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PUBLICATION THESIS OPTION

This thesis consists of the following two articles, which will be submitted for
publication as follows and have been formatted in the style used by the Missouri
University of Science and Technology:

Paper I, found on pages 20-49, is intended for submission to the Journal of Tissue
Engineering and Regenerative Medicine, under the title “Adipose Stem Cell Response to
Borophosphate Bioactive Glass”.

Paper 11, found on pages 50-78, is intended for submission to the Journal of
Biomedical Materials Research — Part A under the title of “The Angiogenic Potential of

pH Neutral Borophosphate Bioactive Glasses”.
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ABSTRACT

Bioactive glasses have been widely used in several biomedical and tissue
engineering applications since the late 1960s. Numerous families of bioactive glasses
have emerged over the years, with each having its own advantage and disadvantage. One
concern common to all families is that most bioactive glasses create a basic or acidic
environment when degraded and, therefore, are toxic for cells. Recently, there has been
an increased interest in borophosphate bioactive glass (BPBGs) because of their neutral
pH, release of therapeutic ions, and biodegradable properties. Despite the growing
interest, there is little reported on the bioactivity of BPBGs. The biological effects of a
novel series of BPBG were investigated in these studies. BPBGs were tested on human
adipose stem cells (ASCs) and endothelial cells (ECs) and evaluated for viability,
differentiation, migration, secretome activity, and angiogenesis. The results showed that
some of the BPBG compositions created a neutral pH environment and thus, showed a
high level of cell viability in direct contact under normal static conditions i vifro.
Moreover, some of the BPBG compositions increased angiogenesis and altered the ASCs
secretome. These results indicate that each of the BPBG compositions have a specific

therapeutic pattern with a significant potential in the clinical and biomedical applications.
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1. INTRODUCTION

1.1. BACKGROUND

In this section, a brief introduction to the main topics of the thesis is described.

1.1.1. Bioactive Glasses. Bioactive glasses (BGs) are a special type of oxide-
based ceramics!. They can be fabricated by either sol-gel or melting routes to form
different shapes and sizes such as powders, fibers, and scaffolds?.

1.1.1.1. Silicate bioactive glass (Bioglass®). One specific composition of silicate
bioactive glass (SBG), known as 45S5 in literature and Bioglass® on the market, is
composed of four different oxides (45.0% Si02—24.5% Na20—24.5% Ca0—6.0% P205).
It was the first BG and invented by the pioneer Larry Hench in 1969 when his team
discovered the glass bonded to soft and hard tissues after six weeks of implantation in rat
femoral bones 3. The phenomenon of glass bonding to tissues and forming hydroxyapatite
on the surface of bone is known as biocompatibility. Before the invention of this novel
Bioglass®, all implant materials such as metals and polymers, triggered an immune
reaction and encapsulation afterimplantation rather than forming a stable bond with
tissues. Bioglass®, on the other hand, proved to be biocompatible by stimulating a
beneficial response in the body, causing tissue regeneration over time 3-4.

Since Bioglass® was invented, several types of BGs have emerged over the years,
including borate-based and phosphate-based glasses. In addition to creating different
compositions, researchers continue to modify the base compositions by doping them with

ions of interest >.



1.1.1.2. Borate bioactive glass (Miragen). Borate-based glasses (BBG) are
another main class of BGs in which silica is replaced with boron. When compared to
silicate BGs, BBGs had a faster degradation rate, more hydroxyapatite formation, and a
quicker release of ions ®. Over the years, a wide range of BBGs have emerged ¢-371°. One
BBG composition, known as 13-93B3 in literature and commercially as Mirragen, has
contributed to the healing of chronic woundsin the clinic ''. However, BBGs release
boron, increasing the pH to toxic levels in static cell culture conditions %13, To
overcome this limitation, Hohenbild et al. pre-reacted the glass in cell culture media,
which controlled the pH environment '4. However, the specific time period and
methodology of pre-reacting glass is still unclear. Furthermore, pre-reacting glass is far
from ideal in both the clinic and in the laboratory setting. Consequently, there has been a
need and interest in creating a BG that provides a neutral pH. One method to do this is by
changing the concentrations of boron and phosphate ions 12,

1.1.1.3. Phosphate bioactive glass. Phosphate based glasses (PBG) are another
family of BGs but have the silica substituted with phosphate !>-1°. PBGs can control the
pH while they are degrading, and they have also been shown to promote angiogenesis 7.
However, the preparation of PBG is challenging dueto very high temperature
requirements and their tendency to crystallize after thermal treatment 8.

1.1.1.4. Borophosphate bioactive glass. Borophosphate Bioactive Glasses
(BPBGs) have emerged recently to provide the beneficial properties of both BBGs and
PBGs %2, Figure 1.1 demonstrates the popularity of the BPBGs compared to the other
common BG classes obtained from the published data on google scholar over the last ten

years. However, there is little reported on the bioactivity of BPBGs. Accordingly, this



thesis evaluated the biological abilities ofa novel BPBG series both in vitro and in vivo.
A combination of cells was used in these studies: adipose stem cells (ASCs) were used
because of their known regenerative capacity, and endothelial cells (ECs) were used to
evaluate angiogenesis, rate limiting step in most tissue engineering applications 21.
Angiogenesis was further investigated in vivo using a chick chorioallantoic membrane

(CAM) assay.

Figure 1.1. Represents the most common classes of BGs in the literature obtained from
the published data on google scholar over the last ten years. Silicate bioactive glasses
(SBGs) showed the highest popularity among the other types of glasses. The chart
represents the need to further investigate the BPBGs.

1.1.2. Adipose Stem Cells. ASCs have been used widely in cell therapy and
tissue engineering applications because oftheir ability to differentiate into multiple cell
lineages, as well as their immunomodulatory, angiogenic, migratory, and anti-
inflammatory effects both in vitro and in vivo 21,23-26 Additionally, the exosome and
secretome of ASCs are of increasing interest due to their wide-ranging contribution to

most tissue regeneration processes, including angiogenesis, extracellular matrix (ECM)



remodeling, and immune cell regulation 27-3°. ASCs are greatly affected by their
surrounding environmental “niche” and may change phenotype when exposed to a new
biomaterial 3!

1.1.3. Endothelial Cells (ECs). The vascular system is a complex network of
blood vessels such as arteries, capillaries, and veins. ECs play an essential role in the
development and remodeling of vasculature by proliferating and migrating from pre-
existing vasculature in a process called angiogenesis 32. Achieving vascularization is a
major challenge and a rate limiting step in most tissue engineering applications 33. A
number of growth factors and proteins secreted by the ASCs, including vascular
endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and various
members of the transforming growth factor beta (TGF) family, are each involved in the
angiogenesis process and affects the migration of the endothelial cells. Recently, studies
donein vitro and in vivo have shown that BGs stimulate angiogenesis and
vascularization, making these cells important to study with our novel BPBG

composition3*.

1.2. OBJECTIVES

The objective of the proposed research is to evaluate the bioactivity of a novel
borophosphate bioactive glass both in vifro and in vivo. These BPBGs were designed
with a series of boron to phosphate ratios in order to evaluate (1) their dissolution rates;
(2) ions released into the solution; (3) their effect on the solution pH; (4) their cytotoxic
effects on different types of cells; (5) their effect on cell function, including proliferation,

migration, differentiation, and protein expression; and (6) their toxicity in vivo.



The following scope of work accomplished these goals:

- Paper I “Adipose Stem Cell Response to Novel Borophosphate Bioactive
Glass” demonstrated that each glass composition could influence ASCsin a
unique pattem in vitro and achieved goals 2-6 listed above.

- Paper 11 “The Angiogenic Potential of pH Neutral Borophosphate Bioactive
Glasses” demonstrated that BPBG had distinct effects on ECs from different

sources in vitro and was angiogenic both in vifro and in vivo. This achieved

goals 1-4 and 6 listed above.
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I. ADIPOSE STEM CELL RESPONSE TO BOROPHOSPHATE BIOACTIVE
GLASS

Nada Abokefa!, Bradley Bromet!, Makenna Pickett!, Brianna Bentley!, Emma Nicks!,
Rebekah Blatt?, Richard Brow? and Julie Semon'.

I Deparment of Biological Sciences, Missouri University of Science and Technology,
Rolla, MO 65409

2Department of Materials Engineering, Missouri University of Science and Technology,
Rolla, MO 65409

ABSTRACT

It has been reported previously that silicate and borate bioactive glasses create
alkaline solutions by significantly increasing the pH due to the rapid release of the ions
when degrade. This alkaline solution affected the cell viability at certain levels.
Consequently, adding phosphate ions to the glass composition proved to control the
degradation rate of bioactive glasses and create a neutral pH environment. Accordingly,
in this study, we evaluated the effect of a series of novel borophosphate bioactive glass
(BPBGs) compositions in vifro. BPBGs compositions varied based on the borate-to-
phosphate ratios. A borate-free, borate-rich and intermediate borate-phosphate glasses
were used in this study. Adipose stem cells (ASCs) were used for their known therapeutic
uses in various biomedical applications. BPBGs were investigated for their effect on the
solution pH, ions released when degraded, ASCs viability, migration, angiogenesis,

differentiation, and protein secretions. The intermediate borate-to-phosphate BPBGs



created a physiologically neutral pH in direct contact and in complete culture media

after 24 hours. The slightly alkaline borate-free BPBG with the concentration 2.5 mg/ml
maintained the highest cell viability in direct contact for 72 hours and promoted the ASCs
migration in a 5-hour transwell migration assay. On the other hand, the highly alkaline
borate-rich BPBGs showed to be more angiogenic than any of the compositions tested by
increasing the secretions of VEGF, TGF B1 and bFGF. Additionally, BPBGs altered the

ASCs secretome which were presented in a detailed cytokine array comparison.

1. INTRODUCTION

Bioactive glasses (BGs) are a class of oxide-based ceramics first invented by
Larry Hench in the late 1960s !. BGs have gained increased interest due to their
bioactivity, biocompatibility, ability to bond to hard and soft tissues, and potential to
stimulate tissue regeneration 2. They have a versatile nature to be manufactured into
different shapes and sizes such as powders, fibers and scaffolds ®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 8-1°

, enhanced cell proliferation and
differentiation in vitro 1 as well as tissue infiltration in vivo 12. Remarkably, BBGs have
shown to help in healing chronic wounds and stimulating angiogenesis and
vascularization 13-1® However, BBGs quickly release borate ions creating a basic pH

environment !7-13_ This increase in pH has been shown to be toxic to cells under static

conditions in vitro 13-1° A recent study conducted by Hohenbild et al. demonstrated that



preconditioning the BGs with cell culture medium will prevent the cytotoxic effects of
the BG 2°. However, preconditioning is still unclear in terms of how different pretreating
periods can affect the cell viability and characteristics. Hence, prolonged preconditioning
times are not ideal in the clinical or in laboratory settings. Another way to control the
local pH of BBG is to add phosphate to the glass composition 7-17-21. 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 touse 22,

In this respect, a series of borophosphate bioactive glasses (BPBG) were
investigated in this study. To evaluate the therapeutic potential of the proposed BPBGs,
we tested their effects on adipose stem cells (ASCs). ASCs are therapeutic cells with
increased clinical interests due to their ease of attainability, differentiation capacity,
immunomodulatory effects and angiogenic abilities. Currently, it is believed that the
therapeutic effect of ASCslargely results from their secretome, proteins secreted into the
extracellular space 23-28 Therefore, we also evaluated these novel BPBGs on the

secretome of ASCs.

2. MATERIALS AND METHODS

2.1. GLASS PREPARATION

Glasses of the compositional space 16Na20-24Ca0-XB203-(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 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 broken into 75-150 um

particles and stored in a vacuum desiccator until use.

Table 1. Compositions of the BP-BGs used in this study presented in mol percent (wt%).

Glass Designation | Na;O Ca0 B:0s P.0s

X0 16 24 - 60
X40 16 24 40 20
Xo60 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, LL.C, New Orleans, LA) into 150 cm2
culture plates (Nunc, Rochester, NY)in 20 ml 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 5% CO2
incubator, media was removed and the adherent, viable cells were washed twice with
phosphate buffer solution (PBS; Sigma) and harvested using 0.25% trypsin/l mM
Ethylenediaminetetraacetic acid (EDTA; Sigma). ASCsthen were plated at

100 cells/cm2 in CCM. The media was changed every 3—4 days and sub-confluent cells



10
(£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 (HMVECs-d, pooled donors) were obtained from Lonza (Walkersville,
MA). HMVECs were grown under normal conditions in Endothelial Cell Basal Medium-

2 (Lonza). Media was changed every 3-4 days.

2.3. GLASS CHARACTERIZATION

ASCswere cultured at 37°C humidified 5% CO2 incubator until 100% confluent.
Approximately 2.5 mg/ml of X0, X40 and X60 glass were dissolved in CCM and added
tothe cells and incubated under normal static conditions for 5 hours or 24 hours. Media
was collected and the pH and ions released from each glass composition were measured.
The pH was measured using a pH meter (Sper Scientific, Scottsdale, AZ)at 3 time points
(0 time, 5 hours and 24 hours) and was done in triplicates. The ions release rates were
measured using Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-
OES) on an Avio 200 Spectrometer (PerkinElmer; Waltham, MA, USA). Media were
obtained at 5 hours or 24 hours were diluted using 1% HNQO3 to obtain solutions with ion
concentrations in the 1-20 ppm range. CCM with no glass was used as a control. Samples

were run in triplicate and averages are reported.

2.4. CELL VIABILITY
ASCswere plated in 8-chambered slides (LabTek; ThermoFisher; Rochester, NY)

and grown till 70% confluence under normal static conditions. Approximately 2.5 mg/mL



11
of X0, X40 or X60 glass dissolved in CCM was added to the cells for 24 or 72 hours.
Afterincubation 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

ASCswere cultured in 6 well culture plates at 37°C humidified 5% CO2 incubator
until 100% confluent in CCM. A solution of 2.5 mg/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 1 mM
Dexamethasone, 0.5 mM methyl-isobutylxanthine, 10 mg/mL insulin, 100 mM
indomethacin, and 10% FBS in DMEM (4.5 g/ L glucose). Osteogenic induction media
(Lonza) consisted of 50 mM ascorbate-2-phosphate, 10 mM b-glycerolphosphate, 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
were stained with 0.5% Oil Red O to visualize fat droplets or with 40 mM 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).
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2.6. MIGRATION

Cell migration assays were performed in a 96-well transwell with 8uum pore
membrane inserts (BD Biosciences, Bedford, MA). To evaluate if ASCs were attracted to
BPBG, 5.0 x 10* ASCs were suspended in serum-free (SF) media and were added to the
top of the transwell inserts. Approximately 2.5 mg/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). Each experiment was performed in triplicate with a
minimum of three separate ASC donors.

In order to evaluate if BPBG could increase the angiogenic ability of ASCs, ASCs
were treated with 2.5 mg/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.

2.7. CYTOKINE ARRAY
Subconfluent ASCs were incubated with 2.5 mg/ml of X0, X40, X60, or CCM.
After 24 hours of incubation, 200 pul of conditioned media was collected, filtered to

remove any remanning glass, and analyzed using the Human Cytokine Quantibody Array
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4000 which utilizes a multiplex enzyme-linked immunosorbent assay (ELISA)
(RayBiotech, Norcross, GA) following the manufacturer’s instructions. This array
detected and processed 200 human cytokines. The assessments of the 200 proteins were
done by the RayBiotech® Analysis Tool and was used for protein classification. This
data was used to examine the differences in the secretion profiles among all the groups
tested and the control. Cytokine concentrations data was sorted on Microsoft Excel
spreadsheets based on the concentration hierarchy. Proteins that were significant from the
control (p<0.5) was further evaluated and any proteins that had a negligible expression or
unsignificant among all groups were excluded from the comparison. A log base 2 of the
ratio of the significant protein concentrations 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 3 ASC donors.

2.8. STATISTICS
All values are presented as means+tstandard deviation (SD). The statistical
differences among two or more groups were determined by ANOVA, followed by post-

hoc Tukey versus the control groups.
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(A) ASCs migration (B) ECs migration

ASCs+BP-
BGsmCCM

After 24 hours, isolate
the media and add to
bottom chamber

- Top Chamber ECs

Top Chamber: ASCs ol _
suspension in SF media

suspension in

Bottom Chamber: BP-BGs Bottom Chamber: ASCs
suspendedmCCM media treated withglass
svwir. o hours Incubate for 5hours
Transwellremoved and placed _iai's-v!,riricv:d and
into new wells placed into new wells
TrypstnEDTA TiypstniEDTA
Cells migrated stamed with CyQuant Cells migrated stainedwith CyQuant
Fluorescence US.Ed 10 quantity the number Fluorescence used to quantify the number
of cells migrated to the bottom .
of cells disrated to the bottom

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 2.5
mg/ml were added to the bottom of the transwells. After 5 hours, cells that had migrated to
the bottom were measured by CyQuant. (B) ASCswere grown under standard conditions
until 70% confluent. Glass was added to ASCs at 2.5 mg/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.
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3. RESULTS

3.1. GLASS PROPERTIES

Borophosphate glasses have shown to dissolve congruently which impacted the
pH of the solution. Table 2 demonstrates the pH measurements and the Ions released into
the solution at different time points. The phosphate rich X0 glass created a
physiologically neutral pH of 7.36 at 5 hours and increased to pH 7.5 creating a slightly
alkaline environment after 24 hours. On the other hand, borate rich X60 glass increased
the alkalinity to pH 7.78 while the intermediate boron to phosphate X40 glass retained a
physiologically pH neutral environment when tested in CCM after 24 hours. Alongside
the pH changes, theions released from each glass composition vary dependently on the
boron to phosphate ratios of the glass. At5 hours, X0 glass showed the lowest release of
all ions tested (Ca, and P) while X60 showed the highest among all of those. It is
interesting to note that at 24 hours, X0 glass released more ions (Ca, B and P) than X40,
which shows the faster degradation of X0 than X40 glass. Furthermore, X40 showed a
higher rate of B release while slow-release rate of Ca and P ions between the 5 hours and
24 hours time points. It was observed that the slow release of Ca and P in the X40 glass
might be due to the formation of a brushite reaction layer as more glass dissolved, leaving

behind a fully reacted particle and a solid precipitate.

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 2°. To evaluate the cytotoxicity effect of
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BPBGs on ASCs, a low and high concentrations (2.5 and 10 mg/ml, respectively) of

three glass compositions were directly added to ASCs under normal static conditions

(Figure 2). At 24 hours, both the low and high concentration of X0 showed the lowest

viability of any ofthe glass compositions. However, all glass compositions and

concentrations were considered viable cultures, per ISO norm. By 72 hours, ASCs treated

with a low concentration of X0 maintained its viability while all other glass compositions

and concentrations decreased. Additionally, the high concentration of X0 produced a

toxic environment to ASCs at 72 hours.

Table 2. Measurements of pH and ions released into cell culture for each BPBG
composition. Data presented as Mean+SD. ND represents non-determined values.

Sample Time
5 hours
CCM
24 hours
5 hours
X0
24 hours
5 hours
X40
24 hours
5 hours
X60

24 hours

pH

7.4
7.84
7.36
7.57
7.33
7.47
7.78

7.75

lons Released (ppm)

34.80 = 1.45
36.65 + 0.88
72.04 £ 0.47
197.03 £ 5.91
121.06 + 3.61
176.01 + 4.24
23.27 + 0.30

24.96 + 0.18

B

ND

ND

ND

ND

126.10 + 1.46

217.40 = 1.06

249.43 + 8.00

301.26 + 6.03

Ca

65.82 + 2.68

68.41 + 1.07

68.84 + 2.67

101.28 + 1.64

82.36 + 1.37

73.26 + 111

173.16 + 3.79

201.43 = 5.03
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(A)

(B)

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 at24 and 72 hours. Scale = 500 gm.

(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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3.3. BPBGS AFFECTS THE ASCS DIFFERENTIATION
ASCs were tested for their differentiation ability with a low concentration of
BPBG (Figure 3). Interestingly, Oil Red O staining reveled that basic X60 glass inhibited
the adipogenic differentiation of ASCs. On the other hand, X0 glass inhibited the
osteogenic differentiation of ASCs. Furthermore, the pH neutral X40 glass did not change

the differentiation ability ofthe ASCs.

