thereby pH.

However, the trend is disrupted at 10wt% where X0 has the lowest pH values
measured and continues to decrease at Day 7 while X20’s pH increases over time. X40
continued to stay pH-neutral, even though it had a higher borate content, which is
consistent with prior research. The pH increase is significant for the basic borate glass
(X60 glass) at 2wt%. Any pH approaching 8 is too basic for cells and will have a
negative effect on cell viability. Gels with 10wt% X60 glass proved too difficult to print
with as X60 dissolves too fast and did not produce a uniform gel needed for printing

(which is why X60 is not included).
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Figure 2. pH change of gels with differing wt% glass in SBF at 1 and 7 days. The
dissolution trend is followed in at low concentrations, but not at higher glass wt% where
X0 has the lowest pH for both time points.

The ion release rates of Na, Ca, B, and P at days 1 and 7 days (Figure 3) for the

hydrogel doped with X20, X40, and X60 and compared to 13-93B3 at concentrations of

1.25, 2.5, 5, and 10wt% show most of the glass groups and concentrations follow the

trend of increased release of each ion over time. Only X40, which follows that trend for

1.25 and 2.5wt%, but at 5 and 10wt% suddenly has a decrease in release for each ion.

X40 also has a larger difference between day 1 and 7 samples for Na and Ca, especially

at 2.5wt% there the largest change of about ~40ppm for Na. 13-93B3 releases the most

Ca overall for any glass concentration but does not have a large change between time

points. X20 does not have much of a difference in ion release between 1 and 7 days for

each concentration due to its slow-release dissolution rate. While X60 behaves like 13-

93B3 at lower concentrations, but 5 and 10wt% leases less Ca and more Na.
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Figure 3. lon release rates for the major elements that compose each glass type. The
release rates are detected in doped gels at 1 and 7 days at concentrations of 1.25, 2.5, 5,
and 10wt%. Most glasses follow a trend of increased ion release from day 1 to day 7.

For the dissolution rates of the gel by itself or with the X series glasses by release

of Caand P in 2 and 10wt% gels at days 1 and 7 (Figure 4), in the group with no glass,

there is an upward trend in Ca release from 1 to 7 days at both concentrations. This could

be due to alginate dissolving and/or gelatin being released from the samples. For the rest

of the glasses, XO has the highest release of Ca and P in every scenario, which is

different from what is expected, and another surprising discovery is that there is an

upward trend for over time in 10wt% gels for all glasses (except X60, which does not

contain any P). The dissolution trend of X20 < X0 < X40 < X60 mostly behaves as

expected, where the fast-reacting glasses have higher a decrease between Days 1 and Day
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7, since these glasses release more ions quicker compared to X20 which has a slower
release profile. Our earlier research has shown that in SBF, X20 dissolves about 30 times
slower than X0, which dissolves about 10 times slower than X40, and X40 dissolves

about half as fast as X60 [Bromet, et al., 2022 (edits submitted)].
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Figure 4. Glass dissolution rates for borophosphate glasses with Ca and P ion release
profile at 1 and 7 days.

An additional benefit of alginate cross-linking by the controlled release of Ca-ions
from the borophosphate glasses was the reduced rate at which gelatin was released from
the printed scaffolds (data not shown). The gelatin-fractions from undoped scaffolds

dissolved in a matter of hours in water, whereas little gelatin was released from hydrogels
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doped with 5 and 10wt% X40 samples. The gelatin-fractions from undoped scaffolds
dissolved in a matter of hours in water, whereas little gelatin was released from hydrogels

doped with 5 and 10wt% X40 samples.

3.2. VISCOELASTIC BEHAVIOR OF BOROPHOSPHATE GLASSES

An ideal bioink should demonstrate two properties to guarantee high shape
fidelity and printing accuracy: 1) the ability to exhibit a shear-thinning behavior upon the
application of a deforming force (Figure 5); and 2) the ability to exhibit a rapid increase
in viscosity after the removal of a force (Figure 6)[10]. In water and in SBF the
dissolution rates of these new glasses increase in the order X20<X0<X40<X60. In Figure
5, when 10wt% glass particles were added to an Alg-Gel mixture, the viscosity of this
composite gel increased in the same order, from about 25Pa.s (shear rate of 1 s) for the
X20 glass to 2000Pa.s for the X60 glass. Clearly, increasing the rate at which Ca-ions are
released to the hydrogel increased the extent of cross-linking of the alginate, and so
increased the viscosity of the gel. Similar behavior was noted for the addition of 13-93B3
to an Alg-Gel bioink[8], and the addition of bioactive silicate glass particles to Alg-
Gel[7].

