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Abstract

Bone grafts are essential for repairing large bone defects, but natural sources are
scarce and alternatives are needed. Hydroxyapatite/calcium carbonate scaffolds are
osteocompatible and resorbable and thus suitable for bone grafts, but lack the
growth factors and related osteogenicity present in natural grafts. This study aimed
to enhance the osteogenic capacity of these bone scaffolds through two methods:
1) culturing and osteogenically differentiating mesenchymal stem cells onto the
scaffolds in vitro so that they generate and deposit growth factors, and adding
retinoic acid to increase cell differentiation and bone morphogenic protein
expression, and 2) adding bisphosphonates, anti-osteoporotic medication, to the
scaffolds to inhibit bone resorption and maximize the initial bone growth. Cell
growth on scaffolds in vitro was analysed using fluorescence and scanning electron
microscopy and metabolic assays, and growth factors were quantified using ELISA.
The results indicate that MSCs grow and deposit BMPs onto the scaffolds.
Osteogenic differentiation increased the amount after 14, but not 7 or 21 days of
culture, while the addition of RA is detrimental to growth factor production. The
effect of bisphosphonates was determined by implanting scaffolds treated with OX-
14 and Zoledronate in vivo in mice, then quantifying the bone growth through uCT
scanning and the gene expression using gPCR. The addition of Zoledronate, but not
OX-14, increased the bone callus size at all time points. In conclusion, both
approaches are promising methods to improve bone scaffold osteogenicity.
Culturing cells onto scaffolds can be done to add growth factors to them, though
future research should aim to increase the amount deposited. The addition of
Zoledronate increases bone callus size, and future research should determine the
effectiveness of this approach in critical-sized bone defects.
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1. Introduction

Bone defects can have many causes, including fractures, cancer, and obesity- and
age-related stresses. Severe bone damage may be irreparable by natural processes
alone(Dimitriou et al., 2011). In these cases, bone grafts are required for proper
healing. The demand for bone grafts is expected to keep rising in future because of

the increase in the geriatric population(Brydone et al., 2010).

The current gold standard for bone transplantation is autografts, for which bone is
taken from the patient and re-implanted at the trauma site. Taking bone directly from
the patient has great advantages: it provides a mechanically-matched scaffold with
osteogenic cells that can help grow new bone, is full of growth factors and other
signalling molecules, and is fully biocompatible, osteoconductive(Daniel et al., 2019)
and osteoinductive(T & C, 2001). Osteoconductivity is bone formation along the
surface of an implanted bone graft scaffold by bone-forming cells, specifically
osteoblasts and their progenitors, that migrate from nearby bone tissue, whereas
osteoinductivity is bone formation through the recruitment and stimulation of
immature cells(Weber, 2019). Despite this, autografts have significant drawbacks.
Because the bone is taken from the patient, only a limited quantity is available, which
may not be enough to fill the defect. It also adds an extra surgical site, and patients
are likely to suffer from severe pain(Qi et al., 2014), increased recovery time, and
donor site morbidity(Matsuura et al., 2019). One study found that 20% of patients

were left with chronic pain at the donor site(Friedlaender et al., 2001a).

Different bone graft substitutes have been developed to replace autografts.
Allografts, bone taken from living human or cadaveric donors, are a widely used
alternative(Lomas et al., 2013). Being derived from human bone, they are highly
osteoconductive as well as biocompatible and osteoinductive(Brink, 2021). Unlike
autografts, however, allografts are freeze-dried, decellularised and sterilised to
reduce the risk of rejection and infection, respectively. These procedures remove
cells, proteins, and potentially even collagen, lowering the bone-forming ability of the
allograft(Brink, 2021; Dimitriou et al., 2011). Thus, some vital growth factors are

removed, resulting in little to no osteoinductivity. The mechanical strength of bone



allografts is also reduced, and their bone integration is slower than that of bone
autografts. Allografts have success rates similar to autografts(McNamara, 2010) but
occasionally fail, usually at the allograft—host junction point. New bone formation
does not extend into the allograft very well, usually less than 5 mm even in the second
year after implantation(Enneking & Campanacci, 2001). There are also still other
drawbacks, such as the risk of rejection and disease transmission(Conrad et al., 1995;
Simonds et al., 1992). Additionally, while much more abundant than autografts, the

supply remains limited(Campana et al., 2014; Steijvers et al., 2022).

Demineralized bone matrix (DBM) is a subset of allograft, essentially consisting of
allografts that have been demineralized in addition to the normal decellularisation
and sterilisation process. Having lost their calcium matrix, DBM scaffolds consist
primarily of collagen, proteins and growth factors(Gruskin et al., 2012; Servin-Trujillo
et al., 2011). As an allograft-derived product, it carries identical risks and is subject to

the same scarcity concerns.

Xenografts are produced from animal bones and carry similar risks to allografts, with
the extra risk of animal-borne diseases. Commercial xenografts are commonly
subjected to sterilisation by heat treatment(Peri¢ Kacarevic¢ et al., 2018) because of
the prion risk. Bio-Oss™ xenografts are treated at a relatively low 300°C, while
Cerabone® products are calcinated at temperatures of up to 1,250°C. Both
treatments damage bone constituents, harm osteoinductivity, and change the
scaffold structure by increasing the hydroxyapatite (HA) crystal size(Peri¢ Kacarevié
et al., 2018). The severe heat treatment of Cerabone® destroys all organic
compounds and even partially degrades HA into other compounds(Herliansyah et al.,
2009). Some research has shown that xenografts perform poorly, finding evidence of
graft loosening and a lack of incorporation(Charalambides et al., 2005). These results
are controversial, as other researchers have found good results with
xenografts(Savolainen et al., 1994; Siqueira & Kranzler, 1982). In practice, however,

xenografts are rarely used(Campana et al., 2014).