Figure 3. BPBGs influence ASC differentiation. ASCs were induced to differentiate in
the absence or presence of BPBG. Representative micrographs of 3 ASC donors are
shown. X0 inhibited osteogenic differentiation while X60 inhibited adipogenic
differentiation.
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3.4. pH-NEUTRAL BPBGS ATTRACT ASCS WHILE ASCS TREATED WITH
BASIC BPBGS ATTRACT ECS

ASCshave an inherent ability to migrate into sites of injuries to help in healing
and maintaining hemostasis 3°. Furthermore, they also release angiogenic factors that
stimulate the vascularization and formation of new blood vessels 2¢. Hereby, to test
whether the different compositions of BPBGs affected the migration of ASCs, a 5-hour
transwell migration assay was used (Figure 1A). X0, which has a neutral pH, increased
ASC migration, while X60 with a basic pH had no statistical effect (Figure 4A). As ASCs
are not alone in vivo, we wanted to determine if priming ASCs with BPBG affected their
ability to attract ECs, a step required for angiogenesis. Sub-confluent ASCs were treated
with BPBG for 24 hours. The resulting conditioned media was used as an attractant for
EC migration (Figure 1B). Interestingly, only X60 significantly increased the ASCs’

ability to attract ECs (Figure 4B).

3.5. BPBG ALTERS ASC SECRETOME

To determine if X0, X40 and X60 glasses influenced the ASCs secretory profile, a
quantitative sandwich-based ELISA array was performed. Markers tested included 200
cytokines, growth factors, proteases, soluble receptors, and other proteins. After
conditioning ASCs with a low concentration of BPBG for 24 hours, the conditioned
media was examined for 200 secreted proteins. Of those, 183 proteins were detectable in
sufficient expression levels, with only 154 differentially expressed proteins in BPBG
treatment groups (P<0.5). The BPBG conditioned media from 3 separate ASC donors
were compared to those same donors grown under normal conditions, using the

RayBiotech® analysis tool and heatmap clustering. There were 55 proteins that were
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differentially secreted, regardless ofthe glass treatment: 5 proteins that were not

secreted in ASCs grown under standard conditions but were secreted in all three BPBG
treatments (Figure 5A), an additional 26 proteins increased their expression with all three
glass treatments (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.

(A) (B)

22Q

CCM X0 0D XS0

Figure 4. BPBGs affect cell migration. (A) Migration was examined by a transwell assay.
ASCswere loaded onto the top inserts, while 2.5 mg/ml of glass solutions were added to
the bottom. After 5 hours incubation, migrated cells were measured by CyQuant. X0
increased ASC migration. (B) ASCs were treated with glass for 24 hours under standard
conditions. The resulting conditioned mediawas put in the bottom of a transwell with ECs
added to the top. After 5hours of incubation, migrated cells were measured by CyQuant.
In both assays, three ASC donors were examined in triplicate. Error bars indicated SD
(n=9); *p-value <0.05.



(A) Proteins promoted

5
GCkine, EpCAM,
FASL, TRAIL R4,
IL-11
4

Galectin-7, EGF, Resistin,
TGF32

(B) Proteins inhibited

Figure 5. Effect of BPBGs on the ASCs secretory profile. Subconfluent ASCs were
treated with 2.5 mg/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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(C) Proteins upregulated

(D) Proteins downregulated

Figure 5. Effect of BPBGs on the ASCs secretory profile. Subconfluent ASCs were
treated with 2.5 mg/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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There were 22 proteins that coincided with the boron concentration in our glass

compositions: 2 decreased while 20 increased (Figure 6, Table 2). Figure 7 shows the

differential secretion pattern unique for each glass composition represented in a

hierarchal clustering heatmaps.

Change of expression Tvirh [B]

X6D >X4D >XD
(2D proteins)

ENA-73. Act™ A, LAP XO >X40 >XtfO
(TGFpIX PAI-1. IL-1E4. 2 proteins)
VEGF. TL-6. MIP-Ib.

miP2: INF RL DTK. 1-309, CD40L

Contactin-2. IL-1R1.. IL-

17R. L-Selecmi MICE,

PDGF Rb, RAGE, TRAIL
R3 and Frappin-2.

Figure 6. Boron concentration influenced ASC secretome. There were 20 proteins that
increased and 2 that decreased with increasing boron in BPBG compositions. The raw
data can be found in Table 2.



Table 3. Proteins secretion levels demonstrated in Fig 6, presented in pg/ml and

ENA-78

Activin A

LAP (IGFpl)

INF HI

TRAIL R3

IL-1 R4

YEGF

IL-6

MEP-II)

TEMP-2

PAI-1

Dtk

Contactin-2

IL-1 RI

IL-17R

L-Selectin

MICB

PDGF Rh

RAGE

Trappin-2

1-399

cb4oL

CCM

5.72 = 0.53

250.65 = 343

12.54 = 1.69

201.07 + 5.25

22.90 + 7.57
65.35 = 53.92
92.27 =2.51

2701.45 £26A0

65.36 = 13.41

12795.45 = 1190.17

4466.23 = 255.95

45.79 = 10.57

54.06 = 25.45
929 = 0.55
32.17 = 0.49

149.13 = 55.12

35625 = 61.56

441.62 = 174.57

7.73 = 151

1520 = 1.92

Control

1.77 =0.57

1591 = 13.60

X0
16.91 =0.94
41.34 =4.66
21.11 = 175

155.55 = 14.50

19.34 = 115
2.01 =2.54
94.50 = 1.15

3113.11 =41.64

70.92 = 4.65

6473.49 =1026.09

1351.66 =472.57

29.92 = 4039
34.79 = 23.03
151 =0.13
14.40 = 1S.02
4.45 =6.55

241 29 = 14060

0.00

2.63 =220

3.47 =0.47

X0

1.95 =0.00

37.10 = 13.53

MeanzSD. Blue color represents the highest expression.

X40

34.72 = 15.34

112.34 =40.94

2732 = 2.52

1S5.65 = 14.05

22.52 = 2.56

5.30 = 11.74

117.60 = 14.54

1S65.B7 +254.17

92.55 = 2.55

7645.45 = 155.76

1405.96 =451.51

17.39 = 69.1
39.99 = 15.39
2.36 =0.29
17.93 = 1.26
10.55 = 12.99

322.14 = 52.21

70.73 = 99.55
3.02 =2.71
5.47 =2.55
X40
0.05 =0.07
16.4S + 0.57

X60

66.43 = 1925

725.41 * 56.71

39.70 £ 1.17

259.75 *0.51

35.79 £ 0.92

155.44 = 41.02

294.71 = 7.60

4109.95 £ 226.75

96.42 = 2.91

5451.24 * 400.92

1576.75 +261.23

43.B4 = 12.14

41.14 = 11.09

5.00 = 1.02

30.14 = 5.65

14415 +23.15

119.65 +24.50

149.57 = 193.95

572 = 1.25

11.75 +0.54

X60

0.00

32.77 = 10.19

24
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Figure 7. Representative hierarchal heatmap clustering the proteins based on their
function in the body. All proteins presented are significant from the control (p<0.5).
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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.
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4. DISCUSSION

The dissolution rates and ions released into the solution are considered essential
factors that determine the bioactivity of a glass !7-13-31. When compared to silicate
bioactive glasses, BBG showed to be more reactive and degrades faster in aqueous
solutions °. As BBGs with high boron content degrades, they release boron ions into the
solution creating an alkaline pH environment and thus showed high cytotoxic effects 31-32,
On the other hand, PBGs with high phosphate content, release phosphate ions into the
solution creating acidic environment 33. There has been little reported on determining the
glass compositions required to dissolve in a pH neutral manner. Thus, we proved in this
study that combining borate with phosphate can counter the acidic and basic effects and
create a neutral pH environment which showed higher levels of cell viability. Li et al,
showed similar results when silica was replaced with phosphate 22,

Although a number of studies showed the beneficial effects of the dissolution
products of BGs in producing high cell viability, there is still limited investigations on the
impact of the direct contact of the BGs with the cells 1°-34. Based on the limited reports,
most studies showed reduced cell survival when cultured directly with the BG. A study
conducted by Leu and Leach, showed low endothelial cell viability under direct contact
with 4585 BG 33, Additionally, Qazi et al, showed similar results in which human
mesenchymal stem cells (hMSCs) reduced viability by 24 hours of direct contact while
showed much higher viability in indirect contact with 45S5 and 1393 BGs '°.
Interestingly, in this study, we employed a direct contact of the BPBGs with ASCs under

static conditions which resulted in maintaining a cell viability over 90% for 24 hours
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without pre-treating the glass. We hypothesized this result as because of the neutral pH
effect of the BPBGs. Another type of pH-neutral BPBGs maintained hASCs viability for
14 days but underindirect contact 34. This results opens the doors for further investigating
the impact of the BG direct contact with the cells and for using BPBGs for in vitro
studies.

Adipose stem cells possess an inherent ability to migrate to sites of injuries and
secrete various chemokines, cytokines and growth factors enabling them to mediate the
regeneration process in the body 3¢-3%. Hence, we evaluated the effect of the BPBGs on
the ASCs migration. Our results showed that X0 attracted the highest number of ASCs
than other glasses tested in a S-hour migration assay. At S hours, X0 and X40 exhibited
similar pH-neutral effects suggesting that the differences between the glass’s migration
effect is not based on the pH. Consequently, it is worth noting that X0 released the lowest
amounts of calcium ions when compared to X40 and X60 glass. To which we assumed
that the low concentrations of calcium released into the solution increased the ASCs
migration towards the X0 glass. Calcium has long been known for their effective role in
cell migration as a crucial regulators and mediators 3~ Our results were further proved
by a previous study showed that the presence of an optimal range of calcium
concentrations (3-5mM) in the solution promoted MSCs migration while the excess of
calcium concentration disturbed the MSCs migration in vitro 2. Based on this finding,
BPBGs can be used to attract ASCs which would be beneficiary in wound healing,

clinical and tissue regeneration applications.
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BBG has been previously reported to be angiogenic by stimulating the in vitro
secretion of the growth factors and proteins involved in the angiogenesis %434 Tn our
study, we showed that after 24 hours, only the boron-rich X60 glass increased the ability
of the ASCs to be more angiogenic. Hence, we expected that the fast degradation rate of
the X60 and the high release of B and Ca ions in the solution contributed in increasing
the EC migration and thus become more angiogenic. The angiogenic ability of the X60
was also supported by the increased pattern of the growth factors secreted especially
those that are involved in the vascularization process such as VEGF, ANG-1, b-NGF,
IGFBP-3, TGFb3 and bFGF and shown in the heatmap. Furthermore, similar results was
reported by majority of studies which showed the impact of boron on promoting
angiogenesis and the increased expression of the angiogenic growth factors VEGF and
TGFb3 when treated with boron containing BGs 164447,

Most literature on bioactive glass, including BPBG, focuses on cell viability,
proliferation, or differentiation of ASCs 13-34480 However, there is very little reported
on the effect of BG on ASCs secretome. ASCs have a broad secretory profile of different
growth factors, cytokines, and other proteins. Those secretions contribute essentially in
almost all body functions and impact the body’s response to injuries, healing and tissue
regeneration. These secreted proteins all work in a harmony in the body to maintain its
hemostasis 2>-27 Hence, it is essential to investigate the effect of any new biomaterial on
the ASCs secretome to provide better und erstanding of the consequences of the
biomaterial in the body. In this study, we showed forthe first time that BPBGs can alters

the ASCs secretome.
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The secretory profile of the ASCs from this study revealed an interesting results
that nevertheless the glass compositions, they all promoted the expression of (6-Ckine,
EpCAM, FasL, TRAIL R4, and IL-4). Upon that, there were some discrepancies on the
literature of whether the stem cells normally secrete those proteins. Multiple reports
showed that the IL-4 is secreted normally by the stem cells 24-26-3! In addition, it was
supported from an earlier study conducted by Mazar et al. on the most studied ASC’s
counterpart, bone marrow mesenchymal stem cells (BMSCs) that showed a strong
expression detection of FasL 2. However, another study showed the opposite >3. These
discrepancies are most likely dueto using different types of cells (ASCs, MSCs,
BMSCs), along with the number of passages used (we used passages from 3-5, others
used from passage 1 and 2). Furthermore, our results showed that BPBGs-treated ASCs
can influence the immunomodulatory, inflammation, proliferation, migration properties
of the cells. A specific patterns were observed in the heatmap presented in Figure 7, in
which the boron-rich X0 glass seems to be more pro-inflammatory and angiogenic than
the X0 and X40 glasses. Previous reports covering BBG mainly focused on their effect
on the angiogenesis, however, the influence of boron on inflammatory responses of the
cells has not gained enough attention. A recent study conducted by Zheng et al. suggested
that the incorporation of boron in BGs can modulate the inflammatory response of the
cells 3*. On the other hand, ASCs treated with X40 glass demonstrated an anti-
proliferation and anti-migration secretion patterns which could be explained by its slow
degradation rates of the Ca and P ions, an important ions contribute in cell proliferation
and migration -13-33 Further investigations need to be carried out on identifying the

impact of the different BPBGs compositions on the ASCs secretions as well as their
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functions in proliferation, migration, inflammation and immune response.
Additionally, future studies need to confirm these changes iz vivo or in 3D organoids.

As a conclusion, for better understanding the biomaterials, it is important to look
at other cell processes than viability and proliferation. Secretome and extravessicles are
important topics in regenerative medicine that needs to be furtherinvestigated. We have
shown in this study, that different compositions of BPBGs can alter the ASCs secretions
differently. Thus, it makes it possible to tailor the BGs to stimulate specific ASCs

secretions and result in customizable therapies.
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ABSTRACT

Boron containing bioactive glasses have gained enormous attention over the years
because of their angiogenic effects. Although, borate bioactive glasses release alkaline
ions when degrade which altered the pH of the solution creating a toxic environment for
the cells at some levels. Addition of phosphateions to the glass composition have shown
to counter the alkaline effect of the basic borate ions. Hence, in this study, we evaluated
the effect of a series of novel borophosphate bioactive glasses (BPBGs) with different
borate-to-phosphate ratios as well as doping the glass with therapeutic ions such as Cu
and Co. The biological effect of this series of BPBGs was evaluated for their cytotoxicity

and angiogenic effects on different types of endothelial cells in both in vitro and in vivo.

1. INTRODUCTION

The first bioactive glasses (BGs), glasses that react in the body to stimulate

desired physiological responses, were developed 50 years ago by Hench!. These glasses,
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including 4585, were based on silicate chemistries. Since then, BGs have been
developed from many different glass composition families, including those based on
borate and phosphate chemistries'-2. Glass compositions can be modified to control the
release of ions and to modify the surrounding pH*~°. 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’~'°. 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 alkaline ions.
The development of locally alkaline conditions promotes the formation of
hydroxyapatite, a desired outcome for many biomedical applications. However, there are
other situations where having locally neutral or acidic conditions around a bioactive glass
would be beneficial, including the ability to study in vifro the effects that BGs have on
cells. Because they create local alkaline conditions when first exposed to aqueous
solutions, BGs are often pre-reacted before exposure to cell cultures!®-16-17 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 viability of a pre-osteoblastic cell
line, compared to the more conventional phosphate-free silicate BG that created locally
alkaline conditions®. Phosphoric acid released by the dissolution of the glass neutralized
the alkaline ions. We have shown that adding phosphate to borate glasses can also

control the local pH conditions around BGs, from alkaline to acidic, depending on the
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borate-to-phosphate ratio’®. In the present study, we show how those local conditions

affect the function of endothelial cells in vifro and in vivo.

2. MATERIALS AND METHODS

2.1. GLASS PREPARATION

Glasses with the nominal molar composition 16Na20-24Ca0-xB203-(60-X)
P20S5 system were produced, where X =0, 10, 20, 30, 40, 50, and 60, and several were
doped with different concentrations of CuO and CoOQ, as indicated in Table 1. The borate
bioactive glass 1393-B3 (B3)’, with the nominal composition 6Na20, 12K20, 5SMg0O, 20
Ca0, 4P205, 53B202, wt%, was also produced. Reagent grade batch materials were
calcined at 300°C for at least 4 hours, and then melted at 1000-1150°C, depending on
composition, for an hour in platinum crucibles. 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 PIXcel Detector, and all
compositions except the X50 composition were found to be amorphous. The X50 sample

was not used in any subsequent testing.
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Approximately 150 mg of glass particles (75-150 microns) were immersed in 50

ml of either deionized water or simulated body fluid18in a shaker bath at 37°C. Samples

were removed periodically, dried and weighed, and solution pH was measured.

Table 1. Nominal compositions in mole percent (mol%) of the borophosphate glasses
used in this study.

Glass
designation

X0

X10

X20
X20Co
X20Cu
X20CuCo
X30

X40
X40Co
X40Cu
X40CuCo

X60

Na20

16

16

16

16

16

16

16

16

16

16

16

16

CaO

24

24

24

20

20

20

24

24

20

20

20

24

B203

10

20

20

20

20

30

40

40

40

40

60

P205 CuO CoO

60 - -

40 - -

40 - 4

40 4 -

40 2 2

30 - -

20 - -

20 - 4

20 4 -

20 2 2
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2.3. CELL CULTURE
Human umbilical vein endothelial cells (HUVECS, pooled donors) and adult
dermal blood microvascular endothelial cells (HMVEC-d) were obtained from Lonza
(Walkersville, MA). HUVECs were growing in Endothelial Cell Basal Medium-2 and

HMVEC-d were grown in Endothelial Cell Basal Medium-2MV.

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 10 mg/ml in
endothelial medium (EM) under static conditions for 24 hours. For glass dissolution
product (DP), 2.5 or 10 mg/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
medium 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), according to manufacturer’s instructions. DNA was quantified
using a fluorescent microplate reader (Fluostar optima; BMG Labtech Inc.; Durham,
NC). Each experiment was performed in triplicate with a minimum of three separate ASC

donors.

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 (Millipore Sigma).

Glass was suspended in EM at 2.5 or 10 mg/ml and 100 pl of that solution was added to
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the bottom of the transwell. For glass DP, 2.5 or 10 mg/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 100 pl 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. Afterincubating 5 hours in a 37°C with 5% humidified CO2, 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 with a minimum of three

separate ASC donors.

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 hrs after delivery and then incubated at 37.5°C
with constant humidity for 3 days. Eggs were cracked by gently breaking against a
sterilized hex wrench and transferred into an 88 x 88 x 23 mm weigh boat. A piece of
eggshell was added tothe embryo to ensure normal chick development. Weigh boats with
chick embryos were placed into an individual humidity chambers, which were prepared
by placing Kim wipes (Kimberly-Clark Worldwide, Inc., Roswell, GA) and 100mL of
Milli-Q® (Millipore Sigma, 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.



41
2.7. BIOACTIVE GLASS ADMINISTRATION AND QUANTIFICATION

Bioactive glass was added to chick CAMs at 10 days total incubation. A sterilized
10-mm diameter poly-band ring was placed in an area on the chick embryo with no major
vessels. Approximately 2.5 mg of -20 um glass was suspended in 20 uLL. PBS and
immediately added tothe poly-band rings. Either 2 or 3 samples were placed on each
egg. An overall image at 1x and a magnified image at 2x foreach sample was captured
on days 1 and 5 after the administration of glass using a Leica Stereo Zoom® S8 AP0
and Leica software (Leica Microsystems Inc, Buffalo Grove, IL).

Quantification of CAM images were performed using Wimasis (Cérdoba, Spain).
Images were digitally dived into sections to quantify observed pathologies, with scoring
criteria adapted from Raga et al 19-2°. Vessels that appeared white due to a lack of blood
flow were classified as “ghost” vessels. If ghost vessels were seen in at least ¥4 of the
sections (> 50% of the surface area of the image), they were classified as progressive!*-20.
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 Y4 of the sections, moderatein %4 to Y2 of the sections, and severe if

greater than ' of sections.

2.8. STATISTICS
Analysis was performed using Minitab® Statistical Software (State College,

Pennsylvania, USA). The statistical differences among two or more groups were
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determined by ANOVA, followed by post-hoc Tukey’s honest significant difference

for CAM assays and T-test forin 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 48 hrs 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 shiftsin the pH of buffered SBF are smaller after 48 hrs 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 (XO0)
reduces the dissolution rate in SBF, with a minimum in the dissolution rate for the X20
glass. The borate-rich glasses (X40, X60, and B3) dissolve much more rapidly, and the
X60 glass is almost completely dissolved after 48 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. A discussion of the dissolution behaviors of these glasses

can be found elsewhere?°.
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Table 2. Change in pH and percent weight loss of glass particles (3mg/ml) after
soaking in 37°C water or simulated body fluid (SBF, original pH=7.5).