Figure 6 indicates that the hydrogels doped with borophosphate glass particles
possess the shear-thinning viscoelastic properties desired for printing- low viscosity
under the high shear-rates associated with printing, then high viscosity when the shearing
conditions were removed. This means that structures that are printed under the high-shear
rate conditions are retained. A key parameter is the time required for the high viscosity to

recover after shearing.
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Figure 5. Shear rate dependence of alginate-gelatin hydrogels doped with and without
BPBG particles. The flow behavior of the hydrogel + glass, where viscosity is a function
of shear rate. This is important because it shows how gel behaves for printing purposes,

as the air pressure needed, and the tips (25GA) used have a shear rate around 80
(indicated by the dotted line).

Long recovery times mean that after printing, a structure will continue to flow,
losing resolution and integrity. In Figure 6, gels doped with X0 and X20 glasses behaved
like undoped gels; their long recovery times (60 and 90 seconds, respectively) made it
difficult to build 3D structures with the desired resolution (Figure 5, left and middle). The
viscosities of gels doped with X40 and X60 glasses, on the other hand, recovered almost
immediately after shearing, and so could be used to print structures with better resolution

(Figure 5, right).
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Figure 6. Hydrogel recovery with borophosphate glasses. Recovery time is directly
related to glass dissolution rate and likely Ca2+ ion release. Gels made with X60 glass
and 10% X40 glass had “zero” recovery time. Recovery is related to how filament
behaves after printing, X40 & X60 make an instant filament, while X20 & take much
longer to recover, 60 and 90 secs respectively.

Other rheological methods that have bioprinting implications are oscillatory tests
which characterize the viscoelastic features of hydrogel inks. In Figure 7, the viscous
modulus (G") and the elastic modulus (G') are determined, where G" is used to describe
how the ink passes through a tip and G' is linked to precision during printing and the
shape fidelity post printing[11]. The different graphs indicate that only gelatin shows
viscoelastic behavior until about 200 shear strain, while alginate and AlgGel samples
only exhibit viscous behavior over the shear strain range. Even though gelatin is
viscoelastic, the pressure needed is extremely low compared to the other two groups, this
results in an inability to retain filament shape post print. Elastic properties are able to
influence the extrusion pressure of our hydrogel ink and is co-determined by G’ and

G"[11].
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Figure 8 shows the elastic or viscous behavior of the hydrogel with the
different BPBGs. Only X40 and X60 displayed viscoelastic behavior, where X40 has
elastic characteristics until about 200 shear strain and X60 over 300 shear strain, while
X20 and XO0 displayed viscous behavior comparable to alginate and alginate gelatin gels
respectively. These results also correspond to the glass dissolution rate of the
borophosphate glasses. Although viscosity, which is usually considered the primary
physicochemical parameter that affects print quality, itself does not reflect how complex

the behavior of hydrogels is during the 3D printing process[12].
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Figure 7. Elastic & viscous modulus of the different components of the hydrogel. The
ratio of G’ (red) and G*’ (grey) represent the different behaviors, which are: elastic (G’ >
G*), viscous (G’> G’), and viscoelastic is when elastic behavior transitions to viscous.

Only Gelatin has viscoelastic behavior while Alginate and Alg-Gel show viscous
behavior over shear strain range.
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Figure 8. Elastic & viscous modulus of the different glass compositions. Both X40 and
X60 exhibit viscoelastic behavior, meanwhile X0 and X20 behave like the base hydrogel
and only show viscous behavior.

3.3. COMPARISON OF X40 AND CROSSLINKING ON HYDROGEL
MICROSTRUCTURE

To look at the microstructure of the base hydrogel plus X40 glass, the samples
were put in a -20C freezer for 24hours and then Freeze dried at -50C for another 24 hours
and then imaged by SEM. During the SEM preparation, we decided to see how the
different glass affected the hydrogel shape during the process. In Figure 9, close-view
photographs were taken to compare post mixing to post freeze dried shape. Both groups
with X40 were able to retain their shape under the pressure of the vacuum during freeze

drying, while both groups without glass collapsed.
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Figure 9. Internal cross section of hydrogels with and without crosslinker or X40 glass.
Close-view photographs were taken either post mixing / crosslinking and compared to
post freeze-dried samples. The addition of glass is clearly seen to allow samples 1 and 2
to keep their shape, while samples 3 and 4 lost their shape.