1.1 Artificial bone grafts

These issues create a demand for other alternatives, and artificial grafts could be the



solution. Many materials have already been clinically used in bone grafts, each with
advantages and disadvantages. Autografts and allografts are both osteoconductive
and osteoinductive. An artificial graft should aim to mimic both of these properties
to achieve the best results. As scaffolds are intended as a bone replacement, it makes
sense to mimic natural bone as much as possible in terms of hardness, structure, and
compounds. The hardness of scaffolds is very important for their functioning. Bones
have a structural function in the body, and soft or injectable scaffolds may not be
able to bear the loads required. Conversely, a high rigidity is also undesired as bone
actively responds to mechanical stimulation and can become weak and brittle when
over-supported(Niinomi et al., 2016). Thus, the stiffness of a scaffold should
approach that of natural bone, which has a young’s modulus of 10-30 GPa(Niinomi et

al., 2016).

Another highly desired quality of scaffolds is resorbability, the ability to biodegrade
in order to be replaced by natural bone. A low biodegradation rate is suboptimal,
since the scaffold should ideally be broken down and replaced by natural bone to
avoid unexpected risks such as infection leading to biofilm formation(Westas et al.,
2014) or scaffolds weakening the surrounding bone(Niinomi et al., 2016). However,
rapid biodegradation is also undesirable as new bone growth may not be able to keep
up, leaving open areas and lowering the mechanical strength of the scaffold. This is

especially important due to the supportive functions of the skeleton.

Material requirements for bone scaffolds are often somewhat paradoxical. It is
advantageous for materials to be strong in order to provide mechanical support, but
the scaffold also has to be porous and resorbable, both of which lower the strength
of the scaffold, and neither can it be too rigid, as it may then weaken the bone.
Because of this, single materials are rarely the most suitable option available. Instead,
composite materials allow for the fine-tuning of properties required to optimize bone

grafts(Koons et al., 2020).

Many types of materials are available on the market, each with advantages and
disadvantages. Table 1 details a number of common materials and their advantages

and disadvantages. Metals, particularly titanium, are a common material for bone



implants and scaffolds. Titanium is used extensively in bone surgery due to its light
weight, high mechanical strength and biocompatible properties(Takizawa et al.,
2018), but it is not a suitable material for bone scaffolds. The material is very rigid,
has a high mechanical strength, and is completely non-resorbable. In addition,
unlike screws and plates scaffolds cannot be removed post-implantation. The
combination of these traits can be problematic (Niinomi et al., 2016) because bone
requires mechanical stimulation to grow, and over-support will weaken the
surrounding bone. Other metals, such as iron, magnesium and zinc, are gaining
popularity due to their resorbability(Ray et al., 2018) and osteogenic properties(Li et
al., 2008; Moonga & Dempster, 2009). Furthermore, metals are increasingly used in
alloyed forms to balance properties such as mechanical strength, osteogenicity and
resorbability (Jia et al., 2022)(Takizawa et al., 2018). While immensely useful, the
alloying of metals can cause unforeseen problems as well. As an example, the
combination of Co/Cr/Ti nanoparticles released by metal hip implants was proven
to be more cytotoxic than nanoparticles from either of the metals alone(Liu et al.,
2023). The inclusion of non-metal compounds for scaffold enhancement is rare, as
the high temperatures required for metal scaffold production tend to preclude the

inclusion of other materials.

Table 1. A Comparison of materials used in bone scaffold research

z Autograft Live cells and growth factors  Extra surgery causes pain
= Very limited quantity available
o Allograft Contains growth factors Risk of infection/rejection
% Somewhat scarce
# Xenograft  Very abundant Risk of infection/rejection
Controversial effectivity
No growth factors
CHACC Naturally porous Derived from endangered
Adjustable speed of animals
resorption No (human) growth factors
2 Titanium Can be 3D printed Excessive mechanical strength
gr (alloys) Non-resorbable
7y No growth factors

Limited possibility for additives
Zinc/ Iron/  Can be 3D printed No growth factors
Magnesium Osteogenic properties Limited possibility for additives



3 Collagen Can be mixed with fragile Very low mechanical strength
< /Alginate additives such as proteins or
?D living cells
@ Can be 3D printed
Synthetic Can be 3D printed Risk of foreign body response
polymers and inflammation
o Calcium Component of natural bone  Resorbs very quickly
o Carbonate No growth factors
g. HA Component of natural bone  Resorbs very slowly
@ No growth factors
HA/CC Component of natural bone  No growth factors

Can be 3D printed
Adjustable speed of
resorption

Polymers are another highly popular choice for bone implant research and can be
divided into natural and synthetic polymers. Collagen and alginate are examples of
natural proteins. Both are most commonly used for bone implant research in the
form of hydrogels. Collagen, being a main component of bone, is used especially
often in bone implant research. Due to their low mechanical strength, collagen
hydrogels are most commonly used as a delivery agent for other compounds, such as

growth factors.