Glass Water pH (48 | SBF pH (48 hrs) | Weight Loss
hrs) (SBF, 48 hrs)
X0 2.4 7.1 8%
X10 3.0 7.4 1.3%
X20 39 7.5 <1%
X30 6.3 7.4 3%
X40 7.1 7.0 55%
X60 9.6 8.2 90%
B3 ND 8.1 60%

3.2. HUVEC PROLIFERATION

Figure 1A shows the effects of 2.5 or 10 mg/ml glass on the proliferation of
endothelial cells (ECs). At2.5 mg/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 lower at 10 mg/ml,
although not always significantly so. Previous studies have shown that exposing
endothelial cells (ECs) to the bioactive glasses 45S5 and borate-substituted 45S5 had no

influence on EC proliferation!3-21,
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Figure 1. Borophosphate glasses did not increase proliferative of HUVECSs. Bioactive
glass at two different concentrations was added to HUVECs in a 96-well plate. (A)
After 24-hours, cell numbers were measured by DNA content and compared to
HUVECs grown under normal culture conditions in endothelial medium (EM). (B)
The 24-hour dissolution product (DP) of 2.5 mg/ml bioactive glass was compared to
the direct addition of glass. Mean + SD; *p<0.05 and **p<0.01 compared to EM.

Glass particles at 2.5 mg/ml were also reacted in EM by shaking 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
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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 reported to
promote angiogenesis22-24 and the effects of these glasses on HUVEC proliferation are
shown in Figure 2. For both base glasses, Co additions decreased HUVEC proliferation,
whereas the addition of Cu had no statistically meaningful effect. Interestingly, the CuCo
combination increased HUVEC proliferation, although not in a statistically meaningful
way, compared to the respective base glasses. Figure 2 also compares the effects of glass
DP on HUVEC proliferation to the direct contact data. As was the case forthe undoped
glasses (Figure 1B), the DPs typically reduced HUVEC proliferation compared with the

direct contact conditions.

Figure 2. The dissolution product (DP) of doped glasses also did not increase HUVEC
proliferation. Approximately 2.5 mg/ml of bioactive glass was degraded on arocker at
37°C in endothelial media for 24 hours. After filtering the media, the DP was added to
HUVECs in a 96-well plate and compared to the direct administration of glasses.
Mean £ SD; *p<0.05 and **p<0.01 compared to respective base composition.
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3.3. ENDOTHELIAL MIGRATION

Figure 3 summarizes the results ofthe endothelial migration tests for X20 and
X40, both in direct contact and DP conditions. For both conditions, X40 was associated
with statistically greater migration than was found forthe EM baseline, whereas the X20
results were not statistically different fromthe 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 forthe 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.

Figure 3. Borophosphate glasses attracted HUVECSs. Eitherthe dissolution product or
the glass itself was added to the bottom insert of a 96-well transwell. HUVECS were
added to the top ofthe insert and incubated for 5 hours at 37°C. HUVECSs that migrated
to the bottom were measured by DNA content. Mean £ SD; Ap<0.05 and *p<0.01
compared to EM.
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While HUVECs are a popular source of endothelial cells, they have

characteristics that are distinct compared to endothelial cells from other sources,
particularly microvascular endothelial cells25-27. In addition, it has been shown that
extracellular pH has different effects on endothelial cells acquired from different
sources22. 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
4 for the six base glasses and the EM controls. In general, there are no statistically
significant differences in HMVEC-d migration for any of the glasses in the direct contact
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.

250000

200000
m Direct

150000 = DP
ar
100000

50000

X0 X10 X20 X30 X40 X60 EM

Figure 4. Borophosphate glasses stimulate HMVEC-d migration more than their
dissolution product. Both glass and DP were added to the bottom insert of a 96-well
transwell attwo different concentrations. HMVEC-d were added to the top ofthe
insert and incubated for 5 hours at 37°C. HMVEC-d that migrated to the bottom were
measured by DNA content. Mean = SD; Ap<0.05 and *p<0.01 compared to EM.
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3.4. IN VIVO ANGIOGENESIS

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

Figure 5A shows representative images of the CAM on Days 1 and 5 after the
administration of different BP glasses, the alkaline glass B3, and a PBS control taken at
two magnifications. Figure SB summarizes Day 1 metrics used to evaluate blood vessel
formation. In general, the acidic glasses (X0, X20) had significantly lower average vessel
densities and total branching points than the pH neutral (X40) and the alkaline glasses
(X60 and B3), with the latter three having similar values as the PBS control. These
results show that X40 and X60 are more angiogenic than X0 and X20 glasses. 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 indicating an arteriogenesis formation in addition

to angiogenesis formation.
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Figure 5. Angiogenesis in chick CAM. Approximately 2.5 mg of-20 pm glass was
suspended in 20 pL PBS and immediately added to 10-day old chick CAMs. Image
were taken on days 1and 5 after the administration of glass (A). CAMSs were
evaluated by vessel density, total branching points, and vessel width at 24 hours (B).
Values are mean + SD; *p< 0.05 compared to X0, Ap< 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.

The acidic X0 glass had an acute effect onthe CAM, generating prominent, but
nonuniform regions of ghost vessels (Figure 6). Ghost vessels were found to be devoid of
blood flow and appeared clear under the microscope. On Day 1 after administration,
100% of the CAMs treated with X0 displayed progressive ghost vessels (Figure 6, Table

3). However, by Day 3 after administration, only 14% of CAMs treated with X0 samples
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had progressive ghost vessels (defined as the presence of ghost vessels on >50% ofthe
surface area ofthe CAM), whereas 43% had preliminary (<50% oftreated CAM) ghost
vessels. 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
CAMs 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.

Figure 6. Histological phenomena of X0 in CAM assay. Approximately 2.5 mg of -20
pm glass was suspended in 20 pL PBS and immediately added to 10-day old chick
CAMs. Images were taken on Days 1, 3, and 5 afterthe administration of glass. 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.
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A similar phenomenon occurred with hyperemia, which is an increased blood
flow at the microcapillary level. On Day 1 after administration, 100% of the CAMs
treated with acidic X0 displayed moderate to severe hyperemia (Figure 6; Table 3). Fewer
examples of hyperemia were noted for the X20 and X40 base composition treated CAMs,
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,
we assumed that such 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 ofthe 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 indicates that the acidic X0 glass produces a burst of

angio-suppression that does not compromise mortality.

Figure 7. Kaplan-Meier survival curve of doped BP glasses. The addition of dopants to
X20 and X40 series reduced the viability of chick CAMs. The combination of dopants
had better survivability than single doped glasses.



Table 3: Percentages of CAMS with histological phenomenon (Day 1, 3, 5). For each
day, the percentage of eggs showing severities of ghost vessels or hyperemia. Most

X0

X20

X40

X60

B3

Dopants
Base
Base

Co
Cu
CuCo
Base
Co
Cu
CuCo
Base

Base

Ghost Vessels

Preliminary
0, 43, 17
0,00
0,00
22,0,0
30,0,0
0,00
10,0, 0
50, 0,0
30,0,0
25,0,0

10,0, 0

Progressive
100, 14, 0
0,00
0,00
11,0, 0
0,00
0,00
0,00
38, 33,0
30,0,0
0,00

0,00

Minimal

0, 100, 17

10,0, 0

63,0,0

22, 0,0

60, 13, 20

20, 0,0

50, 25, 25

63, 67, 50

40, 0,0

50, 14,0

50,0,0

severe pathologies were observed on Day 1 and diminished by Day 5.

Hyperemia

Moderate

50,0,0

0,00

13,0, 0

0,0,0

30,0, 0

0,00

10, 25, 25

13,0, 0

30,0, 0

29,0,0

13,0, 0

Severe

50,0,0

0,00

0,00

0,00

0,00

0,00

0,00

0,00

10,0, 0

17,0, 0

14,0, 0

The pH neutral glasses, X20 and X40, were both doped with Co, Cu, or CuCo.

The dopants decreased the viability ofthe chick CAMs (Figure 7). For both series, all
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dopants had less than 100% survivability by Day 1, < 60% by Day 3, and < 30% by Day

5. Both Co and Cu had lower survival 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 8; Table 3). Most of these features went away by
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Day 5 after administration. Cu is noted to be angiogenic2324, but the amount of Cu in
these glasses (4% wt CuQO) may have been too much for developing vessels in the CAM,
reducing viability, and may have a different effect on established vessels. The X40Cu
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 X20 and X40 compositions, doping with CuCo increased vessel density and
branching points. However, when compared to the respective base composition,

X40CuCo increased mean segment width while X20CuCo was comparable.
Table 4: Summary ofbase glass characteristics at 24-hours. Double arrows indicate
progressive / severe pathology.

HUVEC .
B release P release proliferati HUVEC HMVEC-d Angiogen  Ghost

(ppm) (ppm) on migration  migration esis Vessels

I T A O L O
| 11T
I S
L1

Dissolution pH in SBF Hyperemia

S60 0.5 S.4 0 — NA
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Figure 8. Angiogenesis of doped glasses in CAM assay. Approximately 2.5 mg of -20
pm doped glass was suspended in 20 pL PBS and immediately added to 10-day old
chick CAMs. Image were taken 1 day after the administration of glass (A). CAMs

were evaluated by vessel density, total branching points, and vessel width at 24 hours

(B). Ghost vessels are excluded from these metrics. Dopants had little effect on
angiogenesis compared to base glasses and the control. Values are mean £ SD; *p<

0.01 compared to X20 base, Ap< 0.01 compared to X40 base, and #p< 0.001 compared

to PBS. Scale bar = 2mm.
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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, respectively3?-33. Boric
acid is relatively weak (pKa=9.27)** and when it combines with the strong bases that
form with the release of Na+ and Ca2+ ions, the dissolution in water of Na-Ca-borate
glasses increases pH32. Phosphoric acid, on the other hand, is relatively strong
(pKa=2.16)** and so when phosphate-rich Na-Ca-phosphate glasses dissolve in water,
solution pH decreases?. Borophosphate glasses also dissolve congruently3®. As shownin
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 P205
for SiO2 in in Na-Ca-silicate glasses®.

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 X603°. Because these glasses dissolve congruently, 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 ability to
tailor the time-release kinetics should allow biomaterial designers touse materials like

these for different applications.
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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?>. Previous reports
showed 4585 and borate-substituted 45S5 did not stimulate HUVEC proliferation, but did
increase endothelial migration'3 In that study, the lack of proliferation was reported to be
due to insufficient concentrations of silicon in their glass, and they credited the migration
toboron. Similarly, our glass series did not stimulate HUVEC proliferation, but the glass
with higher boron content increased HUVEC migration.

It is interesting to note that while the X20 glass did not increase HUVEC
migration (Figure 3), it did increase HMVEC-d migration (Figure 4), suggesting that
local pH and ion concentrations may have different effects on different parts of the body.
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?®.

Previous studies have reported that an acidic pH can increase angiogenesis to
poorly vascularized sites under both normal and pathological conditions®®. This may be
dueto an acidic extracellular environment upregulating GPR4, a proton-sensing receptor
expressed on endothelial cells, or it could be the acidic extracellular environment
increasing VEGF binding?! 2437 Tn this work, the acidic X0 glass produced the most
ghost vessels and hyperemia on chick CAMs one day after administration. However,
these features disappeared by Day 5, and the viability of the chick was unaffected
throughout the experiment. Although we do not know the reasons forthis, the capillary
endothelium doesundergo considerable morphological change in this stage of chick

development, with developing vasculature having discontinuous basement membranes,
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increased mitosis in days 810, and relatively undifferentiated endothelial cells®°. It
would be interesting to compare our results for the developing vascular network of a
chick CAMto 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 particular
phosphatases, 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®®. 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?'. Similar
to Faes et al who witnessed an increase in mean vessel density with sodium bicarbonate
treatment21, we found that CAM treated with X60 particles also increased mean vessel
density (Figure 5).

An overall summary of our results for all the BP glass base compositions can be
seen in Table 4. 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 Cu, Co, or CuCo, all which had previously been shown to
increase angiogenesis?3-2*. We did not see an increase in angiogenesis with the Cu-doped
glasses, which we had expected. The concentration of CuO may not have been optimized

for developing vessels and may have different results in established vessels.
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Another surprise to us was the decreased EC proliferation and migration to the
DP compared to the direct glass. Except for X20Co, the DP of the doped glasses did not
stimulate HUVEC proliferation as much as the direct ad ministration of glass (Figure 2B).
This may be due to the reaction rate of the glasses and phosphate precipitating out more
quickly when cells are not present. These results, however, show that BP glasses have
significant potential as scaffolds or for other applications since they do not require

preconditioning prior to use for in vitro or in vivo studies.

S. CONCLUSIONS

There have been few investigations into creating BGs that degrade in a pH neutral
manner. The angiogenic potential of novel BP glasses with a neutral pH were
investigated for their angiogenic capacity in this study. 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 wound healing and tissue engineering.
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SECTION

2. CONCLUSIONS, FUTURE DIRECTIONS AND BROADERIMPACT

2.1. CONCLUSIONS

It should be noted that only a few studiesin literature focused on creating BGs
that degrade in a pH neutral manner. Our collaborators created a series of pH-neutral
BPBGs, and this thesis tested those glasses for biological outcomes in vifro and in vivo.
These pH-neutral BPBGs maintained ASCs viability under static normal conditions and
without having to be pre-reacted. Additionally, the breakdown of the glass attracted
endothelial cells more than the dissolution product, further demonstrating that it is not
necessary to pre-react the glass. This work also sheds light on how modification to the
glass composition and pH can create either pro- or anti-inflammatory conditions, as well
as pro- or anti-angiogenic conditions. Taken together, the results from these studies, will

allow glass to be customized for personalized medicine.

2.2. FUTURE DIRECTIONS AND BROADER IMPACT
The work from this thesis can be further explored by:

e Further discerning how BPBGs can affect the ASC secretome. While this work
treated the ASCs with BPBG for 24 hours, how would shorter or longer
treatments affect ASCs? Furthermore, how long do these changes last? The
answers to these questions would help us to understand how the basic science
behind how these biomaterials actually works, as well as give insight to how they

can be used for personalized treatments in the clinic.
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» ASCs are affected by their niche, including neighboring cells and surrounding

ECM. Consequently, ASCs isolated from patients with health conditions such as

diabetes, Parkinson’s, or multiple sclerosis, have an altered phenotype. Table 1

demonstrates the differences between ASCs from healthy and diabetic persons.

One ofthese differences is the increased pro-inflammatory properties of ASCs

from diabetics. Hence, another future direction of this work is to evaluate if

BPBG alter the phenotype of ASCs from diabetics in the same manner as healthy

persons. Again, this will shed light on a completely new approach to using BGs as

a therapeutic agent.

Table 2.1. Differences between healthy ASCs and diabetic ASCs (dASCs).

dASCs has similar effect as healthy
ASCs in:

» Expression of PDL-1, NOS-2, IL-10,
PIGES, TGFP-1, PDL-2, HLAG,
TGS6 genes.

» Glucose Production.

* Hela cell growth.

» Chondrogenesis. 5657,58636371,73

dASCs showed increase in the
expression of:

P16, P27, P53, MAP-2, PIGF,
HGF, THBSI, INCR, NCAM1,
NCAM-5 62,6571

e Vimentin, Nestin, Smooth muscle
actin, Fibronectin, E-Cadherin,
PECAM-1, ITAGV 68.

* OCT4, Nanog, SOX-2, PAI-1,
miRNA-3P & 15-5P, LC3,
BECLIN1, P62 5962

» Degrade fibrin 59.

¢ Glucose Intake 61,70.

dASCs showed different effects in:

Expression of CD34, VEGF and
MDA
Proliferation, Adipogenesis and

Osteogenesis (discrepancies in the
literature =, f, j) 55,56,5/3861,6267,7273

dASCs showed decrease in the
expression of:

* SOP, GSH, CAT-enzyme, FGF2,
PFGF, tPA, PDGF-a, SDF-1,
CXCR4, FGTR-2, PDGF-Ra, SDF-
1, IGFbb, MCP-1, VWF, CD31,
MMP-2, MMP-9, Ang-1, Ang-2
56,5%6,60,63,66,67,73

» Telomere length 64

* Migration to SDF-1, VEGF 72.

* CFU &4,66.

» EC tube formation/ Sprout formation
56,60,62,69
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As previously mentioned, there is an increased interest in using medically
relevant ions in BGs. These ions, when added in small amounts, are called
dopants. There is controversy in literature on the effects of some ions, like B, on
ASCsand other cells. Meanwhile, other ions have little to no studies on their
biological functions. A future direction of this work, which I have already begun
(Appendix), is to perform a meta-analysis of medically relevant ions in literature
and their effects on ASCs. This will help material scientists to know what
dopants to use, in what amounts, and for which applications.

A recent article presented a novel machine learning (ML) model that has the
possibility of predicting BGs dissolution behavior and resulting pH using a
database of more than 1300 experimentally obtained, distinct data records. This
ML model could be beneficial in future applications to design novel BGs with

desired properties for the clinic >*.
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Cells treated with NaB showed
lower mRNA expression levels for
adiponectin, adipocyte protem 2
(oP2), Lipoprotein lipase (LPL),
CEBP a, and peroxisome
proliferator-activated receptory
(PPAR-y), compared to the levels
detected in the PC atall
concentrations ofNaB (20, 50, and
100 pg/mL (68,170, and 340 pM)

None ofthe five NaB cone, tested
was found to be toxic to hADSCs.
Although, NaB increased the
survival ofcells.

Adipogeuic differentiation capacity
ofhADSCs is suppressed by the
NaB treatmentin a dose-dependent
manner

Cells were proven to be positive
for M SCs markers (CD29,CD73,
CD90,CD105, and CD166) and
negative for hematopoietic maikers
(CD34,CD45, and CD14).
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Trace
element

Barium
Titanate
Nano-
particles
(BTNPs)

Type

MSCs

Cells
Species Donor

Age
Rat NA

Donor
Sex

NA

Passage

NA

Table A.1. Boron (cont.)

Table A.2. Barium

Media
Basal Serum
media

DMEM 10%
FBS and
1% PSA

M ateiiaPs Form

BTNPs were
purchased as a dry
sample and then
stabilized in an
aqueous
environment of
non-covalent
Glycol Chitosan
jeer

Protocol

M aterial’s
Cone.

Six
concentrations
ofGC-
BTNPS were
prepared (O, 5,
10, 20, 50 and
100 pg/ml)

Applications

M SCs were
incubated with
GC-BTNPs for

24,72 and 120 h.

Cells were
cultured on glass
coverslips
(12 nunm

Conditio
ns

Static
Culture

Results

M SCs were differentiated mto
adipocytes after 14 days of
culture.

Viability ofM SCs following
exposure to increasing
concentrations ofbarium

0.



BTNPswith 7 MSCs Rat NA NA
Hyper
gravity
Effect

BTNPs S BM- Rat NA NA
(Electi o- MSCs
active
fibrous
PLLA
“Poly-L-
Lactic acid*’

M SCs from
the second
passage were
used in all
expenments.

Cells from
passages 3 to
5 were used
for the
following
expenments.

Table A.2. Barium (cont.)

DMEM

DMEM

10%
FBS and
100
U/mL
pemcilli
n 100
mg'mL
streptom
ycin,
and 200
mM
glutamin
e

10%
FBS and
100
RJ/mL
PS.

Media
changed

M SCs were
tiypsinized and
seeded on glass
slides (diameter
13 mm) 48 horn's
before
hypergravity
treatment

BTNPs surface
modification was
done by using
sodium citrate
solution

and then dispersed
into the PLLA
solution to form

Both
proliferating
and
differentiating
were done at
20 pg/mLof
BTNPs

Cells were
seeded at
10,000/cma
fortestsin
proliferation
conditions and
at 30,000/cm2
for tests under
osteogenic
dif-
ferentiation.

The BTO
contents were
setas 1, 3,5,
7:and 10

w t.% ofthe
PLLA

diameter) ata
density of
15,000 cells/cm 2

Interaction of
MSCswithGC-
BTNPs was
investigated after
a 24 h incubation
atincreasing
concentrations of

nanoparticles.

Cells were Swing
seeded in gondola is
glass slides used to
then provided support

with BTNPs hyper

(20 pgmiL) gravity
before levels
applying the between Ig
hypergravity and 20g.
treatment.