SEM images of the hydrogel with and without X40 or crosslinked by CaCla,
shown in Figure 10, indicate that glass influences the microstructure of the hydrogel

during freeze drying. Only AlgGel samples with X40 (1 & 2) still retained their shape
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after freeze drying and had a microstructure with cells, but only sample 1 that was
crosslinked had any visible pores. Meanwhile samples 3 & 4, which did not contain glass,
collapsed with no visible microstructure, which is a little surprising for AlgGel

crosslinked by CaCl..

Figure 10. Microstructure of alginate-gelatin £ X40 with and without crosslinker by

Environmental SEM at 50x and 400x magnification. Only crosslinked AlgGel + X40 is
seen to have any real microstructure or pores. Both crosslinked (1) and uncrosslinked (2)
AlgGel + X40 have retained their structure while both AlgGel samples (3 and 4) did not.
The pink rectangle indicates the sample in 50x magnification.

3.4. CELL VIABILITY WITH BIOINK AND GLASS

Scaffold fabricated with hydrogel containing BPBGs were printed to observe the

printability of each glass type in Figure 11. X40 and X60 displayed good printability as
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seen by square pores and mostly constant filament size. The printability of X20 on the
other hand was poor in comparison. The ink did not retain its shape post print and caused
the pores to become unregular circles and there is no clear filament see. This corresponds
to the results from the rheology tests where X40 and X60 and instant gel recovery and
higher viscosity during shear stress. The dwell time for each scaffold was adjusted based

on the gel recovery.

X40

Figure 11. Scaffold fabrication using borophosphate glasses. Grid scaffolds printed from
hydrogels doped with X20 glass particles (left), X40 glass particles (middle), and X60
glass particles (right). Gels modified with X40 and X60 provided good printability, while
gels with X0 and X20 glasses behaved like base hydrogel.

Gels doped with 10wt% of these new borophosphate glasses were infused with
ASCs and cell populations were determined, using a live-dead assay, immediately after
printing, then after one and seven days. Figure 12 shows the live and dead cells in
representative gel samples doped with 10wt% X0, X20, X40 and X60 glasses. Here, a
greater percentage of dead cells (bottom row) were observed in gels doped with X20 and
X60 glasses, whereas few dead cells were found with the gel samples prepared with X40
glass.

The quantitative cell viability analyses are summarized in Figure 13. Over 80% of

the ASCs in gels doped with acidic (X0, X20) and pH neutral (X40) glasses remained
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viable after printing, whereas only 60% of the ASCs remained viable in gels doped
with alkaline (X60) glass. After seven days, over 90% of the cells remained viable in gels
doped with X0 and X40. This compared favorably with the undoped gels, where 75% of
the cells were viable after seven days and the X60 glasses, where only 65% of the cells

remained viable.
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Figure 12. CeII viability after 7 days in static culture for scaffolds printed with hydrogels
doped with different borophosphate glasses. Green dots represent live cells and red dots
represent dead cells. Images in the Top and middle rows are separated into green (live
cells) and red channel (dead cells) images showing only that color of cells. Color images
in the bottom row show both live and dead cells.

It is worth noting that cell viability with several of the 10wt% borophosphate
glasses after seven days was statistically greater than for the undoped Alg-Gel system,

indicating that the glasses indeed promoted cell viability. Our results for the alkaline X60
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glasses are consistent with those reported in the literature; viz., as little as 1wt%
loading of an alkaline bioactive silicate glass was reported to be sufficient to reduce cell
viability in an Alg-Gel bioink[7], as did 2.5wt% of the alkaline bioactive borate glass 13-

93B3[8].
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Figure 13. Cell viability measurements for scaffolds printed with undoped hydrogels and
hydrogels doped with borophosphate glasses. Measurements were taken immediately
after printing, then one and seven days after printing. The fast release of boron ions
proved toxic to cells, while pH neutral X40 glass provided an excellent environment for
cells because of its controlled ion release. X0 also provided a good environment despite
its low pH.

4. DISCUSSION

The incorporation of pH neutral glass particles into an Alg-Gel system creates a
novel bioink, one in which the borophosphate glass particles release desired ionic species
that stimulate desired cellular responses and that control the bioink viscosity to optimize

printing. Alginate normally needs to be pre crosslinked, in-situ cross-linked or
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crosslinked immediately after 3D printing. The advantage of our formulations is that
the borophosphate glass particles do not induce the “pH shock™ effect that has been
shown to be detrimental to cell viability in other bioink formulations.