Synthetic polymers have fewer limitations as their properties can be carefully fine-
tuned. Many synthetic polymers are available for bone scaffold production, including
polyglycolic acid (PGA), multiple variants of polylactic acid (PLA), and co-polymers of
the two. These polymers are resorbable by the body. PLA is resorbed through the
tricarboxylic acid cycle, while PGA can be converted to other metabolites or
otherwise be degraded through normal body functions(Rezwan et al., 2006). Their
resorbability and the ease of fine-tuning material properties makes them a popular
material for bone scaffold research, with their ease of 3D-printing being an especially
important selling point. Despite their degradation into non-cytotoxic compounds,
foreign-body response resulting in incomplete scaffold resorption and intermittent
inflammation can occur(Bergsma et al., 1993). Much like other materials, polymers
are commonly used in conjunction with additives to improve their properties.

Examples of this are the addition of fish scales, which were shown to improve the



mechanical properties and bone-forming capacity(Kara et al., 2020), and the addition
of ceramics to increase the mechanical strength(J. Zhang et al., 2016). Synthetic
polymers can also be used as a binder to allow for the 3D-printing of materials that
have better osteogenicity and osteoinductivity but can normally not be shaped with

high accuracy(Distler et al., 2020).

Finally, ceramics are very frequently used in bone implants. Ceramics are normally
defined as solid materials that consist of either two or more nonmetal elemental
solids or a combination of a metallic elemental solid with at least one nonmetal
elemental solid. Bones are famously high in calcium phosphate, which fits the latter
definition. Various ceramics, often involving calcium phosphates, are therefore used

in bone implant research.

Hydroxyapatite is a crystalline calcium apatite compound that makes up about 65%
of the non-organic bone matrix(Shi et al., 2020), making it an obvious choice for use
in bone implants. Its chemical structure is Ca5(P0O4)3(OH), sometimes written as
Cal0(P0O4)6(0OH)2 to denote its crystallised form as a dimer. It has a high compressive
strength with a Young’s modulus of up to 117 GPa, which in the case of sintered
scaffolds decreases linearly as the porosity increases(Panda et al., 2021). Being very
similar to bone, HA is both biocompatible and osteoconductive. HA was also shown
to be osteoinductive in vivo in primates(Ripamonti, 1996), though the mechanism
behind this is unclear. The authors suggest the absorption of osteoinductive
compounds post-implantation as a possible cause. Cowan et al. also hypothesize that
apatites may encourage osteogenic differentiation(Cowan et al., 2005). The main
disadvantages are its brittleness and very low biodegradation rate(Campana et al.,

2014; Shi et al., 2020). The latter renders HA somewhat unsuitable for use on its own.

B-tricalcium phosphate, its amorphous form, and calcium carbonate (CC), another
main component of bone, are much more easily resorbed by the body than HA. They
can be resorbed in as little as six weeks and have lower mechanical strength, and are
therefore also unsuitable as the primary component of a scaffold(Campana et al.,
2014). It would be resorbed long before new bone can be formed and compromise

the skeletal strength. A mixture of HA and CC can be used instead. This creates a



much more suitable material that, depending on the ratio used, can have a
biodegradation rate compatible with the growth rate of new bone(Fu et al., 2013; Shi

et al., 2020; Yang et al., 2016).

Such a mixture can be obtained using many different methods. For powder-based
methods, such as when used in combination with polymers, it could be as easy as
mixing purchased reagents. CC can also be hydrothermally converted to HA, a process
that can be partially completed to reach the desired HA/CC ratio. This technique has
been used to make scaffolds out of corals, some of which naturally have a structure
similar to human trabecular bone(Koéter et al., 2008; Ripamonti et al., 2009). Despite
their otherwise suitable properties, corals are a poor choice for the production of
artificial bone grafts due to their endangered status. Instead, scaffolds intended to

be mass-produced as medical devices should be made from scratch.

Hydrothermal conversion has also been used on calcium microspheres, which were
partially converted to HA by microwaving them in solution(Yang et al., 2016). This is
a useful and functional method but is somewhat limited by the difficulty in obtaining
porous calcium carbonate scaffolds. Alternatively, to obtain HA/CC scaffolds with a
porous structure HA/CC can be produced as a 3D-printable cement. This can be done
by combining tetracalcium phosphate (TTCP), calcium hydrogen phosphate (CaHPQOa4)
and calcium carbonate (CaCOs). The former two compounds can react together to
form HA in a 1:1 molar ratio, while the latter is added according to the desired HA/CC
ratio(Shi et al., 2020). The cement is easily produced and suited to extrusion printing,
a fairly cheap and simple production method that allows for fine pore-size

regulation(Xia et al., 2018).

Aside from TTCP, CaHPO4 and CaCOs, the cement described in previous papers
contains gelatine. The gelatine has three functions in the scaffold. The first function
is to give the cement a paste-like structure, suspending the powdered components
homogenously and allowing for the cement to be 3D-printed. The second function is
to form a matrix keeping the powdered components together after printing but
before the HA-forming reaction takes place. This is performed through gelatine

crosslinking, which forms bridges between the gelatine polymers and entraps the



powdered scaffold components. The third function is as an organic component of the
scaffold. Natural bone contains around 30% of collagen, another organic polymer.
Many other organic compounds, including bone morphogenic proteins (BMPs), bind
to the collagen more so than to the calcium matrix(Nguyen et al., 2007), and the
inclusion of gelatine in the scaffolds may therefore improve their ability to bind
proteins. HA/CC cement is therefore expected to be a very suitable base material for

the production of bone scaffolds.