BM-MSCs NA
were seeded

onto

experimental
scaffolds in

12-w ell plates
(sxlo4

cells/well)

titanate nanoparticles resulted
excellent up to 100 pg/ml

Viability and proliferation of
the M SCs were not affected by
the presence ofhigh cone, up
to 100 pg/mlofglycol-
chitosan coated BTNPs in the
culture medium.

Hypergravity stimulation and
BTNPs administration enhance
the osteogenesis o fthe M SCs.

Short treatment (3 hours) at 20
g combined with incubation
with 20 pg/mL ofBTNPs
promoted the osteogenesis of
MSCs

RUN X2 was significantly
upregulated in 20 g-treated
samples while COL1A1
transcription wias significantly
enhanced (1.5-fold) only in the
double-stimulation 20 g +
BTNPs.

ALPL was significantly
upregulated (1.6-fold) when
cells were synergistically

stimulated with hypergravity
and NPs

The optimalBTNPs contentin
the PLLA fibrous scaffolds is
at7 wt%.

The randomly oriented
composite fibrous scaffolds
significantly encouraged
polygonal spreadmg and early

1L



scaffolds
with
Ferroelectri
cceramic
BTNPs)

Barium
chloride
and
strontium
chloride
(BaCh +
srCli)

9

BM -
MSCs

Human

NA

NA

Table A.2. Barium (cont.)

When DMEM
culture
dishes
became

near-
confluent,
cells were
passaged and
plated into
6-well
culture
dishes atan
initial
density of
25,000
celisiwell.

every 2- BTO/PLLA

3 days solution.
Then
electrospmnmg
was performed
usmg two
different
collectors (plate
androlimg
collectors).

10% NA

FBS and

100u

penicilli

n/mL,

and 100

jiginL

of

streptom

ycin

Different
concentrations
ofBaC12 (0.1.
0.3,0r1niM)
and SiC"12
(01,0.3,

and 1 raM).

Cell
proliferation
were done at
1,3,5,7 days
of culture.

Cells

were plated
into culture
plates (150
mm in
diameter) ata
density of
2x101l.

Media
changes were
performed
twice
weekly Cell
layers were
fixed or
harvested
after1,3,7,
or 14 days in
culture

NA

osteogenic differentiation of
BM-M SCs, So, it w ill have
promising potential for bone
generation applications.

The aligned composite fibrous

scaffolds increased cell
elongation and discouraged
osteogenic differentiation of
BM-M SCs.

Barium and strontium had a
superior enhancing effect on
cell proliferation.

Barium -like strontium is
considered one ofthe
important factors in inducing
mesenchymal stem cells to
differentiate into osteoblasts
with further enhancement on
bone formation.

[



Trace
element

Cobalt
Chloride
(CoC12)

10

Cells

Donor Donor
Age Sex
Human NA NA

Type Species
MSCs

ADMSCS
(Adipose
M SCs)

DPMSCs
(Dental
Pulp
MSCs)

UCMSCs
(Um bilica
1cord

M SCs)

Passage

DPMSCs
were obtained
from healthy
permanent
preniolars
extracted
dining
orthodontic
treatment.

UBMSCs
were obtained
from the
tissue of

um bilical
coids of full-
term
pregnancies.

A ll the

cells were
used between
passages 4
and 7.

Table A.3. Cobalt (cont.)

M edia

Basal Serum

media
DMEM'F 10% FBS
12 and 1% PS.
Culture Then
media changed to
changed 2% FBS
to fresh and 1%
MEM antibiotics

M aterial’s
Form
NA

Protocol

M aterial’s Cone.

The cells

were seeded in 96-

w ellculture plates
atadensity'of 1 *
104

cells/well for 24
hr.

The culture media
changed, then
cells were treated
with

different
concentrations of
CoCF ranging
from 50 to 400
fOA..

Applications

The M SCs were
treated with
100 M CoC12 for
6h,12 h,24 h,
and 48 h.

C’ond
itions
NA

Results

Die highestcellliability was
obtained at 100 pM ofCoCh,
after24 h and 48 h in all the
three M SCs tested.

The UCM SCs are more prone
to ehondrogeme differentiation
and to nonhypertrophic
chondrogenesis, compared to
the DPM SCs and ADM SCs.

It was found that these cells
were highly positive for
CD105,CD73,andCD90
(>95%) and negative for
CD34,CD19,CD45,CD14,
and HLA-DR (<3%).

Densitometric analysis of
protein bands showed a time-
dependentupregulatian o f
HIP-la m DPMSCs and

UCM SCs, while no significant
difference was evaluated m
ADMSCs.

DM SCs showed upregulation
od SOX9 followed by
reduction in expression after
1421 and 28 days, and showed
upregulation of VCAN after
7.14 .21 and 28 days, and
showed no am plification for
COL2A1 and ACAN.

UCM SCs showed a time-
dependentupregulation ofall
ehondrogeme markers tested
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1

MSCs
(C3H/10T
1/2 cell
line)

Murine

Embry
0

NA

Experiments
were used
from 5thto
15* passages.

Table A.3. Cobalt (cont.)

DMEM

10% FBS
and 1% PS

Serum in
culture
media
changed to
2% FBS
and 1%
antibiotics.

cocCl2
dissolved
in DMEM
containing
2% FBS
immediatel
y before
use.

Cells were seeded
m 96-well culture
plates at a density
of0.5*104
cells/100 mlin
each well.

Cells were
incubated m
growth media for
24 hr and then
incubated in
growth media for
24 hr and then
treated with 0.1-5
mM C'oCh.

For
differentiation,
cells were pie-
incubated with 0.1
mM

CoC12 forO0, 24,
or48h.

NA

(SOX9 - COL2A1- VCAN -
and ACAN).

ADM SCs showed a constant
expression of SOX9 and
ACAN compared to control
and showed upregulation of
expression for COL2A1 and
ACAN.

CoCl2did not affect Hie
viability ofM SC cells
concentrations <0.25 mM
while viability decreased in a
dose-dependent mannerat0.5,
1,and 5mM CoCI2

Expression ofH IF-la mRNA
was significantly increased at
24 h compared to the control

RT-PCR revealed the
significant up-regulation o f the
expression ofosteogenic
markers (Coll, ALP and
Runx2)in CoCI2 treated group
compared with control.

The expressions o fosteocalcin
(OCN) and osteopontm (OPN)
mRNA were slightly affected
by treatmentofCoCl2.

In pre-incubation with CoCI2,
the results indicate that
treatmentofCoC12 partially
enhances osteogenic
differentiation and matrix
mineralization on C3H/10T1/2
cells

For chondrocyte markers,
SOX9 was slightly mcreased at
24 h ofCoCI12 incubation,
while the mRNA levelof
Aggrecan and Col 2A. the

V.



UCB-

MSCs born
baby

(Um bilica

1 cord

blood

derived-

M SCs)

Human New-

NA

Cells were
isolated from
um bilical cord
vem ofa
newborn baby

All
experiments
were
performed
with

cells thatwere
passaged 5-8
times.

Table A.3. Cobalt (cont.)

ct-MEM

10%FBS
and
gentamicin

CoCl2stock
solution
was
prepared by
dissolving
directly in
distilled
water (100
niM).

CoCl2was added
into the medium at
100//M .

Cells were tested
with different
concentrations of

cocl2(0, 0.01,
0.1,1,10, 100
PM)-

Cells were
incubated in the
presence of CoCl2
for the indicated
times.

UCB-M SCs

were seeded in 96-

wellplates and
incubated for 24
hr. The cells were
heated with
various
concentrations of
CoCb for 72 hr.

NA

downstream targets of Sox9,
were significantly up-regulated
in CoC12 heated cells at48 h
ofCoC12 incubation.

Both ofCoC12 treated group
significantly inhibited
proliferation ofcell and lipid
formation compare to the
control group.

For adipogenic markers,
PPARyY was significantly
decreased in both CoCI2
treatment groups. Also, the
mRNA expression level ofthe
downstream of PPARYy, aP2
and C/EBPa were also strongly
down-regulated in treatmentof
CoClI2 group compared with
the control

Treatment ofC o Cl2 enhanced
differentiation to osteoblasts
and chondrocytes and
suppressed differentiation to
adipocytes.

For the effectsofCoC12 on the
immunomodulatory properties
ofhUCB-M SCs, M LR was
performed, so when CoCI2-
treated hUCB-M SCs were
cocultured with allogeneic
hPBMCs or PHA ,the
proliferation and cluster
formation of T cells decreased
compared with that o fnaive
hUCB-M SCs.

CoCl2-treated hUCB-M SCs
highly expressed the anti
inflammatory mediator PGE2,
whereas expression levels of
the promflammatory cytokines
TNF-a and IFN -y were
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Cobalt 13
manganese
ferrite
nanoparticles
(Co*2Miif3
Fejo,)

Calcium/ 14
Cobalt
Alginate

Beads

ASCs Dog NA
(Adipose

derived

mesenchy

mal

stromal

stem

cells)

And
Canine
Mastocyt
omacell
line

ADSCs Human NA

NA

NA

M SCs were
isolated from
sub-cntaneoiis
adipose tissue
(2 g) collected

from the dogs*

tail bases.

The hADSCs
from passages
3-7 were used
for further
study.

Table A.3. Cobalt (cont.)

ASCs
were
cultured
mDMEM

C2cell
line were
cultured
MmEMEM

DMEM

10% FBS
and 1% PS.

ForC2Cell
line, 5%
FBS and
~non-
essential
amino
acids, 50
mg/ml
gentamicin,
1%L -
glutannne

10% FBS
and 1% PS

The
preparation
ofCMFNP
involved
the
following
quantities
of
reactants:
0.1131 g of
Co(aeac)2,
0.4455 g
Mn(acac)i
and 1.5651
g Fe(acac)3.

CoCh and
CaCh were
used as
solutions.

C2 andASC
cells were
inoailated into
24-wellplates at
aninitial
concentration
2x104pei-well

Four cone, of
CoClI2(10,5,2.5,
and 1.25m M), and
standard cone, of
CaCl2(200mM)
and all ofthem
were encapsulated

Cells were Static

incubated for Magn

24,48 and 72 hrs. etic
Field

The analysis of
cellmorphology
and growth pattern
was performed on
the 7tli day

Cells within the NA
beads were

cultured

for 7,14, and 21

days, and the

medium was

changed every 3-4

days.

relatively lower than those in
the control group-

Treatment with CoCI2 had no
effect on the morphology or
viability ofhUCB-M SCs.

FACS analysis showed that
CoCl2-treated hUCB-M SCs
expressed the M SC-specific
markers CD90,CD105,
CD166, andCD 73, butnot
CD14,CD45,CD34, and
HLA-DEL

PretreatmentofhUCB-M SCs
with CoClo improves the
therapeutic effects ofM SCs
for the clinical application of
allogeneic celltherapies.

Cobalt:manganese femte
nanopaificles are potentially an
effective tool for hyperthermic
treatment of dog skin
Mastocytoma.

Stimulation ofASCs with
MNPs resulted in aninhibition
ofproliferation atall time
points examined.

The Col.25 sample exhibited
strong upregulaticm of Sox9
and versican gene expression
at 14 days, however, Sox9 and
versican mRNA expression
levels were similar to control
levels at day 21, and HLF1 and
collagen type Il gene

9.



Table A.3. Cobalt (cont.)
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Cobalt
Containing
Bioactive
Glass
(CoBG)

16

BM -
MSCs

Human

NA

NA

For
cliondrogenic
differentiation
, passage 3
were used but
forall other
experiments,
hM SCs used
atpassages
5-6

Table A.3. Cobalt (cont.)

a-MEM

10%FBS
1ng/pL
bFGF 1%
PS.

Cobaltis
used in the
experiment
as Cobalt
Bioactive
Glass
(CoBG)

The glass particle
size used in this
study was <38 pm
in diameter (d=
09)

Increasing
amounts o fcobalt
were incorporated
into the
composition.

The bioactive
glasses are
referred to as
0%CoBG,
1%CoBG,
1.5%CoBGand
2%CoBG
according to their
molar

cobalt content or
as CoBGs.

After

3 days of
culturing, the
medium was
replaced with 1
mL ofcontrolor
the various
CoBG-
conditioned media
all containing
chondrogemc
supplements.

Hie pelletswere
continuously
cultured in die 1.5
mL
microcentrifuge
tubes and the
medium were
changed every 2-3
days.

Fe in all its formulation
induced the expression of
AP2A1, and upregulation of
ILIb andBCL2.

Cobalt caused only the
downregulation o finterleukin

6 (TL6) expression after 96 h of
exposure

Exposure to 1.5%CoBG,
2%CoBG aswell as the 100
pM and 200 pM CoCI2
positive control conditions led
to a significant increase in the
amount ofH IF -la protein
compared to control medium
and 0%CoBG (in orderto
assess whether the CoBG
dissolution products mimicked
hypoxia in hM SCs)

No significant differences in
metabolic activity were
observed after 24 k and 4 days
oftreating hM SCswith CoBG-
conditioned media asw ell as
100 pM CoC12.

After 7 days oftreatment, the
metabolic activity ofhM SCs
cultured m 2%CoBG-
conditioned medium was
significantly lower than in
controland G%CoBG.

Overall, metabolic activity
increased over time for all
conditions except for2%CoBG
w hich maintained its metabolic
activity level from 24 h.

There were no differences hi
cellmorphology' observed

8.



Table A.3. Cobalt (cont.)
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Cobalt
Chromium
Alloys

(CoCi
Alloys)

Human

3
healthy
donors

NA

Table A.3. Cobalt (cont.)

MSCs
Growth
Medium

NA

M SC were
seeded at
6.1 x 103ce
lislem v

CoCrwere
used as an
alloy

M SC were
incubated with
10 (iM, 40 pM or
100 pM CoCh.

Cells
differentiated
without
CoCl2served as
negative control.

Analysis was done
atweek 1,2,3,4,
andor5

Note:

OS- un-
differentiated
control cells,

O S+: osteogenic
differentiated cells

NA

Treatment with 10, 40, and 100
mM CoC12 decreased the cell
numberofOS'MSC in a
concentration dependent
manner w hile cell number for
OS+ M SC was reduced
permanently only at OOmM
CoCl2.

Hie ALP activity was
decreased in OS+ M SC forall
CoCI2 concentrations atday 7.

In OS+ M SC, the expression
ofRnnx2 was unaffected by
most Co (Tf) concentrations
and only significantly reduced
in two of the three donorsin
the IOOmM CoCI2 group at
day 2.

Also, the expression ofIBSP
was induced up to 25fold for
two ofthree donors at day 14
and up to 30fold for all donors
atday 21 in the differentiation
group without CoC12;

The supplementation with
40mM Co (Tl) ions and more
over 14 and 21 days reduced
IBSP expression as compared
to the non-supplemented group

Hie OCN production showred
high variability 111 cells treated
with 10 and 40mM CoCI2 and
significant reduction 111 OCN
amounts were found for
I0OmM CoCl2.
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CoCrMo,
TiOi-coated
CoCrMo
(CCMT) and
T i substrates

is

MSCs

Human

3
donors

NA

Only cells of
low passage
(<5) were
used to ensure
integrity of
the results

Table A.3. Cobalt (cont.)

a-MEM

10% EBS
and 1%PS.

CoCrMo
discs of 15
mm 0 and
1 mm
thickness
were used.

M SCs from
three
donors
were
seeded at a
density of
12.5 x
103cells
perwellin
Osteogenic
media

Cells were Media over cells Static
examined at 7,14, changed every 3 Condi
and 21 days after or 4 days. tions

incubation with
OM.

*

After 7 days m osteogenic
culture, it was apparent that
CO L-I deposition was
significantly enhanced on the
CoCrM o surface, shown by the
presence of dense collagen
fibrils which were notpresent
to the same extent on either
CCMTorTi.

After 14 days, CM T was
shown to have significantly
more CO L-I per cell deposited
compared to Ti, while not to
the same level asCoCrMo.

T ipromoted the greatest
amountofHA formation
throughout the 3-week time
course, being statistically
significant over both materials
at 2 weeksand CoCrMo at 3
weeks.

After 2 weeks m osteogenic
culture CCM T and Ti had
significantly greater calcium
ion contentpercellin
comparison against CoCrM o,
implying M SCs on these
substrates are differentiating at
a faster rate and producing
more mineralized tissue.

T i appeared to promote the
greatest expression ofvmeculrn
at both tune points and was
judged to be statistically
significant against CoCrM o at
24 h, while CCM T appeared to
have greater vmeculrn
expression than CoCrM o at
both 3 and 24 h, although to a
lesser extent than that found on
Ti.



Trace
element

Cupper
combined with
electric field

bl

19

Type Species

ADSCs Human

Cells

Donor Donor
Age Sex

Age 3
between Female
52+12

years.

Passage

ADSCs were
isolated from
adipose
tissue
samples
collected
from the
subcutis/pelv
ic region or
breast of
female
patients.

Cells were
isolated and
characterize
d at passage
5-6.

Table A.3. Cobalt (cont.)

Table A.4. Cupper

M edia Protocol

Basal Serum M aterial's M aterial’s
media Form Cone.

DMEM/ 10% FBS Electrodes A three-electrode

F-12 1:1 with 1% coated with system was used
PS and copper and for the
1% copper application
ghitamax. containing ofthe current.
medium.

The electrodes
Silverwire were first
wasusedas  coated with
areference copper, then cut
electrode. to the desired

size, and thus the

copper

coating was

exposed.

Applications

Cells were
magnetically
stirred

in atube, and
were
subjected to
electric
current and/or
copper for

1k

ADSCs were
stimulated
with two
different
current
densities with
corresponding
copper
concentrations
and with

Conditions

Static

ADSCs
were
stimulated
for 1 h with
copper.
current or
botk

Copperwas
released to
the cell
suspension
either
abruptly or
gradually
via
electrolysis

- Both markers ofadhesion and
osteogenesis were enhanced on
CCM T compared to CoCrMo,
implying TiO ; coatings may be
potentially influential in the
future forimproving the
efficacy oforthopedic implants
formed ofnonbioactive
materials such as CoCrMo.

Result;

Cellviability reduced measured right
before and immediately afterthe 1 h
stimulation but there was no significant
difference m the cell viability between
the different stimulation conditions

By day 4. cells stimulated with 1 mA
alone or Cu + 1 mA had proliferated
less than the control cells or cells
stimulated with Cu + 1.5 mA or copper
alone.

Elongation ofCells was seen already at
day 4 when the cells were exposed to
currentwith or without the copper.

Many cells showed neuron-like
morphology with branches from the
cellbody at the 14 days.
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Metalion (Zn,
Ag & Cu)
doped in

hydroxyapatit

eNano-coated
surfaces

hMSCs
(adipose
tissue
derived
M SCs)

Human

NA

NA

hMSCs were
used at
passage 4
and 5forall
experiments

Table A.4. Cupper (cont.)

MsC
Basal
Medium

Then
replaced
with
a-MEM

2%
growth
kit-low
serum

Then
10% PBS,
5ng/ml
ofbFGF,
1%PS

Pure HAP NA
and metal

ions

ceramic

powders

were

synthesized

with awet
chemical

method.

copper or
current
alone.

Cells were
seeded in
chamber
slides for4 ,7,
and 14 day

hMSCs were
seeded m 24-
multiwell
plates that
included
coated cover
slips, m 1000
L media
containing
4x104cells,

Current
used was 1
or1.5 mA
applied
through
copper-
containing
electrodes
orImA
apphed
through
pure
platinum
electrodes.

Static

Controlcells and cells stimulated with
copper alone maintained their adipose-
like morphology

The highest expression ofbeta-tubulin
isotype m (a marker for immature
neurons) was observed at day 7 when
cells were stimulated with Cu + 1.5
mA.

The highest expression of M AP-2 (a
mature neuronal marker) was observed
in cells stimulated with Cu + 15 mA

w hile Control cells and cells stimulated
with copper alone showedno M AP-2
expression in any time points

Summary: only when ADSCs were
stimulated with both copper and current
(1 or 1.5 mA), there was a positive
expression o fboth beta-tubulin isotype
1Q and M AP-2. Also, the highest
expressions ofboth antibodies were
detected when the stimulation
combined both copper and current.

Stimulation with electric fields
combined with release of copper could
provide a feasible, non-expensive,
growth factor-free method for the
differentiation ofAD SCs towrard the
neuronallineage indicated by
morphological changes and
upregulation o fneuron-specific genes
and proteins.