This novel functional pH neutral bioink can be used to fabricate human tissue
scaffolds and has the potential in the clinic to repair and replace damaged or diseased
tissue. It also has the potential to be used by many researchers in the ever-growing field
of human organoid development, which creates novel and improved models of human
tissues and organs for drug development, disease modeling, and basic cellular and
molecular studies. By using our novel bioink to fabricate human tissues, this invention
would be of interest to clinicians and scientists who study cancer, immunology, aging,

diabetes, regenerative medicine, as well as many other fields.
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ABSTRACT

Together, the use of 3D cell cultures such as organoids along with better stem cell
models allow for a more natural representation of cell behavior and responses that mimic
natural tissues. 2D models can not accurately demonstrate natural cell behavior and
animal models have species-specific differences that make interpreting and translating
results into human tissues difficult. These 3D models can demonstrate how stem cell
interactions in tissue constructs that more closely resemble the human microenvironment.
This knowledge may also help to end any controversy in published studies from differing
results due to the use of traditional models in research. Our novel bioink developed for
non-traditional-sized organoids by using internal gelation. By using alginate and fibrin to
create a vascularized organoid with adipose stem cells and endothelial cells and
crosslinked with calcium carbonate, we can create models larger than ten millimeters

squared that do not have the negative aspects from the more common methods of
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crosslinking alginate. This can then be translated and applied to further invent
technologies to aid in disease modeling, target identification and validation, drug

discovery, drug screening and efficacy for other diseases.

1. INTRODUCTION

There is a need in preclinical studies for an improved human-like research model.
The other standard method is 2D cultures, where cells do not have the same behavior as
in vivo compared to a 3D tissue. The absence of the 3D environment can lead to
misleading and unpredictable data that does not translate to in vivo studies[1]. The other
traditional method for preclinical testing is animal models, which are the gold standard
for in vivo studies and are a major reason why many drugs that pass preclinical trials fail
in the clinical stage. Animal studies are not always physiologically relevant, can be
expensive, and time consuming[2]. The incapability issues between animals and humans
can be overcome by using human organoids as a better predictive model for drug
screening and patient outcomes. There is a need for a middle ground that is
physiologically relevant, but also cost-effective and easily reproducible. Another reason
is the uncontroversial understanding of ASCs characteristics would help with developing
new therapies for treatment. Part of the discrepancy in results may be due to how ASCs
transform when taken from the body and grow under static, 2D conditions.

This issue could be solved using novel 3D tissue models. Culturing cells in
dynamic, 3D conditions can be used to answer some of the contradictions in the clinic

and to help in understanding how cells interact and behave in their natural environments.
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These biomimetic tissue models better emulate the complex environment and
functionality of human systems. organoids, can fill that need as they are more able to
mimic natural tissues that form complex organs. Organoids or 3D tissues are cultures of
multiple cell types in an extracellular matrix-like gel, containing growth factors that can
be precisely organized in natural arrangements. These organoids are models that can
simulate in vivo microenvironments while being high-throughput, precisely organized
biological structures in vitro[3]. Advantages include highly ordered regulation of
environmental clues, low cost and short time of development, manipulation of multiple
parameters, and the ability to be used in a wide range of analysis[4]. The major
innovation of this study is the creation of a novel bioink for a 3D tissue model that more
closely resembles the human hypodermis tissue, which allows for natural cell behavior
and interactions. Human organoids are better predictive models for patient outcome and
drug efficacy. Recently, organoids have been used successfully for drug screening and
disease modeling. Human organoids are limited, however, due to the difficulties of
incorporating vasculature, which we have overcome via bioprinting with our novel
bioink.

The overarching hypothesis of this study is that human ASCs cultured in a 3D
vascularized tissue using a novel bioink with internal crosslinking leads to a more
realistic representation of cellular behavior and functions found in tissues compared to
traditional 2D or animal models. We will show why clinical results aren’t as promising as
expected since the conditions in each preclinical and clinical test environment are vastly
different and a more realistic human model is needed for preclinical trials. Organoids

fabricated using our bioink can then be used as model systems to study disease states and
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developmental biology. The following report details the development of the novel

bioink using alginate and fibrin for bioprinting.