1.2 Enhancing the osteogenic capacity of artificial grafts

Various combinations of materials can be used to make a suitable base for the
production of bone implants, and HA/CC scaffolds are particularly interesting due to
their similarity to bone. Still, there are improvements to be made. HA/CC is suitable
for bone implants due to its non-cytotoxic and osteogenic properties as well as its
resorbability, but like most raw materials it is not actively osteoinductive as it lacks
the growth factors and organic materials present in natural scaffolds. The osteogenic
and osteoinductive abilities of HA/CC scaffolds can be improved by controlling a

number of variables.

The structure of the scaffold can make a large difference. Trabecular human bone has
an interconnected porous and vascularised structure ranging from 50% to 90%
porosity(Hart et al., 2017). It is highly beneficial for grafts to mimic this structure, as
it allows for nutrients and cells to reach every part of the scaffold. The structure of
the scaffold can also greatly influence its mechanical strength(Pobloth et al., 2018).
The structure of the scaffold even directly influences osteogenic capacity(Yuan et al.,
1999), influenced by the fluid dynamics affecting the nutrient flow through the
scaffold(Deng et al., 2021).

The pore size of grafts is critical as well. Small pores will reduce cell migration and
nutrient flow, but pores too big result in a smaller surface area for cells to attach to
and may compromise the scaffold's structural integrity(Murphy & O'Brien, 2010). The
right balance needs to be found. It was found that the presence of pores ~300 um
and larger is essential as this encourages vascularisation(Tsuruga et al., 1997). Smaller

pores can encourage ossification (Tsuruga et al., 1997), but pores too small (85-120



pum) prevent cells from migrating into the scaffold, causing aggregates on the surface,
further inhibiting nutrient flow (Murphy & O'Brien, 2010). A pore size of at least 300-
400 um was shown to be ideal in hydroxyapatite scaffolds; increasing the pore size
beyond 300 pum was shown to have a more limited effect on bone
regeneration(Roosa et al., 2010; Tsuruga et al., 1997). Another study suggests that
larger pores are helpful to prevent cell detachment, showing that a smaller growth
channel radius can cause cells to detach from the surface and create bridges
(Yamashita et al., 2016). While the channel sizes recommended in this study cannot
be directly translated to bone scaffolds — the study used smooth muscle cells, whose
contractile nature plays a direct role in their detaching — other studies confirm that
the surface curvature affects cell behaviour, including migration and attachment
(Werner et al., 2019). Thus, aside from preventing cell aggregates and allowing for
vascular growth, the lower surface curvature of larger pores could positively affect

cell attachment.

Furthermore, the outside shape of scaffolds is important: Allografts have been shown
to gain increased stability and osteoinductivity when given a textured surface before
implantation(Ford et al., 2003). Particle-based scaffolds were found to encourage
bone growth with particle sizes between 100-250um and 250- 500um(Mankani et al.,
2001).

The final structure is highly dependent on the production method used. Examples
include gas foaming, sintering, fibre bonding, solvent casting and particulate leaching,
membrane lamination, melt moulding and 3D-printing (Xia et al., 2018). Many of
these methods have significant drawbacks, such as a lack of pore interconnectivity,
high temperature requirements, or difficulty regulating pore size. 3D-printing is the
most promising among them, being suited to a wide range of materials and allowing

for the regulation of pore size'and strdcture(Deng et al., 2021; Xia et al., 2018).

While the structure of bone grafts is undoubtedly a crucial part of their effectivity,
graft osteogenicity can be enhanced further. Bone autografts and allografts contain
osteogenic compounds, including BMPs, Runt-related transcription factor 2 (RUNX2),

Transforming growth factor beta 1 (TGF-B1), stromal cell-derived factor 1 (SDF-1),



insulin-like growth factor 1 (IGF-1), and many others(Garg et al., 2017). These
compounds have long been proven to be beneficial: bovine collagen scaffolds
enhanced with BMP-7 and implanted in humans were shown to reduce the incidence
of postoperative osteomyelitis compared to autografts(Friedlaender et al., 2001b),
seeding of DBM scaffolds with TGF-B1 before implantation in dogs was shown to
accelerate bone repair(Servin-Trujillo et al., 2011), and collagen and DBM scaffolds
seeded with BMP-9 were significantly more osteoinductive than controls when
implanted in rabbits(Fujioka-Kobayashi et al., 2017). Thus, enhancing scaffolds by

adding compounds directly to the scaffold is a popular and effective choice.

The delivery method depends on the scaffold material, preparation method, and the
compound added: In gently-prepared scaffolds such as hydrogels, proteins and even
cells can be directly added to the material before forming the scaffold. This is
impossible in scaffolds produced using high temperatures or harsh chemicals, such
as titanium or 3D-printed polymer scaffolds, as the proteins would be destroyed.
Other methods of adding compounds to scaffolds are necessary to improve their

osteogenicity.

Coating scaffolds in various materials is an option that can be used to achieve diverse
applications. Scaffold coatings are often used to combine multiple materials and
obtain the advantageous properties from both. As an example, titanium is a strong
and biocompatible material, but its lack of osteogenic capacity and subsequent poor
bone integration can lead to complications (Zuo et al., 2021). To resolve this, titanium
scaffolds are sometimes coated with calcium phosphates(Geesink et al., 1988;
Pereira et al., 2020) or bioactive glasses(Pereira et al., 2020) in order to improve their
bone-binding capacity, and thus improve scaffold integration into the body.
Conversely, phosphate glass/HA scaffolds have been coated with polymers to

increase their compressive strength(Govindan et al., 2015).