Cellviabilities were higher than 95%
afterup to 28 dayson HAP-Ag, HAP-
ZAg and HAPZAg-Cu surfaces.

Cellviability increased atday 1 and
day 7 on all surfaces compared to the
controlin both OS+ and O S- groups.
(0S=0steogenic supplemented media).
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HAP-Com;
Hydroxyapatite
Commercial,

HAP-Ag;
Hydroxyapatite
Silver,

HAP-ZAg;
Hydroxyapatite
-Zm c/Silver,

HAP-ZAgCu;
Hydroxyapatite
Zinc/Silver/Cop
per

Zn-Cu 21
imidazole
M OF coated
PLLA
scaffolds.

(MOF=Metal
organic
framework)

MSCs
(adipose
tissue-
derived
MSCs)

Human

NA

NA

The adipose
tissue was
gathered
from
cosmetic
liposuction
of10
different
volunteers.

The cells
were sub-
cultured
until passage
number 5.

Table A.4. Cupper (cont.)

DMEM

and 0.5%
Fimgizon
e

10% PBS

Coverslips
coated with
HAP-Com,
HAP-Ag,
HAP-ZAg
and HAP-
ZAgCu
were
placed mto
the 24 well
plate.

Zn-Cu
imidazole
MOF
particles
were
synthesized
by
dissolving
powders m
asolution.
Then
PLLA
scaffolds
were also
synthesized

The scaffolds
were cutinto 1.5
mm diameter,
circular pieces,
then putinto 24
well tissue
culture plate
(TCP).

An initial density*

of5 x 103 cells
was seeded on
each scaffold for
assessment of
cellattachment

and proliferation.

and incubated
for1,7,21
and 28 days.

Uncoated
cover slip was
used as a
control
surface.

Hie cell
loaded
scaffolds were
refreshed with
DMEM
including

10% MTT
solution after
24 hr. forcell
adhesion and
ondays 1.4,
and

7 forcell
proliferation
assay.

Electro-
spinning
conditions.

The calcium depositon HAP-ZAgCu
was the highestamong all surfaces in
both conditions. Also, without
osteogenic inducement (O S-), calcium
deposition ratio was very high on all of
surfaces compared to the polystyrene
surfaces.

The Nano-powders are biccom patible
and have no negative effects on the
hM SCs proliferation and osteoblastic
differentiation in vitro.

hM SCs can differentiate to osteoblast
onHAP-Com., HAP-Ag, HAP-ZAg
and HAP-ZAgCu surfaces without
exogenous osteogenic stimulation.

ALP activity was significantly’ higherin
hMSCs grown on HAP-Ag, winch was
20% more than the hM SCs grown on
HAP-Com forOS+ group

PLLA@ M OF showed a smaller
numberofcells than pure PLLA
scaffolds and TCP.

The ALP activity in all kinds of
scaffolds increased from day 7 to day
14, but then reduced in the 21s*day.

PLLA@ M OF showed significantly7
highestALP activity on the 7th and
14th day7than pure PLLA scaffolds and
TCP

Zn-Cu imidazole MOF coated PLLA
scaffolds (PLLA@ M OF) showed better
osteogenesis o fhuman adipose tissue-
derived M SCs compared with pure
PLLA scaffold and TCPs due to

im proving the surface bioactivity
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Cupper

22

Bone
marrow
MSCs

Rat

Cells
were
harveste
d from
(4to

7 day-
old) sD
rats

Female

rBMSCs
from the
third passage
were used.

Table A.4. Cupper (cont.)

DMEM-
L

10% FBS
and 1%

antibiotic-

antmiycot
ic.

Cupperis
used in the
form of
CuS04

6 cone, of
Cuso04
were used
(0,05,5,
10,25,50
and 100
pmol).

Cells were
seeded into

3.5 mm dishes at
20 000 cells/dish
in culture media
then divided mto
4 groups next
day.

Control group:
Cells cultured in
growth media
Cupper group:
Cells cultured in
GMwithCuS04

Osteo group:
Cells cultured in
osteogenic M.

Osteo-Cu group:
Cells cultured in
OM +CuS04.

Cells in each Static
group were

incubated for

periods of

time

asindicated*.

rBM SCs were
exposed to
various cone,
ofCuS04 for
atotalof48 h

More than 95% ofthe cells were
positive for expression of CD29 and
C'D90. while fewerthan 2% expressed
detectable levels 0fCD34 and CD45.

By the confirmation of some staining
procedures, rBM SCs readily
differentiated mto bone, cartilage and
fatcells.

Copper supplementation had no
significant impact at concentrations
between 0 and 5 pmollL, but had
cytotoxic effects at concentrations
above 10 pmol/l.

After 3 weeks osteogenic
differentiation, bone nodules became
noticeable only in the Osteo group, but
notin control, copper-treated and
Osteo+Cu groups.

The expressions o fRimx2, OSX. ALP.
BMP2, OCN, OPN,Colm andColl in
the Osteo+Cu group were lower than
those in the Osteo group which
suggested that the expression o f
osteogenic differentiation-related genes
had been downregulated by copper.

In the Osteo+Cu group, expression of
PPARc2 and TW IST were higher
compared to the Osteo group.

Copper suppressed osteogenic
differentiation ofrBM SCs. When the
cells were cultured in osteogenic
differentiation-inducing medium, they
had lower expression of osteogenesis-
related genes, which m turn can
suppress accumulation o fcollagen
duiing the bone formation process.

g8



Cupper &
Cupper-
Alginate
Scaffolds

(C57BL/6
mice) Cell
line

NA

NA

Copper
were added
by 2
methods: as
Cuso4
solution
and as
Cu/Alg
scaffolds.

Table A.4. Cupper (cont.)

5 groups with
different
concentrations of
CuSO4were
prepared:
Growth medium
with (ImM, 100
pM, 10 pM, & 1
(iM ofCuS04)
and only Growth
mediiun as a
control group.

M SCs wrere Static
seeded in 24-
wellplates
with cell
density of
Ix10 4
cells/well and
cultured with
the 5 different
medias of
CuS04soln.
forl,4and7
days.

M SCs wrere
seeded

into the
scaffolds ata
density of
Ix10 4cells
and incubated
for24 h.

When the Cu concentration is 1 11IM.
all cells were dead (red color). In the
contrast, M SCs m the rest groups wrere
live (green color) and showred a typical
shuttle-like shape.

Cu with a concentration 0f 100,10, and
1 pM had negligible toxicity at all time
intervals, Also, adding 100 pM Cu
enhanced the proliferation of M SCs
compared to the control group.

However, after chondromduction ofthe
M SCs, the 100 pM C 11 showed an
inhibitory effect on cell proliferation at
day 7.

Cu could enhance M SCs chondrogenic
differentiation by observing the
changes to the cytoskeletons. ”in the
100 and 1 pM Cu”.

After 7 days ofculture, the expression
of Sox9 was significantly higher in the
100 pM Cu group compared to other
groups. Also, Aggrecan was highly
expressed m the Cu groups compared
to the control group.

Also, the expression ofCol-2
significantly enhanced with the
increase of Cu content and the co-
culture tmie, and a remarkably up-
regulation ofCol-2 expression occurred
in the 100 pM Cu group at day 14
compared to other groups.

Summary: Hie adding ofCu into the
chondrogenic medium exhibited a
positive effect on the cartilage
differentiation ofM SCs including
morphological change and
chondrogenic geneslip-regulation in
vitro.
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Cupper 24 BM-
MSCs
Bioactive % BMSCs
Copper-Doped
glass scaffolds
And
HDMEC

Human Age Female
range
from 65-
75 years.

Human NA NA

Cells were
isolated from
healthy
postmenopa
usal women

For all the
experimental
protocols,
passage 5
were used.

Table A.4. Cupper (cont.)

DMEM

DMEM/
Ham's
F-12
(id

10%FBS

10% fetal
calf
serum
and 2
mg/Lof
L
glutamine

ForCell
proliferate
n: Cupper
is added in
the form of
cupper-
histidme
convex

Bioactive
glass
scaffolds
were
fabricated
usmg
different
CuO
contents.

Cu,Fe & Zn
were added m 3
different
concentrations to
the growth
medium '0.44,
2.69,3.80 pM™.

0,5,50 pM Cu-
His is added to
the culture
medium forcell
proliferation
assay.

Cu2+ contentsof
0.lwtb%and 1

w t.% were
assessed using
plain 4555 BG
scaffolds as
control material.

The scaffold
samples were
divided into 3
groups based on
file amountof
Copper:
Group A: for
pure BG
scaffolds
Group B: for
0.1%
copper-doped
BG

Group C: for
1% copper-

Cells were
cultured for
14 daysin
different
differentiation
medium
“Adipogenic
and
Osteogenic
mediums"
with different
cones. O fCu-
His.

The samples
were
evaluated
after2 and 4
weeks.

Static

Static

In vivo study showed the Alg/Cu
scaffolds were better than the pure Alg
scaffolds in term of the formation of
new cartilage tissue.

After 4 days, Proliferation ofthe cells
decreased when cultured in media
containing 5 or 50 pM Cu.

The addition of5 and 50 pM Cu-His in
the osteogenic medium decreased the
ALP activity compared to the activity
in the absence ofcopper, however, they
pomted out that copper addition to the
reaction mix didn'tinhibit the
enzymatic activity

The addition 0f50 pM Copper to the
adipogenic differentiation medium
increased the adipogenic differentiation
by (1.2 - 1.4 times).

In the 2D indirect analysis, the ALP
expression shows no significant
difference among all groups, however,
only group C-2D samples show
multifold higher VEGF expression
compared to any oilier sample. Also,
the osteogenic gene RUN X-2
expression was not significantly
different among each other.

In the direct 3D analysis, Sim ilar to 2D
experiment, there is a basal expression
ofALP in all cells without any
difference among all groups. And also,
the copper containing specimens
displayed increased VEG F expression.

Also, in 3D analysis, Cu2+ estimated
from all respective media shows
significantly increased values in group
C than group B and increased values m
group B than group A samples.
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Table A.4. Cupper (cont.)
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Trace
element

Cerium

26

Type

BMSCs

(C57BL/6
cellline)

Cells

Species Donor
Age

Mice 6t08-
week-
old

Basal Serum
media Form

Table A.5. Cerium

Media

M aterial’s

DMEM 10% NA

FBS, 50
U/mL
penicilli
n and 50
mg/mL
streptom
ycin.

Protocol

M aterial’s
Cone.

CeCl3at
different
concentrations
were used (final
concentrations o f
0,0.001,1, 10
I'™M)

Cells were
seeded at the
density of Ix 104
cells/wellin a
96-w ellplate

Applications

Cells were
incubated
with CeClj for
24 hrs.

Conditions

Static

Results

The cultured BM SCs were positive
for CD44 (the percentage of
positive cells: 99.4%) and were
negative for hematopoietic lineage
markers CD 34 (the percentage of
positive cells: 0.7%).

Ce displayed apositive effect on
the BM SCs viability at lower
concentrations (0.001 pM) and
decreased the viability ofBM SCs
athigher concentrations (10 pM)
for 24 hours.

After 7 days ofCe treatment, the
ALP activity of BM SCs was
increased at concentrations o f
0.001 pM, and decreased at
concentrations of 10 pM, which
means that Ce promotes osteogenic
differentiation ofBM -M SCs

The expressions o fRunx2, Satb2
and OCN were significantly up-
regulated in the BM SCs treated
with Ce (0.001 pM) for7 days as
compared to control group.

Ce (0.001 pM) increased the ability
ofBM SCs to crossthe ECM

SDF-1rnRNA expression was
higher in BM SCs treated with Ce,
butCXCR4 mRNA expression was
notsignificantly affected with Ce.
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Table A.5. Cerium (cont.)

Ce displayed a slight positive effect
onthe M SC viability at cone, of
0.0001, 0.001, 0.01, and 0.1 mM,
had no effect on the M SC viability
at a concentration of IniM . turned
to decrease the viability of M SCs
at cone, of 10 and IOOmM for 1
and 2 days, butthen On day 3, Ce
increased the viability ofM SCs at
cone, 0f0.0001, 0.001, 0.01, 0 .1,1,
and 10 mM. but decreased the
viability ofM SCs ata
concentration of 100 mM.

The viability of M SCs was
decreased with increasing Ce
concentrations.

ALP activity of M SCs treated by
allcone, of Ce was increased
compared with thatof OS on Day 7
and 10, however, on day 14, Ce
increased the ALP activity at cone,
0f0.0001, 0.001,0.01,0.1,and 1
mM, but decreased ALP activity at
cone, 0f10 and IOOmM.

Ce inhibited adipogemc
differentiation ofM SCs at all
tested concentrations m which the
expression o fadipogenic
differentiation related proteins was
down-regulated by Ce.

Ce promoted the osteogenic
differentiation and inhibited the
adipogenic differentiation of

M SCs.

Tgfb3, Tgfbl, Smad4, Bmp7,
Bmp6 Bmp4, and Bmp2 genes
were up-regulated when the M SCs
were exposed to 0.0001 mM Ce, on
the other hand, the expression of
Smurfl, Smurfz, Gdf7, Gdf6,
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Cerium
Oxide
Nanoparticle

(Nanoceria

NQ

23

BMSCs

Derived
neural
progenitor
cells

Rat

Mouse

NA

NA

NA

The fifth
passage were
usedin all
experiments.

NA

Table A.5. Cerium (cont.)

DMEM

DMEM

10%
F3s,
100
U/ml
penicilli
n, 100
mg/ml
Strepto
mycm.
and
200niM
glutainin
e.

5%
horse
serum,
10%
FBS,2
mM

Cenum oxide
nanoparticles
appeal asa
powder ofquite
dispersed size
distribution
(5-80 nm),
with acubic
crystalline
structure, high
purity, and a
Ce3+ content
of-23%.

And then
diluted culture

medium.

The CeQ>
nanoparticles
and the 20%
Samarium (Sm)
doped Ce02

Cells were
seeded in 96-
wells

plate at a density
0f6,000/cm2
(n=6) and, after
24 h, they
underwent a
treatmentwith 0,
10,20,50 and
100 pg/mlof
NC.

Cells were
seeded in 48-
wellplates ata
density’ o f 6000
cells/cm2in

Cells were Static
incubated
withNC for 3,
6 and 10 days
in expansion
medium.

At each tune
point, medium
was replaced
with 100 til of
the fresh
medium.

The following Static
day of

culturing the

cells, the

medium was

carefully

Gdf5. and G d fI5 was down-
regulated.

Runx2, BMP2, ALP, BSP, Coll,
OCN, and ERu geneswere
significantly up-regulated in the
M SCs treated with Ce (0.0001,
0.01, and 1 mM) for 4 days as
compared to OS group.

N C are notharmful form MSC
viability* and proliferation, and a
regular metabolic activity lias been
observed on cells loaded with
different N C concentrations after
10 days, with no appreciable
differences against controls.

The results showed a strong
interaction betweencells and N C,
that are located both on the cell
membrane and in the cytoplasm.

The antioxidant propertylofNC
was examined as a potential agent
ofinhibition ofadipogenesis m

M SCs. '

The results from qRT-PCR
indicated a significant down-
regulation ofall the adipogenesis
marker genesin cultures treated
both with 20 pg/mland 50 pg/rnl
ofNC, compared with control
differentiated adipocytes.

Cerium NP inhibits the
adipogenesis of die M SCs.

Both Ce02 and the Sm-doped
Ce02 nanoparticles are readily
internalized by murine neural
progemtor cells and that this was
not accompanied by cell death.
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30

(c17.2
cellline)

MSCs

(C3H/MOT
1/2 Cell
line)

EPCs are
endotlielia
|
progenitor
cells

Mice

NA

NA

NA

Table A.5. Cerium (cont.)

DMEM
F12

ghitamin
e,

100 u
pemcilli
nniL,
and 100
U
streptom
yem/mL

10%
FBS

nanoparticles
(Stn-CeCb)
were
synthesized by
awet chemical
process, and
then suspended
at a stock cone,
of20m gniL

CNPs with size
~5 rnnwas
synthesized by
thermal
decomposition
method using
cerium nitrate
as precursor.

Scaffolds with
and without
CNPs were
used.
(prepared
scaffold and
scaffold@ CNP

s)

complete
DMEM medium.

Five different
concentrations of
CeO? or Sm-
CeCb
nanoparticles
were used in this
experiment (5,
10,20,50, 100
(ig'lL)

The scaffold
without CNPs
has PLLA
concentrations
range from 0 .1%
t02.0% (wh).

The CNPs
embedded
scaffold
(scaffold@ CNPs
) has ratio
CNPs/PLLA (wt.
%) upto 10%.

removed, and
the cells were
exposed to the
same medium
containing the
different
cones. O fthe
NP.And
incubated for
48 In's.

MSCs (1 x
104 were
seeded on
scaffold and
scaffold@ CN
Psin 24 plate
wellfor 1, 7,
and 14 days.

Each ofthe
scaffold and
scaffold@ CN
Ps was seeded
with MSCs (5
x 105 and
cultured in
vitro for2 h.

NA

The Cerium Nanoparticles
inhibited the neuronal
differentiation of the C17.2 Mouse
cells.

The scaffold@ CNPsprovided a
betterimeroenvironment for M SCs
than the scaffold without CNPs.

H ie osteogenic differentiation-
related genes, including Co llal,
Ostenx2 and Runx2, and ALP
expression of M SCs seeded on
scaffold and scaffold/@CNPs
showed no obvious difference at 14
days, which implied that the CNPs
have no promotion orinhibition
effect on the osteogenic
differentiation ofM SCs.

EPCs co-cultured with M SCs
exhibited improved cellviability,
as the M SCs-secreted growth
factors could supportthe growth of
EPCs.

Hie cell density ofEPCs co-
cultured with M SCs seeded on
scaffold@ CNPswas much higher
than that o fEPCs seeded on
scaffold

CNPs embedded at the scaffold and
M SCs interface could promote the
proliferation and inhibit the
apoptosis ofM SCs even though the
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Cerium oxide

incorporated

hydroxyapati
te coatings

CeOjHA
coated

31

BMSCs

Rat

NA

Male

Table A.5. Cerium (cont.)

BMSCs DMEM 10%
were FBS &
passaged 1%PS
when
reaching 80—
90%
confluence.
BM SCs at
passages 3—5
were used
for research
in tins study.

The
commercial
ceria powder
(CeO:) and
hydroxyl-
apatite powder
(HA) were used
in this study.

Two different
powdermixtures
with 10 and 30
wt % CeO2were
prepared and
were denoted as
HA-IOCe and
HA-30Ce.

Imlofcell
suspension
supplemented
with 1 mM
H202 (0.1 ml)
was seeded on
the coating
surfaces ata
densityof2 x
104cells/well

The cells
were cultured
for3and 7
days.

The cell
culture
medium with
H2 2was
changed every
2 days.

Cells cultured
onthe HA
coating
surface
without H2Q j
treatment
served as an
control.

NA

nanoparticles have no effect on the
osteogenic differentiation of M SCs

The treatmentofBM SCs with
H20 2significantly decreased the
cellviability when cultured on HA
and CeO2mcorporated HA
coatings for 3 and 7 days.

W ith respect to BM SCs treated
with H202, the ones cultured on
the HA-30Ce coating exhibited the
highest survival rate.

In vitro testrevealed that the
treatmento fBM SCs with
exogenous H20 2 significantly
reduced the ALP activity when
compared to the untreated cells.

In this study; we found thatH 20 i
reduced cellviability andinduced
apoptosis 0 fBM SCs in vitro.

Ce02incorporationin the HA
coatings enhanced the osteogenic
differentiation o fH 20 2treated
BMSCs
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Table A.6. Strontium

Trace R Cells M edia Protocol Results
element e
f. Type Specie Donor Donor Passage Basal Serum M aterial’s M aterial's Applications Conditions
s Age Sex media Form Cone.
Strontium 2 BM- Murine  NA NA NA ct-MEM 10% FBS, Strontium Strontium Strontium Static =  Atday 7, strontium at the dosage of
Chloride MSCs I00U/ml chloride is chloride chloride was 3.0 mM significantly mcreased
penicillin, used as a concentration added into Runx2 mRNA expression in both
(C3H10T I00mg/ml soluble was expressed as  osteogenic C3H10T1/2 cells and primary bone
1/2 cells) streptomyc compound strontium induction marrow M SCs which indicates an
in, 2.5 concentration (Sr medium early osteogenic differentiation.
Hglral 1.0 raM and 3.0 during
fungizone mM) differentiation =  The middle-phase gene marker. BSP
and 2 niM process of was significantly increased in M SCs
L- C3H10T1/2 instead ofC3H10T1/2 cells at day
ghitamme and M SCs 14 in response to strontium
and incubated treatment.
for 14 days.
- OCN gene expression wras sim ilarly
For control, up-regulated in these two cells at
M SCs were day 21.
treated with
solvent - Strontium atboth dosages showed
vehicle little effecton ALP activity at day 7.
(bMsoO, Continuous treatment with strontium
0.1%). at3.0 mM for 14 days showed
significantly mcreased the ALP
activity.