2. MATERIALS AND METHODS

2.1. FABRICATION OF HYDROGEL INKS

2.1.1. Fabrication of Alginate-Gelatin Hydrogel. Gelatin from bovine skin
(Type B, Sigma-Aldrich, St. Louis, MO, USA) in 3wt/vol.% (0.03 g/1mL) was dissolved
in DMEM/high glucose with phenol red (Hyclone, GE Healthcare Life Sciences, UT,

USA). The parafilm covered glass beaker was maintained at ~40°C while being

magnetically stirred @ ~200RPM. Upon gelatin dissolution, Sodium Alginate (Alg)
(Alginic acid sodium salt from brown algae, medium viscosity, Sigma) in 3wt/vol.%
(0.03g/1mL) was added to the solution and covered while mixed for at least 6 hours at
40°C and 60RPM to prepare the gelatin-alginate hydrogel. The AlgGel mix was then
transferred to a 3mL syringe barrel, centrifuged for 30 secs at L000RPM, then attached
with 25G (100um internal diameter) (Smooth Flow Tapered, Nordson EFD, OH, USA)
tips before printing. The gelatin and alginate powders and any crosslinking agents
(covered in section 1.1.3.) were UV sterilized for 10 min before gel preparation[5,6].
2.1.2. Fabrication of Alginate-Fibrinogen Hydrogel. 15, 30, 45 or 60mM
CaCOs (BioXtra, Sigma) and 6-aminocaproic acid (ACA) [Sigma] was dissolved in
DMEM (1X) without phenol red (Gibco, ThermoFisher Scientific, MA, USA). The

parafilm covered glass beaker was maintained at ~40°C and magnetically stirred @

~200RPM for 10 mins. After 10 mins, sodium alginate in 3wt/vol.% (0.03g/1mL) was
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added to the solution and mixed for at least 6 hours @ 40°C and 60RPM. Fibrinogen
from bovine plasma [Type I-S, 65-85% protein (> 75% clottable), Sigma] in 10mg/ml is
laid on top of Alg solution and allowed to equilibrate in an incubator for 45 mins. The
AlgFib solution is then mixed for 5 mins @ 40°C and 60RPM and allowed to rest in
incubator for 15mins (fibrinogen will cause the hydrogel mix to clot/flocculate instead of
gel if mixed/disturbed too vigorously). 30, 60, 90, or 120mM GDL (Sigma) is then added

to the beaker, covered, and mixed for 5mins at 40°C and 60RPM (this step would be

starting time of internal gelation). The AlgFib mix was then transferred to a 3mL syringe
barrel, centrifuged for 30 secs at 1000RPM, then attached with 25G tips (Smooth Flow
Tapered) before printing. The alginate, fibrinogen and all other solid reagents were UV
sterilized for 10 mins prior fabrication.

2.1.3. Crosslinking of Hydrogels. Crosslinking of alginate in AlgGel hydrogels
was done both externally (0.1M CaCl: (Sigma) + PBS (Sigma) solution, 0.22um sterile
filtered) and internally (30mM CaCOs3/60GDL). CaCl2 solution was immediately applied
post-print and samples were kept in the solution for either 10 mins or 1 hour. For external
crosslinking, CaCOs and GDL are added as explained in 1.1.2. External vs internal
crosslinking for AlgGel were compared to each other in 15x15mm by 6-layer samples
and imaged at different time points. In AlgFib gels, alginate was only internally
crosslinked by the same protocol as AlgGel gels, only 15, 45, and 60mM CaCOs was
used in addition to 30mM. After printing, samples are to be further crosslinked by
thrombin (from bovine plasma, Sigma) plus PBS and MTG (Moo Gloo™ RM formula,

Modernist Pantry LLC, ME, USA) plus PBS. Printed samples kept in the thrombin
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solution for one hour, then washed three times with PBS and then kept in MTG

solution for one more hour and washed three times with PBS.

2.2. SCAFFOLD FABRICATION

A custom-modified tabletop cartesian 3D printer to include syringes connected
through digital syringe dispenser (Loctite®, Rocky Hill, CT, USA) was used to fabricate
scaffolds. The 3D printer and printing schema are illustrated in Figures 1(A) and 1(B)
and the 3D printer is shown in Figure 1(C). Scaffold dimensions were set to 15mm
length, 15mm width and ~ 1mm thick (6 layers) and printed with 0-90° filament
orientation in alternate layers. Customized software was written for g-code generation
and syringe dispenser control. Sterile practices were followed for scaffold fabrication
with ASCs, bioink syringes were maintained at room temperature, and the scaffolds were

printed inside the laminar flow hood[6].