Another advantage of coating is the ability to make use of materials that are
otherwise unsuitable to make scaffolds out of. For instance, gypsum is not a suitable
structural component for scaffolds as it cannot be made into a porous shape. It does,

however, have the osteoinductive property of creating a weakly acidic environment,



thereby stimulating inflammation and recruiting cells to improve bone regeneration.
To get around this issue, B-tricalcium phosphate scaffolds were coated with gypsum
to obtain porous scaffolds with enhanced osteoinductivity(He et al., 2021). Other
improvements made through the coating of scaffolds include antibacterial
properties(Calabrese et al., 2021) and a slower release of added
compounds(Tenkumo et al., 2018). A great number of materials and compounds have
been used for scaffold coating: phosphates, bioglasses, polymers, metals, and even
medications(Ray et al., 2018) have been used to enhance scaffolds. The possibilities

are endless.

A similar method is to soak scaffolds in liquid containing the compound of interest.
The effectivity of this method is very dependent on the scaffold material: any material
that does not soak up liquid, such as titanium or certain polymers, would not benefit
much from soaking. It is, however, cheap, fast, and easy to do even in sterile
conditions, making it a great method for certain scaffold materials and compounds.
The combination of HA/CC scaffold and bisphosphonates is one such example.
Bisphosphonates are a widely used anti-osteoporotic medication, and their anti-
resorptive properties could be useful for use in bone grafts. Though bisphosphonates
can be applied to scaffolds as a coating (Ray et al., 2018), their calcium-binding
properties make them uniquely suitable for soaking in combination with any calcium-

containing scaffolds.

Many different bisphosphonates are available on the market, such as alendronate,
risedronate, zoledronate (ZOL) and OX14. Bisphosphonates generally consist of two
phosphonate (PO(OH),) groups with varying side chains. As they bind very strongly to
calcium, they bind to hydroxyapatite and prevent its breakdown by osteoclasts. The
side chain's makeup determines several factors, including the binding capacity to
bone and the required dose to meet a certain effect(Lawson et al., 2017). Notably,
bisphosphonates with nitrogen-containing side chains inhibit the mevalonate
pathway inside osteoclasts, thereby inhibiting their functioning. The same is not true
for other bisphosphonates, which have a cytotoxic effect on osteoclasts by inducing
caspase-3-mediated apoptosis(Rogers et al.,, 2020). Nitrogen-containing

bisphosphonates generally provide stronger effects compared to their nitrogen-free



counterparts.

OX14 and Zoledronate are both nitrogen-containing bisphosphonates but have
differences in both side chains (Figure 1). Specifically, ZOL contains an -OH group at
one side chain and a nitrogen ring in another. In OX14 these are exchanged for a
fluoride atom and a double nitrogen ring. The result of this is that their effect on bone
resorption is similarly strong, but ZOL has a stronger binding capacity than OX-14,
being retained by the skeleton for longer periods. Because of this, the required

dosage of ZOL is lower than that of OX-14(Lawson et al., 2017).
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Figure 1. The structures of 0X14 and Zoledronate. OX-14 has a double nitrogen ring
on one side chain and a fluoride atom on another, whereas Zoledronate has a single
nitrogen ring and an -OH group(Lawson et al., 2017). This is an open access article

under the CC BY license (https://creativecommons.org/licenses/by/4.0/). The right

image was edited by Emma Steijvers using Paint.net 5.0.2, 2023.

As bisphosphonates bind strongly to bone they are rapidly taken out of the
bloodstream, providing a very localised effect specific to osteoclasts. Despite this, the
soft-tissue toxicity of bisphosphonates may cause jaw osteonecrosis, the risk of which
is thought to increase with longer use and at higher doses(Gupta & Gupta, 2022).
Other risk factors include the mode of administration(Cartsos et al., 2008), co-
morbidities such as cancer and infections, extensive dental work, medication
interactions and even genetic predisposition(Gupta & Gupta, 2022; Hess et al., 2008).
Much like with other compounds used for scaffold soaking, the dosage should be
carefully controlled. Which bisphosphonate to use has some relevance as well: As

various bisphosphonates have different potencies and even function through

19
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different pathways, both the minimum amount needed for an effect and the

maximum safe amount are likely to vary between bisphosphonates.

Another reason why more or stronger bisphosphonates are not necessarily beneficial
is that while they inhibit bone resorption, bone resorption is a natural and important
part of bone remodelling. An ideal outcome of bisphosphonate use would be to
maximize the initial bone formation to repair the damaged bone while not inhibiting
the subsequent bone remodelling. Considering that high concentrations and long-
term use of bisphosphonates may be detrimental with regards to the risk of jaw
osteonecrosis, and taking into account that certain bisphosphonates bind the bone
so strongly they can remain inside the body for years, a stronger bisphosphonate is
not necessarily advantageous. Instead, weaker bisphosphonates may aid the initial

bone formation process and be removed before interfering with bone remodelling.

Proteins, such as growth factors TGF- B and BMPs, are also commonly added to
scaffolds(Friedlaender et al., 2001b; Fujioka-Kobayashi et al., 2017; Gao et al., 1997;
Servin-Trujillo et al., 2011). This commonly happens either through soaking, as it is a
very gentle delivery method, or by direct addition into the scaffold. BMPs are very
commonly used to induce or enhance bone growth and regeneration. There are over
20 BMPs that, with the exception of BMP-1, are all part of the larger TGF-B
superfamily(Schmitt et al., 1999). BMP-2, 4, 7 and 9 are all able to induce osteogenic
differentiation of cells(Luther et al.,, 2011; Myllyla et al., 2014), and thus have
potential for use as a growth factor included in bone scaffolds. Among them, BMP-2
and BMP-7 are particularly popular in scientific bone implant studies, likely in large
part due to their FDA approval for medical use, though the approval of BMP-7 was
later revoked, and it is currently on a strict human device exemption label(Gillman &

Jayasuriya, 2021).