- Strontium can promote the
osteogenic lineage differentiation of
M SCs by enhancing expression of
multiple genes regulating different
osteogenic stages and matnx
maturation
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B

Um bilical
cord
MSCs

Table A.6. Strontium (cont.)

Human NA Female First DMEM 10%FBS
passage and 1%
antibiotic
mix

The cells were
platedm 6 well

plates at a cone.

of 4*10*
cellslem2 and
divided into 3
groups:

Control group
was cultured in
DMEM only.

Dexamethasone
(Dex) group was

cultured in
osteogenic
medium

and Strontium
(Sr) group was
cultured in
osteogenic
medium

containing 2 mM

strontium
chloride.

The medium 2D
in each group

was changed

three times

every week

Most ofthe cells expressed the
standard M SC markers such as
CD73 and CD 105, whereas they did
not express the hematopoietic stem
markers CD34 and CD45

The percent ofALP-positive cells in
the Sr group was significantly higher
than that in the Dex group after 10
days, which demonstrates that
strontium enhances the osteogenic
differentiation ofthe M SCs

The expressions ofAlp. Collal, and
Opn in the Sr group were
significantly higher than those of the
Dex group which suggest that the
expression o fosteogenesis-related
genes was upregulated by strontium.

Strontium upregulated the
expression ofALP, significantly
increased the expression oftype 1
collagen, and enhanced calcium
deposition and bone nodules
formation
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In vivo
studies of
rat
calvarial
defect
model and
transplant
ation of
the
scaffold

Table A.6. Strontium (cont.)

Spragu 8-week- 18 NA NA NA
e- old Female

Dawle

y rats

Collageu-Sr-
HA Scaffold

The 18 female
rats were evenly
divided into
three groups: (a)
control group;
(b) HA group;

and (c) Sr group.

Collagen, 3D/
collagen Scaffolds
kydroxyapatit

e and

collagen-

strontium-

substituted
kydroxyapatit

ewere

transplanted

into the

control, HA

and Sr groups,
respectively

In the HA group, die CT bone
density m the defect region was
increased compared with diat of the
control group, w hile in the Sr group.
the bone density in the bone defect
region was increased further, and the
defect region area was reduced,
compared with that of the HA group
at 1 month after transplantation

Three months after transplantation.
in the HA group, die area ofthe
bone defect region was reduced
compared with that o fthe control
group, although the radiographic
density m the defectregion was still
lower compared with tiiat ofthe
surrounding region, w hile In the Sr
group, there was no significant bone
density difference between the
defect area and the surrounding
region and 3D reconstruction
showed no evident bone defect.

In the HA group, moderate collagen
| was observed and OPN antibody
was distributed evenly in die newly
formed bone, and also the
expression o f p-Catemn showed few
signals. However, hi Sr group,
strong collagen | signals and OPN
signals were observed and p-Catenm
signals were also observed strongly.

These results indicate that strontium
can promote the in vivo bone
formation in the calvarial defect
model, can enhance the
accumulation ofECM in the bone
defect, and enhance the p-Catenin
expression in vivo.

96



Strontium
Ranelate

%

BMMSCs

Spragu 3 Male
e- months

Dawle old

y(SD)

Rats

Cellsof
passage 3
were used
for the
following
experiment
s.

Table A.6. Strontium (cont.)

a-MEM

10%FBS.
2m M Lr
glutamine.
I0OU/mL
penicillin
and 100
li&mL
streptomyc
m

Strontium
ranelate
consisted of
SrChand
sodium
ranelate with
the molar
ratio of 1:10.

Cone, of
strontium
ranelate are
expressed in
termsofSi"”
(mM)in tins
stud}] and
calcium chloride
was used as a
controlin cell
cultures.

Cells were
plated in 6-
wellplates at
a density of5
105 ceils/2
mLiwell
After
overnight
incubation.
the medium
was replaced
with
osteogenic or
adipogenic
medium, with
orwithout
SrR(Q .l or
1.0 inM Si2*)

Static

SrR treatmentincreased ALP
activity but decreased OD values of
O il red O dose-dependently.

SrR decreased the proliferation.
promoted osteoblastic but inhibited
adipocytic differentiation of rat
BM M SCs dose-dependently during
2-week treatment.

The increased osteoblastic
differentiation wasrelated to
increased Cbfal/Runx2, BSP. and
OCN

The decreased adipocytic
differentiation were supported by
the evidence of decreased PPARYy,
aP2/ALBP.and LPL
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35

hADSCs
cellline

(PA20)

Human

45 years

Small PA20 cells
fragments atthe 3rd
of passage
subcutane  were used.
ous

adipose

tissue

biopsy

from

Female

Table A.6. Strontium (cont.)

Ham-
F12
Coon’s
modifies
tion
medium

10% FBS, NA
1%PS, and
1ng/mL

basic

fibroblast

growth

factor

(bFGF)

was

composed

PA20-h5 cells
were seeded in
100 mm
diameter dishes
atacone, of
20,000 cells/dish
and cultured for
3 days.

Then the Culture
medium was
replaced with
OM without
osteogenic
induction factors,
containing
several different
cone, 0fSr2': 5,
50,100, 200, and
400 |UM.

The number Static
ofcells was

evaluated at 0,
3,6,10,13,

and 16 days

Adipogemc differentiation was not
observed in the PA20-h5 line attime
0 (days), while after 35 days of
adipogenic induction some cells
showed intracellular vacuoles
containing drops o flipids ofvariable
shape and size

PA20-h5 line did not show ALP
activity at time 0 (days), while
culture in the OM up to 35 days
induced an increase m the number of
cells positive to ALP

Absence ofsignificantvariations of
ALP,RUNX2,and DKK1 gene
expression m cells cultured in GM
containing 100 //M Sr2+ compared
to those cultivated only in GM..

At 100 gM —400 concentrations,
Sr2+ significantly stimulated ALP
production in the PA20-h5cells,
from 14 to 35 days, with maximal
response being observed at 21 days
with 400/iM Sr2+.

Atlowerand higher concentrations
Sr+had no sigmficate effect oncell
proliferation.

In vitro Sr+ion treatmentof
hADSCs enhances cell proliferation
and osteogenic differentiation
through expression of early and late
osteoblastic biomarkers such as ALP
and HA
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Strontium
Hydroxy-
apatite
Scaffolds
(SrHA)

¥ hascs

37 ADMSCs

5
Human

Sheep
(m
Vitro)

Average
age of
35 years

NA

NA

NA

Hie cells
were
passaged
when reach
70-80%
confluence
and iASCs
before the
third
passage
were used
in the
following
study.

Passage 3
is used in
the
experiment
s

Table A.6. Strontium (cont.)

LG-
DMEM

DMEM

10%FBS,
100
mg.'niL

streptomyc
in, and 100

U/mL
penicillin

10%FBS
and 1%
antibiotics

NA

10% SrHA,
Control
scaffold,
Hydroxyapat
ite (HA)
scaffolds
were
synthesized
by wet
precipitation
method.

The effectofSrR
on the osteogenic
differentiation of
hASCs was
studied using:
Sr(0,25,100,
250, 500, 1,000,
1500, and 2000
pM)m
osteogenic
medium (OM).

SrHA and HA
disc scaffolds (5
mm x 2 mm) and
cylindrical
implants (12 mm
X4 mm) were
manually
trimmed.

Cells were Static
cultured in
different type
of
differentiation
medium in
addition to
different
concentration
ofSrR and
incubated for
23 days.

ADMSCs 2D
(1x104) were
seeded on
HA, SfHA
scaffolds and
maintained in
osteogenic
induction
medium to
fabricate
tissue
engineered
scaffolds -
cHA and
cSrHA

ALP activity was significantly
elevated on days 10 and 14 as
indicated by ALP staining and
quantitative assays.

ALP activity was suppressed at 25,
100, and 250 pM and was enhanced
at 500 pM after4, 7, and 14 days

The expression of RUN X2 was
significantly reduced at2 5,100, and
250 pM SrRan, and elevated at 500
pM while the expression ofCO L-I
and OCN was slightly upregulated at
25 pM and was significantly
suppressed at 100,250, and 500 pM.

Early osteogenic marker expression
and ALP activity was increased at
500 pM SrR, but it augmented late
osteogenic gene expression and
increased calcium deposition at 25
pM

Low-dose SrR enhancesliASC
osteogenic differentiation and higher
doses causes liA SC apoptosisvia
activation ofthe ERK. signaling
pathway.

Cultured sADM SCs showed the
ability for the osteogenic and
adipogenic differentiation by
showing reddish brown calcium
depositions and bright red o/l
globules.

Live dead staining confirmed that
sADM SCs attached on HA and
SrHA scaffolds were viable even
after seven days of culture and no
dead cells.

SrHA scaffolds exhibited an ALP
activity comparable to that ofthe
control scaffold which means that it
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On 10-12
vivo) years
10 old
adult

sheep

Female

8 animals
(ovaiiecto
mized
oVvX
group)
were used
in the
experiment
while 2
served as a
control

Table A.6. Strontium (cont.)

Linearincision was
made on die distal one
tim'd o fthe lateral thigh
in the O VX group,
large cortical bone
defect ofsize 12 mm *
4 mm and apress fit
method has been
adopted for the
implantation of TE
scaffolds.

Allogenic SADM SCs (1 x 104)
were seeded on cylindrical HA
and SrHA scaffolds and
maintained in osteogenic
induction medium for 7 days to
fabricate TE implants.

3D

enhances the osteogenic
differentiation ofthe cells.

A ll animals survived the
implantation procedures and healing
was uneventful, also there were no
fibrous tissue or inflammation at the
defect site, post 2 months of
implantation.

A significant increase m de novo
bone formation was evident m the
c¢SrHA implanted group (Fig. 6e)
since they exhibited the highest RE
ratio.

Density histograms of HA and cHA
implanted group indicated that bone
density at toe bone-miplant
interfaces was low compared to that
ofhost bone, whereasm SrHA and
c¢SrHA implanted group a

com paratively improved bone
density was evident, indicative of
the significance of Srincorporation
m osteointegration

Strontium and osteogemcally
induced ADM SCs at the unplant site
facilitated improved osteogenesis
and osteointegration towards
osteoporotic bone healing.

00T



Strontium
Calcium
Phosphate
(SrCaP04)
and HA
scaffolds

Strontium -

Doped Nano-

Particles
(BGNPsSr)

38

39

ADMSCs

hASCs

Table A.6. Strontium (cont.)

Rabbit NA NA Passage 3-4  ct-MEM 10%FBS
were used and 200
in tiie Um -1 of
experiment penicilin
and 200
Uml1 of
streptomyc
in
Human NA NA NA a-MEM No
supplement
ations

An m-liouse
prepared
SrCaP04
was used for
the study.
HA powder
was
synthesized
by a wet
precipitation
method

Strontium
has been
doped in
bioactive
glass
nanoparticles

Porous bioactive
ceramics (5 mm
diameter & 5
nun thickness
discs)—HA and
SrCaPCM were
loaded with cells
Ix10 5cells per
scaffold

Discs ofboth
BGNPs and
BGNPsSr, with
an approximate
weight of 100
mg and &4 min,
were produced
through a
compact and
inexpensive hand
driven press

Cells were
incubated in
the scaffolds
for2 and 4
weeks and the
media was
changed twice
aweek.

The tests were
carried out for
1,3,and 7
days.

hASCs were
cultured with
BGNPs
dispersed in
the medium
with and
without
osteogenic
supplements

Static

NA

The RADM SCs were analyzed by
fluorescence activated cell sorting
(FACS Aria) and showed positive
expression ofadhesion molecules
CD105 and receptor molecule CD44

The osteogenic differentiation (ALP
activity) was found to be more
prominent on SrCaPCM than HA.

The presence ofincorporated
strontium has favored the
differentiation and proliferation of
osteoblast cells unlike HA and
would easily assist in bio imaging

In vitro studies suggested SrCaPCM
as a better bone substrate than HA
for furtherin vivo applications.

The combination ofbiomatenals
with stem cells has demonstrated to
improve bone healing.

The nanoparticles influenced the
expression levels ofRUN X2 in the
initial culture periods, in which a
significant upregulation ofRUN X2
occurred at 7 days for all culture
media

The expression oftype | collagen,
OCN, SPP1and COLIA1L are
expressed in the first periods and
downregulated in the succeeding
osteoblast differentiation, being
necessary for tire progress o f the
bone cell phenotype

hASCs kept theirviability levels in
the presence ofboth nanoparticles in
comparison with cells not exposed
to the particles.
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Trace
element

Sulfur
M ustard
(SM)

Tvpe Species
BM - Human
MSCs

Cells

Donor
Age

10
patients
were
between
(49-
84)
years.

Donor

NA

Passage

Passage 3
were used

Table A.7. Sulfer

Media

Basal
media

ct-MEM

Serum

20%
FCS,
200 pM
1-
glutamin
e,

100
U/rnl
penicilli
n, 100
U/rnl
streptom
ycrn)

M aterial's
Form

SM were
purchased and
diluted for
experimental
approaches
with growth
media

Protocol

M aterial's
C'onc.

The cells were
treated with the
vehicle control
(diluted ethanol
without SM) or
with SM at final
concentrations of

1 pM (ICO, 10
pM (ICH, 20 pM
0C10) or 40 pM
(IC2) SM under

a fume hood.

Applications

At8,24 and
48 h or 5 days
after exposure
to SM, cells
were used for
senescence,
proliferation
and apoptosis
experiments.
For

DNA adduct
experiments,
cells were
used 5 min to
48 h after SM
exposure.

Conditions

Static
normal
conditions

Results

When cells stained with DAPI to
determine the strongest cytotoxic
effectof SM whichis induced by
its alkylation ofthe DNA. aplateau
ofmaximum fluorescence intensity
was reached after 1 h of 100 pM
SM incubation. That plateau stayed
for about4 h and decreased
afterwards. Already 5 min after
exposure the cells showed a mean
fluorescence 0f32.7 £ 4 .1%
compared to the value 1 h after
exposure.

Cells wereincubated for 48 h with
and without SM m different
sublethal concentrations (I1C 1-
IC25). In absence of SM, 37.0 +
1.2% ofall cells were positive for
Ki-6 7 within the nucleus w Ihcli
means these are proliferative cells.
Wi ith increasing concentration o f
SM. the numberofKi-6 7 positive
nucleus deceased to 0.8+ 0 .1% at
IC25 (40 pM).

No significant changes were
observed with regard to cleaved
Caspase-8, PARP, p85 and A IF
under exposure with all tested SM
concentrations.

In the absence ofSM, the M SC
demonstrate nearly no senescence.
Starting with exposure to low
concentrations IC 1 the number of
senescent cells starts to increase.
Using a SM concentration o f40

0]



4 BM -
MSCs

Human 14
patients
were
between
(47-
86)
years

NA Cells were
used until
passage 3.

Table A.7.

a-MEM

20%
PCS,
200 pM
1-
glutainin
e,
100
U/m!
pemcilli

streptom
yon)

Sulfer (cont.)

SM was
purchased from
as an 8 M stock
solution of SM

in 100%

ethanol.

The cells were
either treated
with the vehicle
control (diluted
ethanol without
SM) or exposed
with SM at
concentrations of
11M, 10 1M, 20
IM, and 401M
under a fume
hood were
mcubated for 1
h.

M SC from 6
independent
healthy donors
were poisoned
with SM for one
hour and
afterwards
cultivated for
five days. A
wide range of
SM
concentration
was used to
determine the
inhibitory
concentrations
from 1% to
50% (IC1-IC50X
HaCatcell

Normal
conditions

Cells were
mcubated
with SM in
different
concentration
and for
different
periods of
tune for
different
applications

pM (IC25), most oftire M SC
demonstrate a senescence typical
expression o f B-galactosidase.

Asa summary, SM alkylates the
DNA ofthe M SC. However, a
large amountofDN A alkylation
does not necessarily lead to
apoptosis. Rather, the M SC is able
to reduce and repair DN A damage.

In relation to HaCat cells the
cultured M SC are able to tolerate a
more than 40-fold increased
concentration to reach the
inhibitory concentration of50%.

Using the lowest inhibitory
concentration IC1 (11M) the
numberofmigrated cells decreased
highly significant to 54 % w hile
increasing SM concentrations the
migratory activity remained stable
atabout50% (EC5: 54%,1C10:
50%,1C25: 48%).

Calcification was observed under
control conditions as w ell as under
all tested SM concentrations which
indicates the ability’ for osteogenic
differentiation.

Adipocyte differentiation of M SC
can be demonstrated, in which

M SC transformed into adipocytes
with large fat vacuoles and this
process was not affected by SM
exposure in all tested
concentrations.

Under all tested conditions M SC
were able to differentiate into
functional active chondrocytes
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BM -
MSCs

Human

10

patients

were

between

(49-

84)
years

NA

Cells were
used until
passage 3.

Table A.7. Sulfer (cont.)

a-MEM

20%
FCS,
200 [iM
glutaium
€,
100
U/ml

p eiiicilli
n, 100
U/ml
streptoni
you)

SM was made
purchased as
pure SM (8 M)
was pre-diluted
in ethanol.
For
experiments:
SM were
diluted in
growth media.

culture was used -
as areference
celline.
-
-
The cells were Normal -
treated with the conditions

vehicle control
(diluted ethanol
without SM)
orwith SM at
final
concentrations of
1pM (1Q), 10
pM (ICH, 70 pM
(IC5), and 570 -
pM (ICgo) under
a fiime hood

M SC after neuronal differentiation
did show' the classical morphology
forneurons. This morphology was
not affected if the cells were
incubated with SM before
differentiation was induced.

As a summary: The presented
results demonstrate a high
tolerance ofM SC against sulfur
mustard (SM). With a50%
inhibitory concentration (IC5Q) of
about 70 IM M SC are able to
tolerate the 40-fold concentration
compared with HaCat cells.

The secretion profile ofM SC
incubated for 8 h with SM was
compared to Hie secretion profile of
M SC cultured in absence of SM,
concentrations 50 % and 90%

(IC50, 1C90) were used, 49 outof
275 cytokines showed a significant
changed expression under at least
one of the used conditions.

Strongest decrease show'edVEG F-
A (-1.8-fold), GRO-a (-1.3-fold)
and AREG (-1.2-fold) within the
IC90 testw hile highest increases
were obtained for GCP-2 (0.5-
fold), LAP (0.2-fold) and TSH-beta
(0.2-fold)

11 ofdie cytokines for which a
significant change was observed
among SM exposure had been
described in the literature as
cytokines which directly or
indirectly influence the migration
ofM SC.

In absence ofSM the addition of
the cytokine bFGF led to an
increase in migratory activity of
while that level remained
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AD-
MSCs

Human

NA

Male

Passage 3
were used

Table A.7. Sulfer (cont.)

MEM

10%
FBS

The studies are
made on an
SM -exposed
male patient
winch had a
documented
encounter with
SM during the
Iran-lraq war.

Our patient
received
100x10®

cells every 20
days for a total
of4 injections
within a 2-month
period.

He was screened
7 tmies for
evaluation of
physical
activities and
respiratory
quality

M SCswere
injected
intravenously
along with

300 mInormal
saline ata
maximum rate of
2x10s

cells, minutes

W e evaluated the efficacy of
the injections in the patient
according to the following
parameters:

Pulmonary function

tests (PFTs) [FEV1; forced
vital capacity (FVC),
FEVI/FVC],

total lung capacity' (TLC) by
body

plethysmography, single-
breath carbon monoxide
diffusing capacity (CO
diffusion),

exercise performance [6-
minute walk test (6MWT)]
(24),

Borg Scale Dyspnea
Assessment (BSDA) (25),
COPD Assessment Test
(CAT),

St. George’s Respiratory
Questionnaire (SGRQ) (26),

The effect of TIM P-2 was not
uniform Whereas the activity
underIC50 and the controlwas
slightly decreased, the migration
was increased atIC5 and IC90 but
remained unchanged atIC 1.