2.3. ALGINATE-FIBRINOGEN HYDROGEL CHARACTERIZATION

Fourier Transform Infrared Spectroscopy (FTIR) was used to ensure that the
hydrogel was uniformly mixed by comparing characterizing the presence of specific
chemical groups in the materials. Samples were taken from the top, middle, and bottom
layer of the AlgFib hydrogel once. Samples were analyzed by FTIR using Transmittance
Mode. FTIR spectra were obtained in the range of 4000 to 500 wavenumber (cm™)
during 1814 scans with a 4cm resolution (Bruker Invenio R). The FTIR results of the
different layers were graphed using excel with .1 absorbance unit offsets between bottom
and middle layers and middle and top layer results. The FTIR spectra were normalized,

and major vibration bands were associated with chemical groups.
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Figure 1. Extrusion-based 3D printing and components of the bioinks. (a) printer
schematic used in this study, (b) the printing process and scaffold dimensions, and (c)
bioprinter in the laminar flow hood with a syringe dispenser. (d) components of the two
bioinks used in organoid fabrication and (e) are the cells that are used with each ink.
Bioink 2 is based on previous research, while bioink 1 is a continuation of that research
with modifications.

Printability was tested in multiple ways, by individual filament uniformity and
printing shape fidelity[7,8]. In filament uniformity, ink was deposited in 1cm long lines
every minute in a 15cm culture dish, starting at 15 minutes from initiation of internal
gelation for 80 total filaments. Gel time was determined by the second non-uniform
filament in a row, while print window equaled gel time minus the first filaments that were
not under-gelled (fat and spread-out filaments). For shape fidelity, scaffolds of 10
x10mm? by 3 layers were printed every 15 minutes until 3 hours (after starting from 15

minutes gel initiation). Each sample was then imaged using a DSLR.
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2.4. BOROPHOSPHATE BIOACTIVE GLASSES

Glasses with the nominal molar composition 16Na20-24Ca0-XB203-(60-X)P20s
(mol%) were produced, where X =0, 20, and 40 as seen in Table 1. Reagent grade batch
materials were calcined at 300°C for at least 4 hours and then melted for an hour in
platinum crucibles at 1000-1150°C, depending on composition. Melts were stirred on the
half hour with a platinum rod, then quenched in graphite molds. Samples were annealed
at 350°C for one hour then allowed to cool to room temperature and stored in a vacuum

desiccator until use.

Table 1. Bioactive glass compositions. Nominal compositions in mol% of the glasses
used in this study.

Bioactive

SiO; Na.O K20 MgO CaO P20s B20s
Glass
X0 0 16 0 0 24 60 0
X20 0 16 0 0 24 40 20
X40 0 16 0 0 24 20 40

Glasses were analyzed by x-ray diffraction, using a PANalytical X Pert
Multipurpose diffractometer with a Cu K-a source and a P1Xcel detector, and all
compositions were found to be amorphous. Bioactive glass (10wt% X40) was added to
the alginate-fibrinogen solution before the alginate step, after the alginate was added, and
with GDL right before printing. It didn’t matter when X40 10wt%, the ink was not

extrudable due to clotting.




94

3. RESULTS

3.1. EXTERNAL VS INTERNAL CROSSLINKING

An external crosslinker (0.1M CaCl2 + PBS solution) (Figure 2A) was compared
to internal crosslinker (30mM CaCOs / 60mM GDL) (Figure 2B) in the alginate-gelatin
hydrogel in 15x15mm by 6-layer constructs. For external crosslinking, calcium chloride
was immediately applied post-print and samples were kept in the CaClz solution for
either 10 minutes or 1 hour, was unable to fully crosslink the hydrogels even after 1 hour

(Figure 2A and Figure 3A, B).

EXTERNAL CROSSLINKING

-

Figure 2. External vs internal crosslinking of alginate in alginate-gelatin hydrogel.
External (A)(CaClz2) crosslinking of organoids compared to internal (B) (GDL initiates
CaCOs to crosslink of alginate). CaCl: is insufficient for crosslinking of
constructs/organoids (10x10mm by 6 layers), since CaCl2 took too long to crosslink
samples in static conditions (> 1 hour). In the AlgGel protocol previously developed by
co-authors, 10mins was sufficient time to crosslink 12x12x1mm3(5).
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INTERNAL CROSSLINKING
31 mins After GDL 47 mins After GDL 55 mins After GDL

Top View

Close-up View

Tem Tem om

Figure 2. External vs internal crosslinking of alginate in alginate-gelatin hydrogel.
External (A)(CaCl2) crosslinking of organoids compared to internal (B) (GDL initiates
CaCOs to crosslink of alginate). CaCl: is insufficient for crosslinking of
constructs/organoids (10x10mm by 6 layers), since CaCl2 took too long to crosslink
samples in static conditions (> 1 hour). In the AlgGel protocol previously developed by
co-authors, 10mins was sufficient time to crosslink 12x12x1mm3(5) (cont.).