BMP-2 is an essential part of the natural bone repair process(Chappuis et al., 2012;
Tsuji et al., 2006) and has been used for many different approaches to induce bone
healing. It is a highly osteoinductive compound and is often used in conjunction with
a collagen scaffold carrier to control the BMP-2 release rate, as a long-term release

is more beneficial than a single dose(Hollinger et al., 1998; Kim et al., 2005; Nevins et



al., 1996). It has also been added to other types of scaffolds, including titanium
scaffolds, where its addition was shown to be beneficial during bone repair(Hall et

al., 2007).

BMP-7, also known as osteogenic protein 1 (OP-1), is involved in kidney formation,
eye development, and skeletal patterning(Luo et al., 1995). Much like BMP-2, it has
been used with collagen carriers and internal fixation to encourage the healing of
non-junctions. Its use was shown to be effective(Friedlaender et al., 2001a), though
the use of BMP-2 is more effective in comparison(Conway et al., 2014). BMP-2 and
BMP-7 are known to colocalize and even form heterodimers with a distinct function
from the original proteins(Lyons et al., 1995), the presence of which was shown to be
beneficial for bone formation(Loozen et al., 2018). As such, adding BMP-2 and BMP-

7 into a scaffold could further increase the scaffold osteoinductivity.

BMPs are consistently shown to function dose-dependently, with a larger amount of
BMPs leading to a decrease in non-unions in both clinical trials(Govender et al., 2002)
and invivo research(Harada et al., 2012). As such, it would be easy to think that higher
doses are better. At least in spinal surgeries, however, the use of BMPs has been
linked to adverse events(Mroz et al., 2010), including glial scarring and radiculitis,
characterised by inflammation and nerve pain(Dmitriev et al., 2011), when implanted
near the spinal cord. In-vitro, high concentrations of BMP-2 (~2 mg/ml) are also linked
to an inhibition of cell proliferation and increased cell apoptosis, despite similarly
high concentrations (~1.5mg/ml) being common in clinical use(Kim et al., 2013).

These results indicate that the overuse of BMP-2 is possible and should be avoided.

Likewise, BMP-7 is often used in very high amounts for clinical use, with previous
studies having used dosages of up to 3.5mg(Friedlaender et al., 2001a). The
concentrations at which BMPs are clinically used to induce bone growth are
significantly higher than the natural body concentration, which has been linked to
adverse effects. The use of high concentrations of BMPs is even thought to link to
cancer incidence, though the consensus is that this effect, if present, is too rare to be

clinically relevant(Cahill et al., 2015). All in all, these extreme dosages are risky.



Moreover, bone grafts should not contain extreme dosages as the size of both the

bone defects and the patients receiving grafts can differ significantly.

Not only the BMP content but also its release rate is relevant for bone graft
effectivity. BMP-2, 4 and 7 can induce bone formation even in non-native areas of
the body even when the growth factor is injected into the area directly(Groeneveld
& Burger, 2000), but a carrier may be used to provide mechanical support and to
finetune the release rate. This allows for the tissue to be affected by the BMPs for a
longer time while being able to significantly lower the initial concentration. It has
been shown that bone induction can be achieved with doses as low as 8ug/mL in
hydrogel scaffolds, provided that the scaffold is formulated in order to optimize its
release pattern. The amounts of BMP-2 added to scaffolds that provided osteogenic
capacity could be as low as 51 ng BMP-2 per mm? of defect area in hydrogel scaffolds,
79 ng/mm?in synthetic polymer scaffolds, and 191 ng/mm? in silk polymer scaffolds.
It is clear that the BMP-2 retaining capacity of the scaffold is relevant: Titanium, a
non-absorbent scaffold material, requires 1pg /mm? to gain bone-forming

capacity(Ben-David et al., 2013), a much larger amount.

The amount of BMPs present in DBM is much lower despite its osteoinductive
capabilities. An exact amount cannot be determined as the amount of BMPs
measured in DBM differed significantly between studies: One measured 2.11 %
1.26ng/g BMP-2, another measured 21.4 + 12.0ng/g BMP-2 and 84.1 + 34.4 ng/g
BMP-7. Yet another measured 20.2-120.6 ng/g of BMP-2 and 54.2-226.8 ng/g of
BMP-7. BMP-4 was entirely undetectable according to one set of authors, while
another study proved that there is a donor-age-related decrease in BMP-4(Bae et al.,
2006; Honsawek et al., 2005; Pietrzak et al., 2006). This makes it hard to gauge an
accurate BMP-content from literature, which is exacerbated by the BMP-content of
DBM having significant lot-to-lot variation. Donor age and gender may affect the BMP
content as well, though this is controversial as multiple studies report opposite

results(Honsawek et al., 2005; Pietrzak et al., 2006).