VEGF led to aconstant and
significant increase o fmore than
20% except IC50 where the
activity remained unchanged.

lu summary, the secretome of

M SC changes significantly under
the influence of SM. There is a
reduced secretion of factors that are
necessary for M SC migration and
increased migration ofM SC can be
caused by various cytokines.

CD markers (CD73, CD90,
CD105, and CD44) demonstrated
that the cultured cells were indeed
ADMSCs

Kaiyotyping showed that the
M SCs were normal and could be
used for the injections.

There were no statistically
significant differences observed in
PFTs (FEV1, FVC, and
FEV1/FVC %) for 9 months,
however there were an improve
after the 2adinjection.

The results indicated a reduced
volume for diffusing capacity’ or
transfer factor (ILco) ofthe lung
for caibon monoxide and also there
was no significant difference in
TLC, residual volume (RV) and
maximum expiratory flow (M EF)
after the injections
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Trace
element

Silicon lons
in {Calcium
Silicate)

44

Type

HBM SCs
(human
bone
marrow
MSCs)

And
HUVECs
were used
for co-
culture

Species

Human

Cells

Donor
Age

NA

Donor
Sex

NA

Passage

HBM SCs
and
HUVECs
used in
the study
were all at
passage 3.

Table A.7. Sulfer (cont.)

Table A.8. Silicon

M edia
Basal Serum
media
Low 10%FBS
glucose & 1% PS
DMEM

M aterial's
Form

CS powders
were
prepared by
achemical
co-
precipitation
method. Si
ion-
containing
media was
prepared by
using CS
powders
smce CS
releases ions
gradually
when soaked
in cell
culture
medium.

and a comprehensive safety -
evaluation
Protocol
M aterial's Applications Conditions
Cone.
CS extracts HBMSCsand  Normal *
were diluted with HUVECs conditions
DMEM bya were seeded
senesofgradient m 96-well
dilution platesat 1 x
at the ratios from 103 cells per
1 to 1/256 wellfor24 h.
Then, cells
were treated
The Si-ion with media *
concentration containing CS
used for this extracts
experiment was for different

determined first
with CS extracts
in the
concentration
range from 1.75
to 14 pgm L-1

tune penods.

Systemic administration of
multiple doses of M SCs appears to
be safe and improve 6MWT, CAT,
SGRQ,VAS, and BSDA scoresin
SM-exposed patients with lung
injuries.

Results

At dilution ratios from 1/4 to 1/256
(Sision concentration: 0.5-29.27 gg
m L-1), CS extracts showed no
cytotoxicity forboth HBM SCs and
HUVECSs, butCS extracts without
dilution (CS1) showed acertain
degree o fcytotoxicity for both type
of the cells.

The CS extracts diluted from 1/2 to
1/128 (Si-ion concentration: 0.95-
59.57 ggm L-1) significantly
stimulated HBM SC proliferation on
day 7.

At the dilution range from 1/8 to
1/256, Siions regulate the cell
proliferation, and the bioactive Si-
ion concentration for the stimulation
of HBM SC proliferation is in the
range between 0.95 and 59.57 pg
mL—1, and that for the stimulation of

80T



Table A.8. Silicon (cont.)

HUVEC proliferation is in the range
0f0.95-3.67 pgm L-1,which is
much narrow than that for HBM SCs.

The adipogemc differentiation of
HBM SCs was enhanced when
cultured in osteogenic media with Si
1011s as compared with cells only
cultured in adipogemc medium
without Siions, however under
normal growth condition without
adipogemc differentiation inducer,
Siions could not stimulate lipid
accumulation ofHBM SCs

Siions were observed to upregulate
the gene expression ofFPARY,
C/EBPa. FABP4, leptin, and
adiponectm in adipogemc medium,
which indicated that Siions do
promote adipogemc differentiation
ofHBM SCs.

However, in normal growth

medium, no upregulation of
adipogemc gene expression was
observed both with and without Si
ions, suggesting that Siions are not
aninducer, and rattier an enhancer of
the adipogenic differentiation of
HBM SCs.

The addition ofSiions m the
coculture medium ofHBM SC-
deiived adipocytes and HUVECs
remarkably stimulated the capillary-
like network formation, which
indicated that Siions enhanced
angiogenesis of the cocultured cells.

The results also showed that Siions
also promoted VEG F secretion of
monocultured adipocytes and
HUVECSs as compared to cells
cultured without Siions, and also
showed significantly higher increase

60T



Calcium
Silicate and
Strontium

Calcium

Silicate
<CS & Sr-

cs)

hwJMSC
s

(human
Whartonl
sjelly
MSCs)

Human

NA

NA

NA

Table A.8. Silicon (cont.)

DMEM

10% FBS,
100 U/mL
pemcillm/
100 pg/mL
streptomyc
in, 10-8M
dexametha
sone,
2.16g/L
glycerol 2-
phospliate
disodium
salt hydrate
and
005g/LL-
Ascorbic
acid

Calcium
oxide, Silica
and
Strontium
oxide (CaO -
Si0Z—Sr0)
powders
were
employed as
precursor
materials and
were
prepared m a
certain way
to form
cementlike
specimens

hWJMSCs
cultured on
different cements
for a different
period oftime.

Normal
conditions

in secretion in cocultured cells in the
presence of Siions as compared to
monocultured cells.

Siions significantly stimulated lipid
accumulation and adiponectin
secretion of cocultured adipocyte.

Siions enhanced the formation of
adipose-like tissue in hydrogels with
both mono- and cocultured
adipocytes, and coculture group
showed lusher adipose tissue
formation than monoculture group.

The quantitative analysis showred
that theviability ofhWJM SCs
cultured on SrlO was significantly
higher (p < 0.05) than that on SrO
(1.14 fold) and Sr5 (1.10 fold)
groups after 24 h culture

The ALP activity ofhWJIMSCs
cultured on Sr-CS cementwas
markedly up-regulated after 3 and 7
days

Sr-CS cements may possess higher
activity in up-regulatmg osteogenic
differentiation ofhW JM SCs than the
CS cement.

The Sr-CS possesses enhanced
degradability in compared with the
CS cements.

The ionic products ofthe Sr-CS
possess the ability to stimulate the
proliferation, osteogenic
differentiation, and mineralization of
hWJMSCs.



Silica NPs

46

47

hADSCs

BM
MSCs

Human

Human

NA

NA

NA

NA

NA

Fifth, passage
were used

Table A.8. Silicon (cont.)

DMEM

a-MEM

10%FBS
and

1%
antibiotic."a
ntimycotic

10%FBS,
L-
glutamine
©3
mag/niL),
streptomyc
in (100
Hg/mL)
and
penicillin
(100
U/mL)

Silica gel
was prepared
by a
chemical
reaction
using
hydrochloric
acid and
sodium
silicate.
washed,
sterilized,
and
suspended m
serum-free
culture
medium for
48 hours

(Si02)72
cluster was
designed and
used as a
modelof
Si02 NPs

In order to
compare the
effectof
silica and
silicon
clusters, a
Si20 cluster
asamodelof
silicon NPs
was designed
using the
Gaussian
98W suite of
program.

Cells were cultured in a96-well
plate

at37°C ina5% C02

atmosphere for 1,3. and 5 days at
a density 03,000 cells/w ell with
DMEM (with 1% fetal bovine
serum) containing silica NPs and
MPs,

Cell therapy by Different
catalase (CAT) concentration
sample with a sofSi02 NPs
cone, of2 pM (1,10,50,
wias titrated with 100 and 200
different cone, of  pg/mL) were
Si02NPs (1,5, added to the
10, 15 and 20 cell culture
pM) at 298, 310 medium for
and 315 K 24 hrs.

Normal
conditions

Normal
conditions

Silica NPs increased cell
proliferation significantly, but silica
M Ps showed no stimulation ofcell
proliferation., even atday 5.

Analysis of apoptotic cells by
Annexin V staining confirmed that
hADSCs exposed to silica MPs
undergo apoptosis (6.49%) m a 1%
serum medium, howrever, silica NPs
had no effect on apoptosis.

The silica NP medium increased the
phosphorylation ofER K 1/2 after 10
minutes, it has no effect onp38
phosphorylation, however, silica MP
medium showed increased levels of
the phosphorylated form ofp38.

M TT data indicated a negligible
cytotoxicity of Si0 2 NPs against
hM SCs up to 100 pg/mL. However,
increasing the concentration 0fSi0 2
NPs to 200 pg/m L were toxic to the
cells.

After 24 hrsincubation ofhM SCs
with Si02 NPs,LDH assay
demonstrated avery low levelof
toxicity forall Si02 NPs
concentrations.

hM SCs cells exposed to different
concentrations of SiQ 2 NPs (1, 10,
50, 100 and 200 pg/mL) for 24 hrs
also revealed a significant increase
in the production ofROS only at
high concentrations (100 and 200
ug/rnL)



Se@ Si02
Nano-
composites

45

BMSCs

Sprague
Dawley
(SD)
rats

The rats were bred
and maintained
undera 12/12 hr.
light/dark cycle
with free access to
food and water. The
temperature was
mamtained at
18-25°C, and the
relative humidity
wassetto 40-60%.

BMSCs
from
passages 3—4
were used in
the
following
experiments

Table A.8. Silicon (cont.)

DMEM/
F12

10% FBS
and 1%
antibiotic-
antmiycoti
c

They have
oxidized SeZ*
to develop
Se quantum
dots, then
they used the
Se quantum
dots to form
asolid

Se@ Si02
nanocomposi
te which was
then coated
with poly-
vinylpyirolid
one (PVP)
and etched in
hot water to
synthesize
porous

Se@ Si02
nanocomposi
te.

BM SCs were
seeded at a
density of
1x104 cells per
wellin aflat-
bottomed 96-

w ellplate for 24
hrsat37°C with
5% CO2. After
24 hrs, the cells
were incubated
with an
increasing
concentration of
the porous

Se@ Si02
nanocomposite
(ranging from 0
to 180 pg/mL)

BM SCs were
divided mto
tw” groins:
the blank
group and the
Se@ Si02
group.

The blank
group was
resuspended
m serum-free
DMEMTI2
medium.

The Se@ Si02
group was
resuspended
in serum-free
DMEM /F12
medium
containing the
porous

Se@ Si02
uanocomposit
eata
concentration
of80 pg/mL

Normal
conditions

The results showed that the cell
viability did not decrease
significantly compared to the cell
viability of the blank group until the
concentration reached 160 pg/mL.

The results demonstrated that the
porous Se@ Si02 nanocomposite
promoted BM SCs migration
compared to that in die blank group.

The gene expression of SDF-1 and
CXCR.4 m the Se@ Si02 group was
increased compared to that in die
blank group, suggesting tiiat the
porous Se@ Si02 nanocomposite
may promote BM SCs migration
through die SDF-1/CXCR4
signaling pathway.

Treatmentwith the porous Se@ Si02
nanocomposite decreased the level
ofintracellular ROS more evidently
at 160 pg/mL than at 80 pg/mL.

The porous Se@ Si02
nanocomposite increased ALP
activity in die Se@ Si02 group and
the H202+Se@ Si02 group
compared with thatin the blank
group and die H202 group.

The porous Se@ Si02
nanocomposite promoted die
expression ofRunx2, OCN, BMP-2
and Smad-1using RT-PCR and
protected the expression ofRunx2,
OCN,BMP-2 and Smad-1 against
H202-induced inhibition, suggestmg
that the porous Se @ Si02
nanocomposite promotes osteogenic
differentiation ofBM SCs.
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Silicon
Carbide NPs
combine with

NanoHA
coated
Anodized
Titanium

49

In Vivo

24
rodents

2
months

Male

NA

Table A.8. Silicon (cont.)

NA

NA

SiC NP (1 g/L) were added to the
titanium electrolyte. The
electrochemical deposition
procedure wias completed at 27

°C for 60 nun nithe electrolyte
with a firm voltage of2 V.

The pure HA coating was also
fabricated by the same process yet
without SiC

sources.

Rodent osteoblast cellwas a
culture at 3 x 10Vem2
onTi02, HA-coated Ti0 2,
and SiC@ HA-coated Ti02
implant (In Vitro)

Rodents were

arbitrarily allocated to be
embedded with Ti02. HA-
coated Ti02 or

SiC@ HA-coated TiQ 2. (In
Vivo)

The cellviability in SiC@ HA
gathering was higher thanHA,
which was a lot higher than the TiO
bunch atvarious times focuses.

Ca2+ deposition m the ECM and
cell osteocalcin generation were
fundamentally higher in the

SiC@ HA sample following a month,
showing that SiC@ HA advances
osteogenic separation.

At about two months after the
medical procedure (hiVivo), the
bone region proportion (BRP) and
bone-embed contact (BEC) were
essentially higher around SiC@ HA
inserts.

At both a monthand two months,
the proportion ofhard tissue volume
to add up to volume, mean
trabecular number, and mean
trabecular thickness were
fundamentally higherin SiC@ HA-
covered inserts, proposing
quickened healthy osteoblastin the
locale ofintrigue

Err



Trace
element

Trabecular
Titauium
Scaffolds
(TiI6A14V)

oo

Cells
Type Species Donor
Age
ASCs Human NA
Adipose
Stem
Cells

Donor

NA

Table A.9. Titanium

Media
Passage Basal Serum
media
Cells were DMEM 10% FBS,
cultured F12- 100U
until95% HAM penicillin's
confluence treptomyci
then the n,
adherent amphotenc
cells were in
trypsmized
and IxIO 5
hASCs/100
mm?2tissue

culture plate
were seeded
m flasks.

These
passages
were
repeated
thrice.

M aterial's
Form

The
trabecular
titanium
scaffolds are
multiplanai
hexagonal
cell structure
mutating the
cell structure
ofthe
trabecular
bone, and its
morphology
and
dimension
has been
optimized to
improve
vascularizati
on, and
maximize
osteo-
mtegration

Protocol

M aterial’s
Cone.

The average
diameter of the
cellporesusedin
the scaffolds is
640 pm, the
structure has an
average

porosity of65%.
The scaffolds
(Ti) used have a
height of6 mm
and a diameter of
12 mm

Applications

At
confluence,
the cells were
trypsmized
and
inoculated
onto each
scaffold as
follows:
adrop of50
pL containing
1x10scells
was placed on
the top ofthe
scaffolds
which

were placed
m 12 wells,
then allowed
for 2 h before
the

medium was
added.

hASCs seeded
on monolayer
were cultured
in three
different
media: GM,
OM,andCM,
thatis the GM
collected from
the cells/TT
scaffold
construct well

Conditions

Static

Results

hASCs were positive forCD90,
CD73,and CD105 surface antigens
and negative for CD34 and CD45
molecules.

hASCs grown on T i scaffolds
successfully differentiated down the
osteogenic lineage and expressed
high levels o fthe bone marker AP in
the presence of osteogenic medium

The expression oftype | collagen in
hASCs subjected to osteogenic
induction was higher atday 21 and
decreased at day 28, while the
expression o f osteopontin and
osteocalcihnmRNA ofhASCs grown
in osteogenic medium was observed
to increase from 21 to 28 days of
culture.

The expression of ALP and Runx-2
ofhASCs grown onTT scaffolds
and Tiplates in the presence of
osteogenic factors (OM) was
significantly higher than that o fthe
same cells cultured on T plates in
the GM ,bothat 7 and 21 days of
differentiation.

The protein deposition enhancement
was particularly marked for alkaline
phosphatase, type | collagen,
decorin, and osteopontin when
compared with the scaffold cultured
with undifferentiated stem cells.
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Titanium
Particles

“Submicron
comm ercially
pure
titanium
(cpTi)
particles”

BMSCs
(Bone
marrow
MSCs)

Human

NA

NA

Adherent
cells were
supplied
fresh
medium
every72h
and
expanded for
2-3 weeks
(until 75%
confluence)
prior to use.

DMEM/
FlI2 I0oU/ml
medium

Table A.9. Titanium (cont.)

10% FBS,

penicillin,
and 100
pg/

ml
streptomyc
m

2 typesof
particles
were used:
cpTi
particles and
zirconium
(V) oxide
(zroo
particles.

Particle sizes of
0.939+0.380
and 0.876
0.540 pm for
cpTiandZrOj.

Cells were NA
incubated
with
DMEMTI12/
10% FBS
containing
ZrO:orcpTi
particles with
different
concentration
for24 h.

In this study, the ability ofthe
hASCs to proliferate and
differentiate into osteoblast-lke
cells and to produce a mineralized
matrix when cultured on trabecular
titanium scaffolds was investigated.

After 12 days oftreatmentwith OS
medium, BM -M SCs showed
differentiating into an osteoblastic
celltype, exhibiting increased gene
expression o f osteoblast markers
AP,OC, and BSP.

ColIA2 cIRNA was expressed in
both treated and control, but
treatment with OS medium resulted
in elevated collagen type | protein
production.

BSP production by OS-treated cells
was not affected at low or moderate
particle concentrations (50 and 500
particles/cell), while exposure to a
higher particle concentration (5000
particles/cell) severely decreased
BSP production.

Exposure to submicroncpTi
particles for 12 days suppressed the
ability ofliM SCs to differentiate
mto a functional osteoblastic
phenotype, indicated by the
decreased level o fBSP gene
expression asw ell as reduced BSP
and collagen type | protein
production, compared to non-
particulate loaded OS-treated cells.

The exposure o fOS-treated cells to
both particle types resulted in
decreased cellnumbers throughout
the entire treatmentperiod, with
cpTiloaded cultures exhibiting
lower cell numbers than cells

Q1T



Pure
Titanium
disk and
Nanotube
Titanium

disk

DPSCs
“Dental
Germ
Pulp Stem
Cells”

&

ADSCs

Human

NA

NA

NA

Table A.9. Titanium (cont.)

a-MEM
culture
medium

20% FCS,
100 pM
2P-
ascorbic
acid,2 mM
L-
glutamine,
I00U/mlI
penicillin,
100 pg/ml
stieptomyc
in

Disks of
commerciall

y pure grade-

1 titanium
have been
used as
substrate for
the nanotube
growth.

The disks have
diameter of 30
mm with a
thickness 0f0.5
mm, and were
arranged to show
an active area of
3.8 cm2

ADSCs and
DPSCswere
cultivated on
two type of
surface N TD
and TD

ADSCs and
DPSCswere
trypsmized
upon sub-
confluence
and seeded on
NTD and TD.
The medium
was changed
every 3 days

Static

cultured with ZrOz atDays 6, 9, and
12.

ADSCs cultivated onN TD showed
the up-regulation ofbone-related
genesFOSL1, RUNX2,COLIAL,
ENG and the down-regulation of
SP7,ALPL and SPP1 while
expression of COL3A1 was the
same in both cells (cultivated on
NTD and TD)

ADSCs cultivated on N TD after 30
days o f treatment, the bone-related
genesFOSL1,COL3AL,COLIAL,
ALPL and SPP1 were up-regulated,
while SP7, ENG and RUNX2 were
down-regulated

After 15 days, DPSCs cultivated on
NTD showed tlie up-regulation of
FOSLI and SPP1 and the down-
regulation ofSP7, ENG, RUNX2,
COL3AICOLIALl andALPL.

NTD surface is more osteo-mduced
surface compared to TD, promoting
the differentiation o fmesenchymal
stem cells m osteoblasts.

Stem cells cultivated on uanotube
titanium disks showed the
upregulation ofbone-related genes
RUNX2, FOSL! and SPPL. ~

917



Titanium
Fiber Mesh
“TEM *

Titanium
Disk

54

DFAT W hite 7-week- Male
Rabbits old

"Mature

adipocyte

-derived

de-

differentia

ted

Fat”

BMSCs Human NA NA
“Bone

marrow-

derived

hMSCs”

After
reaching
confLuency,
cells were
passaged and
used for
experiments

The cells
from passage
4 were used
forin vitro
experiments.

Table A.9. Titanium (cont.)

DMEM 20% FBS
& 10,000
umts/mL
penicillin,
10,000
lg/mL
streptomyc
m and 25
lg/mL
amphoteric
in B

Culture media (PT-
3001, Lonza)

TFM with an
87%
volumetric
porosity and
50 pm fiber
diameter
were used as
scaffold.