In the lateral view of the hydrogel, liquid is still visible in the uncrosslinked
section (Figure 2B). For internal crosslinking, calcium carbonate was introduced during
the gelatin addition step (Figure 2B, Figure 3B). These hydrogel samples were printed
after 20-30 minutes of initial crosslinking with CaCQOgz, and subsequent gels were printed
at average print times of 26, 32, 43, and 50 mins. The internally cross-linked hydrogels
were consistently gelled throughout. Four samples per both groups were printed and

images.
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EXTERNAL

GEL vs LIQUID

Partially/Completely
Crosslinked
(Solid)

Uncrosslinked
(Liquid)

LEl mins after GDL

Figure 3. Lateral cross section of external vs. internal crosslinked samples. CaClz (A) at
both time points are not completely gelled, while CaCOs (B) is consistently gelled
throughout. This phenomenon can clearly be seen in Gel Vs Liquid image (C) of 10mins
CaCl2 where there is an uncrosslinked section that is still liquid. The black arrow points
to uneven gelling due to external crosslinking.

3.2. FTIR CONFIRMATION FOR UNIFORM MIX OF ALGINATE-
FIBRINOGEN HYDROGEL

To determine uniform mixing of the internally crosslinked alginate-fibrinogen
hydrogel, we took samples from the top, middle, and bottom layers to run on FTIR
(Figure 4). FTIR confirmed that there was uniform mixing throughout the AlgFib
hydrogel, even though there were two areas of the graph with any difference between the
three layers (Figure 4A). Area #1 (Figure 4B) was within sufficient margin (< .005

absorbance units at is largest difference) of each other to confirm sufficient mixing,
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because any time there is a negative dip below the starting point (-0.045), as in Area #2
(Figure 4C), it due to variation in background gases, most likely CO2[9], during the tests.

The peaks that correspond to each component of the gel were identified to
confirm that they are consistent with literature (Figure 4A). The large broad peak at
3300cmis attributed to alginate and stretching vibration of -OH groups but is usually
found at 3430cm™ and has shifted mostly likely because of a C-H groups from fibrinogen
interacting with alginate. The other characteristic bands for alginate include peaks at
1636cm™ and 1412cm™ from are from asymmetric and symmetric COO— stretching
vibrations of carboxylate salt groups which have shifted, 1632cm™ and 1418cm*
respectively, due to ionic bonds with a Ca?* crosslinker (CaCOs). The small peak at
1032cm is from C=0 stretching of alcohol groups[10-13]. Fibrinogen is also associated
with 1632 peak, which is where amide | and stretching vibrations of C=0 group, and
peptides and amino acids from fibrinogen are in this range 1800 to 1000cm[14-17].

Only one sample for each layer was run using the FTIR.

3.3. COMPARISON OF VARYING CONCENTRATIONS OF INTERNAL
CROSSLINKER IN BIOINK FOR PRINTABILITY

To find the best concentration of internal crosslinker for alginate in AlgFib in
terms of the printability, specifically printing window and gel time of the ink. Figure 5
compares filament uniformity between 30, 45, and 60mM of internal crosslinker. Starting
from the blue arrow, individual filaments were printed every minute for 80 minutes. For
30mM, the gel time is 76 minutes total (61 mins filament test + 15 mins gelation start),
and the printing window would be about 55 minutes (76mins total gel time - 20 mins

from gelation start).
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Figure 4. FTIR confirmation of uniform mix for alginate-fibrinogen hydrogel. Three
different samples from the top, middle, and bottom layer were run on a FTIR to detect
any difference between layers and to confirm uniform mixing throughout gel (A). Peaks
associated with the components of the hydrogel were also identified. Only 2 areas had

any differences between layers (B) and (C) without an offset.
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The printability times for 45 and 60mM sharply decreases compared with 30mM.