Furthermore, there may be discrepancies in the amount of active BMPs, which is not

always apparent through BMP-2 measurement. BMPs, being proteins, are folded in a



specific manner that is necessary for their functioning. Various environmental
changes, such as temperature or pH changes, can cause denaturation or other
conformational changes in these proteins. This is unavoidable to some extent during
the sterilisation, transport and storage of grafts(El Bialy et al., 2017). Allografts, DBM
and xenografts will lose more BMPs during the decellularisation process. In synthetic
grafts, the inactivation of BMPs is heavily dependent on the material and the method
of addition. One study using scaffolds consisting of collagen-1, propiolactone and live
cells found that half the BMP-2 was inactivated after mixing with the scaffold(Kisiel
et al., 2012). This percentage will undoubtedly change for different materials and
between different methods of addition. Denatured proteins can still be detected
through methods such as enzyme-linked immunoassay (ELISA) assays, depending on
the extraction method used(Lechtzier et al., 2002), and western blots. Thus, protein
qguantifications are likely to detect higher amounts of BMPs in the sample than are
actually active. Native western blots may be an exception, as a protein in its tertiary
structure will move through the agarose at a different speed compared to its

denatured form.

Scaffold materials were also shown to differ in their BMP-2 retention capacity, an
effect that is undoubtedly present for other growth factors as well. Collagen implants
release BMP-2 more quickly than hydroxyapatite implants(Babensee et al., 2000),
indicating that the suitable concentrations found in research using collagen implants
may not be ideal for use in other types of scaffolds. Considering that a too-low-level
release was not shown to be beneficial(Li & Wozney, 2001), the amounts of BMP-2

may need to be higher in hydroxyapatite scaffolds compared to collagen implants.

1.3 Enhancing bone grafts through cell-seeding

Soaking scaffolds is an effective manner of adding osteoinductive compounds to
scaffolds but has several drawbacks. Purified proteins are difficult to produce in large
numbers, for one, so to add natural osteogenic compounds to scaffold on a mass
scale would be prohibitively expensive. Additionally, mimicking the exact number and
concentration of compounds found in allografts would be highly expensive and very
difficult, if not impossible, as there are many different compounds with their own

ideal concentrations. Instead, this could be done by creating scaffolds that are then



seeded with stem cells. When stem cells undergo osteogenic differentiation they can
produce osteogenic compounds that stay in the scaffold even after decellularization,
enhancing the osteoinductive capacity of the artificial allografts and increasing their
similarity to natural allografts. This method has even been used to improve

allografts(Shi, 2017).

There are a number of requirements for the selection of cells for the mass production
of allografts. The cells need to be able to osteogenically differentiate, and cells that
have great proliferation capacity and are suitable for multiple subpassages are
desired. Osteoprogenitors are therefore an obvious choice. Bone marrow stromal
stem cells, also termed mesenchymal stem cells (MSC), are a group of pluripotent,
heterogenous cells that may differentiate into different lineages, including
bone(Liang & Song, 2020). They are reasonably popular in bone research, (Mankani
et al., 2001; Zhou et al., 2006), being relatively accessible. Autologous bone marrow
MSCs are the most used stem cells for in vitro bone tissue engineering(Adamzyk et
al., 2016). They are considered an accessible source (Caterson et al., 2002), are known
to express osteogenic markers (Day et al.,, 2018), and can differentiate into
osteocytes(Squillaro et al., 2016). A disadvantage is the process of obtaining them for
the purpose of artificial allograft, which requires bone marrow aspiration (Caterson

et al., 2002).

Ideally, cells should be derived from medical waste so as to be both abundant and
ethical. Mesenchymal stem cells can be isolated from umbilical cord matrix, umbilical
cord blood, and adipose tissue, all sources that are more suitable from an ethics
perspective compared to their marrow-derived counterparts. MSCs isolated from
different sources behave somewhat differently, and their osteogenic capacity should

ideally at least match that of bone marrow MSCs.

Comparative studies between bone marrow MSCs, umbilical cord blood MSCs and
adipose tissue MSCs found that all three types are able to osteogenically
differentiate(Kern et al., 2006) and that the osteogenic differentiation capacity was
similar between the three(Rebelatto et al., 2008). In the case of adipose tissue MSCs

this is not entirely uncontroversial; at least one study did find that their osteogenic



capacity is lower than that of bone marrow MSCs (Mohamed-Ahmed et al., 2018).
Differences were found in the expression of mesenchymal stem cell markers, with
umbilical cord blood MSCs showing lower expression of CD105 and adipose tissue

MSCs having reduced CD106 expression (Kern et al., 2006).

Umbilical cord blood MSCs were shown to have the highest expansion potential,
allowing subculture for at least ten passages, while adipose tissue MSCs showed
much lower senescence in earlier passages(Kern et al., 2006). A disadvantage of
umbilical cord blood MSCs is that they are difficult to isolate compared to
alternatives, with many studies failing to isolate MSCs from a large percentage of
their samples(Rebelatto et al., 2008; Zeddou et al., 2010). A solution relying on only
umbilical cord blood MSCs may therefore be less suitable, though there may be merit

in using them in conjunction with umbilical cord matrix MSCs to avoid waste.

Both umbilical cord matrix and adipose tissue MSCs are suitable for scaffold seeding
despite being less osteogenic than bone marrow MSCs (Day et al., 2018; Mennan et
al., 2019). Ideally, their osteogenic capacity should be enhanced to at least match
bone marrow MSCs. The osteogenic differentiation capacity of umbilical cord MSCs
was shown to be retained better in monolayer cultures(Zhang et al., 2009) and is
affected by which parts of the cord are used for MSC isolation(Mennan et al., 2013),
with a mixture of cells outperforming any single tissue. The proliferation rate of
adipose tissue MSCs was shown to be affected by the tissue harvesting
method(Schneider et al.,, 2017), and their osteogenic capacity is affected by the
harvesting method(Markarian et al., 2014) and donor age(Choudhery et al., 2014).
The osteogenicity could be further enhanced by optimising other culture conditions,

such as altering the chemical concentrations in osteogenic medium.