Commerciall
y pureTi
discs with a
mirror-
polished
surface
(grade 2; 8
mm<> x 1
mm thick,
referred to as
Mirror) were
used m the
experiments.

Prepared
titanium fiber
discs were
shaped with a 5
mm diameter and
1.5 mm
thickness.

Adhesion and
differentiation of
hMSCsonTi
surfaces with
micron, nano,
and
micro/nanoliybn
d grid topologies
created

using
femtosecond
laser irradiation
was evaluated.

hMSCs were
seeded on the Ti
specimens ata
density of 5000
cells cm"2and
incubated.

DFAT cells
seeded

into the TFM
were cultured
in osteogenic
medium for
14 days.
Medium was
exchanged
biweekly

Adipogenic
difF. was
induced when
cells

reached 80-
90%
confluence
with the PT-
3004
medium.
Osteogenic
and
chondrogemc
diff. was
induced when
cells reached
100%
confluence
PT-3003
medium for
osteogenic
differentiation
and

PT-3002
medium for
chondrogemc
differentiation
All were
replaced
every 3 days.

NA

NA

DFAT cells proliferated in the TFM
because numerous well-spread cells
were found around titanium fibers
and appeared to increase in number
from day 3 to 7 in SEM analysis.

DFAT cells differentiated into
osteoblasts in TFM because
osteocalcin and calcium as late and
terminal stage markers o fosteoblast
differentiation, respectively,
increased remarkably on day 14.

The micron-scale topography is
beneficial forcell anchoring, w hile
the nanometer-scale topography is
beneficial for cell locomotion on the
substrate.

The micro/nanokybnd grid
topography strongly promoted cell
adhesion.

Ti surfaces with designed grid
topographies modulated
multiineage differentiation, with
osteogenic differentiation being
strongly promoted by the nanogrid
topography.

After 3D differentiation induction, a
sim ilar expression level was
detected by hM SCs cultured on both
Mirror and Micron for adipogenic
and chondrogemc differentiation.
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Titanium
Nanopores

56

BMSCs

Human

The experiments
were repeated

with at least 3
different bone
marrow cell
aspirations from
patients of different
age, sex and origin.

NA

Table A.9. Titanium (cont.)

a-MEM

10%FCS,
2mMof
L-
glutamme
,100
pg/mL of
streptomy
cin and
100
units/mL
of
penicilin

Titanium
surfaces with
nanopores
30, 150

and 300 miil
in diameter
were
prepared by
physical
vapor
deposition.

The glass
coverslip discs
coated with a
thin titanium
layer

were abbreviated
Tiandused as
controls.

The membranes
with nanopores
coated with
titanium were
named Ti30,

Til50 and Ti300.

3 samples/
group

were used and
the
experiments
were
reproduced at
least

three times.

Ti3Q, T il 50
and Ti300
membrane
discs were put
into 12-
well dishes,
and then 500
pL cell
suspensions
were poured
in each well.

Cells were
cultured on to
the different
substrates

for 2 and 4h,
and 1, 6,12,
18 and 21 d.

Static

Osteogenic differentiation ofliM SCs
cultured on nanostructured Ti (Ti
nano) whs investigated after 6 ,12
and 21 d ofculture.

hM SCs exhibited as earlyas day 1 a
more branched cell morphology on
the Ti30 surface than on other
surfaces.

The mostpotent nanostructure for
osteogenic differentiation consisted
ofTi30 and T il 50 w hile the Ti300
had a limited effect.

Nanopores o f30 nm may promote
early osteoblastic differentiation
and, consequently, rapid
osseomtegration oftitanium
implants

The arrays profile led the expression
of 84 genes important for cell-cell
and cell-m atrix interactions

18 genes were more under expressed
on T i 30 than on the other surfaces,
including 3 collagens (COL6A1,
COL7A1, COL8A1), 6 integrins and
4 metalloproteases (MMP2,
MMP14, MMP16 and SPG7 MMP).

In contrast, on T il 50, only 3 genes
(VCAN,CTNNBL,ITGaV) were
slightly under expressed compared
to the other surfaces.

OnTi300, 6 genes (COL7AL,
ITGa4, ITGfJ5, SPG7, TIMP2 and
CLEC3B) were over expressed as
compared with Ti30 and T il50 and
MM P1 was expressed more than as
much as on the T i surface.
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Table A.9. Titanium (cont.)

MSC
Growth
Medium

NA

Tidisks
were
prepared
from Imm
thick sheets
ofgrade 2

unalloyed Ti.

For Direct Culture:

Cells were plated on the surfaces at
a density 05,000 cells/cm 2 and
grown to confluence on TCPS
(about 7 days).

At confluence, the media were
changed, and cells were incubated
for24 hours.

For Indirect Culture “Co-Culture™:
M SCs were plated at 5,000
cellslcem2m 6 well plates

and cultured in MSCGM . When
the MG63 cells on the test surfaces
were confluent, the disks

were moved mto cell culture
inserts above the M SCs in the 6

w ellplates.

Cells were fed using DMEM, 10 %
FBS, and 1% PS foran additional
12 daysin the co-culture system.

NA

Alkaline phosphatase specific
activity, an early marker of
osteogenic differentiation, increased
two fold on titanium surfaces when
compared to TCPS.

Osteocalcin increased slightly m
cultures grownon PT and SLA
surfaces overbasal levels buthad a
three-fold increase in cultures grown
onmodSLA surfaces.

Secreted OPG increased only in
M SCs grown on the hydrophilic
modSLA surfaces.

Levels ofVEGF-A decreased
slightly in the conditioned media of
cells grown on titanium surfaces but
were significantly decreased on the
m odSLA substrate.

RUN X2 expression was increased
on titanium surfaces and
significantly increased on modSLA
surfaces as compared to TCPS while
Osteocalcin was also significantly
upregulated on modSLA surfaces.

After 12 days m the Co-culture
system, M SC cell number
significantly decreased m cultures
exposed to osteoblasts on titanium
surfaces

The surface microstnieture and
surface energy are able to direct
M SCs towrard an osteoblast lineage.

Using the co-culture model, that
differentiated osteoblasts on implant
surfaces create a sufficient
environment for osteogenic
differentiation ofthe surrounding

M SCs. '
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Trace
element

Yttrium -
Stabilized
Zircania
(YSZ)
Scaffolds

58

Type Species
hMSCs Human
‘Bone
marrow
MSCs”

Cells

Bonot
Age

NA

Donor
Sex

NA

Passage

The cells
were
harvested at
approxiinatel
y 80-90%
confluence
for

further
subcultures.

Table A.10. Yttrium

Basal
media

a-MEM

M edia

Serum

10%FBS,
2niM L-
glutamine
,02mM
ascorbic
acid, 100
U/inL
penicillin,
and 100
mg/mL
streptomy
cm.

M aterial's
Form

Yrtntmiis
used in this
experiment
asYSZ-PVP
fibers.

Protocol

M aterial’s
Cone.

Applications

Ceramic scaffolds were seeded ata
density of2x10 +cells/cnr and
cultured in anincubator

forup to 14 daysin OM and in
both BM

and MM for 28 days.

The culture medium was refreshed
every 2 days.

BM = BasalMedium

OM = Osteogenic medium

M M = supplemented osteogenic
medium to support the osteogenic
diff.

Conditions

NA

Result;

A llinvestigated scaffolds showed a
high rate ofviable cells, which
indicates no cytotoxic effects
derived from the developed YSZ
nanofibnllar scaffolds.

The nanofibers mat offered avery
low density, in the range of
0.06-0.09 g/cm3.

Bulk YSZ scaffolds had a
significantly higher metabolic
activity than all nanofibrous
scaffolds, which could be due to the
higher differentiation ofhM SCs on
nanofibrous scaffolds compared to
bulk YSZ.

ALP activity increased between day
7 and day 14 m OM and was
significantly enhanced for CO
annealed scaffolds.

Gene expression ofRUN X2 was
significantly higher for CO and MW
annealed scaffolds compared to bulk
Y SZ in both culture media.

RUNX2 stimulates other
downstream osteo-related genes
such as osteopontin (OFN),
osteocalcin (OCN), bone
sialoprotein (BSP), and type |
collagen.

The osteogenic differentiation and
mineralization of seeded human

0cT



Tetragonal 59
Zirconia

Polycrystal
(YTZP)
Scaffolds

Hydroxy- 60
apatite (HA)
doped with

either
Cadmium
(Cd),

Zinc (Zn),
Magnesium

(Mag), or
Yttrium (Y)

hADMSC

Osteoblas
ts

Human

Rat

NA

NA

NA

NA

Passage 4 is
used m the
experiment.

Osteoblasts
at population
numbers 2-4
were used in
the
experiments.

Table A.10. Yttrium (cont.)

DMEM /
F12

DMEM

NA

10% FBS

Scaffold
samples used
were taken
fromY-TZP

Undoped HA
and HA
doped with
various
cones. (2—
mol%) of
select
elements
[Cd,Zn, Mg,
orY] were
prepared via
the “cake-
method”
according

to wet
chemistry
techniques.

Y-TZP have
grooves and
holes m tlieir
rod section
with

aY-TZP size
(0=29mm,pP
= 3mm).

NA

Y-TZPSs were
putinto 24
culture wells
(M24) with
2x106cells
(200 pIivwell)
And then
incubated for 1
hr.

Tubes were
rocked to mix
cells with

the suspensions
andY-TZPSs.
Tlie cell-coated
Y-TZPSs then
were ready m
the next 3 days
for SEM

Osteoblasts
(3500
cellslem-)
were seeded
per substrate
glass, undoped
HA aswell
asonHA
doped with 2
m ol% ofeither,
Cd,Zn,Mg, or
Y and allowed
to adhere for
4hrs.

Dynamic

NA

mesenchymal stromal cells were
supported by the nanofibrous
structure ofY SZ scaffolds, in
contrast to the well-known bioinert
behavior ofbulk YSZ.

M SCs on the expressions of CD 90,
CD 73 and CD 105 were above
95%, while theyon CD 14,CD 19,
CD34,CD 45and HLA-DR were
below 2% .

Results ofthe Toxicity TestonY -
TZPSs in 96M revealed thatY -
TZPSs was not toxic to hADM SC

Y-TZPSs-hADMSCs asa
biomaterial had high

biocom patibility for osseointgrated
acceleration ofimplantation.

Compared with glass (reference
substrate), osteoblast adhesion was
significantly (p < 0.01) greater on
undoped HA.

Significantly (p < 0.01) greater
amount ofalbumin, laminin, and
fibronectm adsorbed onto undoped
HA than onto HA doped with 2
mol% ofeitherCd,Zn, Mg, orY,in
factno albumin, laminin, and
fibronectin were detected on HA
doped with either Cd, Zn, Mg, orY .

Compared with undoped HA,
osteoblast adhesion was
significantly (p < 0.05) greater on
HA dopedwith 2 m ol% ofeither
cadmium, zinc, or magnesium and

|4}



Nana- 6l  BMSCs Sprague
structured -Dawley olds
Calcium Rat
Phosphate
(nC'aP) on

Magnesium -

Yttrium alloy
substrates

19 day-

Male

Table A.10. Yttrium (cont.)

10% PBS
& 1% PS

Cells were
harvested
from the
femur and
tibia.

DMEM

NA

Pure (99.9
%) Mg 250
pin thick

sheets and

Magnesium-

4wth
Yttrium
(MgyY) alloy
were used m
tins stud)-.

The pure Mg
andMgY
sheets 0250
pm thick were
then cut mto
10x10 mm
squares for
coating
deposition
and cell
culture.

When the
BMSCs
reached 90 %
confluency,
they were

and seeded ata
density' of
10,000
cells/cm 2 onto
thenCaP-

coated and non-

coated Mg

andMgY
samplesin a 12
well (PSTC)
plate and
incubated for
24hr.

Static

was the greatest on HA doped with 2
m o 1% yttrium

* A significantly (p < 0.01) greater
amountofcalcumiadsorbed on HA
doped with2 mol% Y thanon
undoped HA aswellason HA
doped with either Cd, Zn, orMg.

* The present study demonstrated, for
the first tmie, enhanced osteoblast
adhesion on HA doped with Y

* The majority ofBM SCs showed
morphological changes when
cultured with Mg and M gY samples
as compared with the cells only
control without any samples.

* When placed in arabbit model, CaP-
coated M g alloy implants showed
enhanced new bone growth around
the implant and exhibited increased
osteoconductivity and osteogenesis
compared to non-coated Mg alloys.

They didn't say how, and it was mainly
engineering analysis for surface
topography and adhesion”

[44)



Magnesium
Yttrium
Alloys

Magnesium.

Argentum,
Yttrium
Alloy

Mg-Ag-Y
alloys

62

Table A.10. Yttrium (cont.)

BMSCs Goat NA Once the
cells
reached 80-
90%
confluence,
they were
detached
passed to
subculture.

Female DMEM

Cells from
the 2rd
passage were
used in this
experiment

M SCs for
thein-
vitro
expermie
nts.

Human NA NA NA NA

10% FBS
& 1% PS

NA

Mg-4 wt. %
Y (MgY)
alloy was
prepared by
melting Mg
with 4 wt. %
Y.

Mg-Ag-Y
alloys,
composed of
1wt % Ag
and 1 wt. %
Y, were
prepared.

The as-cast Cells were
Mgy alloy seeded directly
ingotwas cut ontoM gYO
into 250 pm andMgY_P
thick discs. samples ata

density of
The as 40,000
produced M gY cells/em2and
alloy discs incubated for
had thermal 24 hrs.

oxide layers on
their surfaces
and were called
M gY_0 in this
study.

Bioactive glass
was used as a
positive control

The cell
cultures
experiments
were performed
in triplicate.

The cellviability was assessed
after24,48,and 72 h ofin

vitro culture under the influence of
aqueous extractofM g-

Ag-Y alloys

Static

NA

The BM SCs cultured on bioactive
glass had an elongated, spindle like
morphology’

The most cell adhesion was
observed on the surface ofbioactive
glass and the least cell adhesion on
MgY_o0.

The in vitro BM SC culture results
showed that M gY_P was superior to
M gY_0 as a substrate forcell
adhesion.

MgY O degraded more slowly than
MgY Pin D|waterbecause

MgY O began with aprotective
thermal oxide layer

The photographs of degradation
over time showed that degradation
ofMgY_0 samplesm DM EM
began around the edges and
progressed inwards.

The cjuantity ofcells in theM g-Ag-
Y alloys group were significantly
better than that o f+ve control group
and there was no statistical
difference between the vanous level
ofM g-Ag-Y alloys extract group
and the negative control group.

Celltoxicity testindicated no
cytotoxic effect, and the alloy and its
degradation products do not show
toxicity' to experimental animals

et



NA

36
Sprague
Dawley
rats for
thein-
vivo
expemn
ents

NA

NA

A ll rats were
randomly
separated
into 3 groups
according to
implant
materials:
GP.A:Mg-
IAg-ly,
GP.B: Pure-
Mg, and
GP.C:
stainless
steel, SS.

Table A.10. Yttrium (cont.)

NA

NA

NA

NA

Holes NA
(01.5x4 mm)
were drilled
around the left
distal femora
and the rod
sampleswere
perpendicularly
implanted into
metaphysis of
the rat femora.
Hie rats were
sacrificed 6
weeks.

During the whole research, all rats
survived, and the serum Mg2+ions
concentration was fluctuated around
the normal range, which was 0.96-
155 mrnollL in M g-Ag-Y alloy.
0.88—%.31 mmol/L in pure-Mg, and
0.93-1.27 mmollL in SS group

M g-Ag-Y alloy, composed of 1 wt.
% Agandlwt% Y, occupied
better elastic moduli, tensile and
compressive stress than pure Mg

174"



Trace
element

Hydroxy-
apatite
Nanopbase
Co-doped
with
Gallium .
Magnesium
and
Carbonate

Tvpe

ASCs

Table A.11. Gallium

Cells M edia
Species Donor Donor Passage Basal Serum M aterial's
Age Sex media Form

ct-MEM 10% FBS

& 1% PA

Human NA NA NA Doped HA
materials
were
obtained by
adding
gallium
nitrate (Ga
(no33 &
magnesium
chloride
(MgCh)in
the alkaline
suspension,
whereas
calcium
bicarbonate
(NaHCOj,
w'as dropped
with the
phosphoric
acid solution

Protocol
M aterial’s Applications
Cone.

3 different 24hrs. after the
gallium-doped cell seeding, 2
apatite different cone.
(GaHAs) were (50 and 500
prepared, with pg/inL) of
nominal nanoparticles
(where X g*is (Ga-HA-2, Ga-
the molar ratio MCHA-2,

GalCa) equal to
0.025, 0.05,
and 0.1.

Also, two
different m ulti-
substitnted
materials were
prepared with
Xoa=0.25 and
0.5,XMg=0.1
(Where X m- is
the molar ratio
Mg/Ca)

and Xco=0.1
(where Xco3 is
the molar ratio
C03/P04)

and HA) were
added and the
cells leftin
culture for 14
days.

Conditions

NA

Results

Enhancementm cell proliferation
induced by the presence ofGa, in
detail Ga-M CHA-2 at the highest
concentration starting from day 3
with respectto HA group.

The results show no changes in cell
morphology induced by the presence
ofthe foreignions Ga, Mg and C03
in the apatite structure.

The ALP activity was up-regulated
by the presence o f the highest
concentration of Ga-M CHA-2 only
at day 14 with respectto Ga-HA-2
and HA used as control group.

Hie doping with gallium was
effective in inducing antibacterial
effect against some bacterial strains,
without reducing the viability of
human cells
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Gallium

Nitride

(GaTN)
Nanopores

Ga-
coutaining
phosphate

glasses
(GPGs)

6

6

hMSCs Human NA NA hMSCs
used in the
experiments
were at

passage 3—7.

BMSCs Mouse NA NA Passage 5 is
used in the
experiment

Table A.11. Gallium (cont.)

MSCGM

DMEM

NA

10% FBS

TlieGaN
film s were
grown one-
plane
sapphire
substrate
using a2-
step growth
procedure.
W hile the
nonporous
GaN fims
were
fabricated by
electrocliemi
cal etchmg.

Hie p-TCP
powders (dso
=3.0 pm)
and GPGs
powders
(dso= 5.4
pm) were
obtained by
solid-phase
reaction and
melt-
quenching
method

In our
experiments,
the doping
concentration
ofGaN was
fixed at 5x1018
cm-3.

Three different
GPGs (GPG1,
GPG2, and
GPG3)
powders

were prepared

*Tlie
honeycomb bio
ceramic
scaffolds
without

GPGs additive
were named as
TCP,

and those with
GPGs additives
were
designated as
TCP-GPGs;
floatis, die
scaffolds with
GPGL,GPG2,
and GPG3
additives were
designated as
TCP-GPGI,
TCP-GPG2,&
TCP-GPG3*

Cells were
cultured both
onplain GaN
film s and
nanoporous
GaN film s with
different pore
sizes.

2000 cells were
seeded in each
hole. The
wiiole
deviceswere
incubated for 4
hrs. and 24 irs.

The Cells were
seeded into the
96-well plate
with a

density of
2X103cells per
we ll. After
incubation for 1
day, the media
were replaced
by the bio
ceramic
extracts and
meubated for 3-
14 days.

NA -

GaN film s with nanopores o f30 nm
most effectively supported
osteogenic differentiation

hMSCs on GaN film s with 30 nm
nanopores (26 % porosity’) showed
the largest spreading area, w iiile
those on GaN film s with 80 urn
nanopores (6 0% porosity) showed
the largest elongation.

For the cells treated with the extracts
of TCP, TCP-GPG1,and TCP-
GPG2, the cells highly elongated
and completely spread, however,
very few cells were present in the
TCPGPG3 extract, and most cells
did not fully spread.

After culturing for 3 and 5 days, the
best cell proliferation was shown in
TCP-GPGI, followedby TCP-
GPG2. The cellnumberin TCP-
GPG3 extract was significantly
lower than TCP extract.

At the 7th and 14th days, die
mBMSCs cultured in the TCP-GPGs
extracts showed obviously lower
ALP activity than those m the TCP
extract.

Compared with TCP extract, the
mBMSCs cultured m TCP-GPGs
extracts expressed distinctively
lowerlevelofColl, Rnnx2, and
OPN and as forthe mBM SCs
treated with TCP-GPGs extracts
containing greater amount ofGa
(TCP-GPGI<TCP-GPG2<TCP-
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