The gel times and printing window of 45 is 50 mins and 30mins, while 60mM is 35mins

is less than 20 mins. 60mM does not have enough of a window to print multiple

organoids of the size that we want. Another test to determine printability is printing shape
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fidelity, where fidelity, gel time, and printing window can be determined. Figure 6
compares 15, 30, and 45mM (10x10mm, 3 layers) samples at different time points.
Where every 15mins, a sample is printed, starting from 15mins after gelation start. 15mM
was used instead of 60mM because of the results from the prior test. From the figure,
15mM is under-gelled until the third time point, but does become over-gelled within the
test parameters (3 hours, images taken but not included). While 30mM also shows under-
gelling until 60 mins (45mins +15 start of gelation) and then over gelling occurs starting

by 75 mins and by 90 mins.

30mM CaCO; 45mM CaCO; 60mM CaCO3

Close-up View

Over View

Figure 5. Prlntablllty of dlﬂ‘erlng CaCOs concentrations in algmate fibrinogen hydrogel
ink. Individual filaments were printed every minute to determine gel time and print
window, with 30, 45, and 60mM internal crosslinker. 60mM demonstrated that there
would not be enough time to print multiple consistent organoids . The Blue arrows point
to the starting filament, the yellow boxes correspond to the samples in the close-up view,
and the green box indicates where the printed filaments no longer become consistent and
have started to gel.
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While 45mM did not have any good prints and it is difficult to determine any
clear results from those images, except for maybe over-gelling occurred at 45 mins. The
30mM sample at 60mins is a perfect example of what was supposed to be printed, it was
unfortunate that there was so much variation in printing during the test. Further testing
would have narrowed the testing to a print every 5 mins, but we were only able to obtain

data for 45mM.

4. DISCUSSION

In summary, we have developed a bioink system that can be used to print more
realistic sized organoids for biomedical applications. The ink has rheological properties
suitable for extrusion-based printing techniques and adipose stem cells infused in the ink
remain viable seven days after printing. The ink consists of a mixture of alginate
hydrogels, which provides the structural integrity of the printed scaffolds, and fibrin
hydrogels, which supports cell proliferation and is a ready component of human
extracellular matrix.

We demonstrated that using calcium carbonate and GDL for internal crosslinking
produced better results than external crosslinking by calcium chloride in a 10x10x1mm?3
construct, since external crosslinking was unable to fully crosslink samples within a
reasonable amount of time. FTIR was used to confirm that the protocol we developed for
this novel bioink had uniform mixing and finally 30mM CaCOs was demonstrated to be

the optimal concentration for bioprinting regarding printability.
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30 mins_

,,,,,,

60 mins

75 mins

Figure 6. Comparison between varying concentrations of internal crosslinking in
alginate-fibrinogen samples at multiple time points. The 15, 30, and 45mM
samples(10x10mm, 3 layers) at 10 time points starting from 15 mins to 3 hours. 15mM
did not gel within the 3hrs of testing, while 30mM gelled around 75mins and 45 at about
45 mins.

Borophosphate glass particles can then be added to the hydrogel mixture where

they release Ca-ions that control the viscoelastic properties of the gel before and after
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printing. Glasses, like X40, that release Ca-ions without creating local alkaline
conditions promote significantly better ASC viability than the more basic glasses and
X20- which has a much slower release profile, which allows it to be used with fibrin
without clotting. It is anticipated that these “pH neutral” glasses could be doped with
other ions that promote specific responses from the stem cells to create tissue models for

different disease states.
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SECTION

2. CONCLUSIONS AND FUTURE DIRECTIONS

The results in thesis indicate that by varying the phosphate-to-borate ratio in these
Na-Ca-borophosphate glasses, local pH conditions can be tuned from acidic to basic. The
incorporation of these pH neutral glass particles into an alginate-gelatin system creates a
novel bioink, one in which the borophosphate glass particles release desired ionic species
that stimulate desired cellular responses and that control the bioink viscosity to optimize
printing. The cell viability and rheological results together demonstrate the potential
benefits of adding borophosphate glasses to alginate-gelatin hydrogel system in
bioprinting applications. Of the borophosphate glasses, X40 provided the best results for
angiogenic potential and with culturing of ASCs due to its pH-neutral behavior and
relatively fast degradation rate. The replacement of gelatin with fibrin and internal
gelation further allows for this novel bioink to be used for 3D tissue models, like
organoids. These organoids could then be a part of microphysiological systems in more
dynamic and biomimetic conditions for high throughput use for scientists and clinicians
who study cancer, immunology, aging, diabetes, regenerative medicine, as well as many

other fields, like drug discovery and toxicity.
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