Many compounds have a positive effect on bone growth or maintenance, including
tomatine, testosterone, icariin and retinoic acid (RA). These positive effects are
realised through a variety of different pathways, and various administration methods
are therefore used in research. Tomatine, for example, was added to the diet of
osteoporotic mice and was shown to prevent bone loss(Nirmala et al., 2020).

Scaffolds loaded with testosterone proved to be as effective as those loaded with



BMP-2 through a pathway initiated through androgen receptors(Cheng et al., 2013).
The direct addition of TGF-B1 to bone injuries in rabbits stimulates osteoblast
recruitment and proliferation at the bone defect site(Beck et al., 1993). Icariin
activates cell proliferation and differentiation in vitro through the activation of BMPs
and RunX2, and is able to increase MC3T3-E1 cell proliferation and differentiation

through these pathways(Cao et al., 2012; Zhao et al., 2008).

Retinoic acid, a metabolite of vitamin A, is particularly interesting for bone research.
It is involved in many processes in the body, including vision and embryonic limb
patterning. As a result, much research has already been done into its effects on
various tissues. Many studies report that RA regulates osteogenic differentiation,
which happens through a variety of pathways. For example, in vitro research shows
that RA induces osteogenic differentiation in MSCs through Wnt/B-catenin
signalling as RA activates the PI3K/AKT/GSK3 signalling pathway(S. Zhang et al.,
2016). BMPs are often involved: RA also increases the rate of BMP-9 induced
osteogenic differentiation of mesenchymal progenitor cells when added to cell
culture medium (Zhang et al., 2010) and can regulate osteogenesis through the

BMP2-Smad-Runx2/Msx2 pathway(Hisada et al., 2013).

Overall, the addition of RA to bone defects in vivo was shown to enhance bone
healing(Weng et al., 2019). RA affects various cell types differently, as confirmed by
in vitro studies. For instance, it downregulates receptor activator of nuclear factor
kappa-B ligand (RANKL)-mediated osteoclast differentiation (Balkan et al., 2011)
and upregulates the osteogenic differentiation of hypertrophic
chondrocytes(Descalzi Cancedda et al., 1992). Even for MSC-lineage cells the results
are somewhat controversial: The addition of RA to preadipocytes induces
osteogenesis through induction of Wnt/B-catenin signalling, but in preosteoblasts
osteogenesis is reduced through inhibition of the very same pathway(Liu et al.,

2014; Roa et al., 2019; Skillington et al., 2002; S. Zhang et al., 2016).

Inconsistencies remain even within studies using MSCs. Many studies conclude that
overall, the addition of RA benefits osteogenic differentiation(Cowan et al., 2005;

Hisada et al., 2013; Malladi et al., 2006; Zhang et al., 2010), but a number of studies



instead determine that osteogenic differentiation is inhibited(Ahmed et al., 2019;
Wang et al., 2008). Despite the opposing conclusions there is a consensus between
these studies that the expression of alkaline phosphatase (ALP) is induced by RA,
indicating some level of osteogenic function even in studies that ultimately
conclude RA inhibits osteogenic differentiation. Previous unpublished research by
this group corroborates the positive effect of RA on osteogenic differentiation of
MSCs seeded onto HA/CC scaffolds: When 20uM of RA was added to cell culture
medium the expression of ALP and BMP-9 was increased after 7 and 14 days. As the
results in literature are so varied, however, and many factors, such as the scaffold
structure and material, could affect the osteogenic differentiation capacity, it
remains important to research the real effect of RA addition on cell-seeded

scaffolds.

The cell seeding method an important factor as well. During the bulk production of
cell-seeded scaffolds they are commonly seeded with cells first and transferred to a
bioreactor afterwards. Common cell seeding methods are either pipetting a cell
suspension directly onto the graft or soaking the graft in a cell suspension(Zhou et al.,
2006). For larger grafts where liquid penetration into the centre is a concern the graft
may be placed in liquid under a vacuum to remove the air from the graft before cell
seeding. One study compared various methods by seeding porous B-TCP scaffolds
using four different methods, before moving the scaffolds to a static culture in
osteogenic medium. It was found that vacuum-based methods perform the best in
terms of bone growth after in-vivo implantation, especially when the resorption of
bubbles adhering to the scaffolds is prevented. The soaking method was shown to be
less effective than any other(Hasegawa et al., 2010). Another method that can be
opted for is dynamic cell seeding, in which the cells are added to the scaffolds inside
the bioreactor. This method is compatible with most, if not all bioreactor types,
including spinner flasks, rotating wall vessel bioreactors, and perfusion bioreactors.
Dynamic seeding has various advantages. In spinner flasks, it can promote the
formation of cell aggregates, the presence of which encourages cell deposition onto
the scaffolds (Vunjak-Novakovic et al., 1998). In perfusion bioreactors dynamic

seeding can improve cell distribution throughout the scaffold as the cells are



encouraged to move further throughout, instead of stopping at the first obstacle they
encounter (Marin et al., 2018). Additionally, multiple studies suggest that the added
shear stresses and increased nutrient supply can enhance osteogenic differentiation

and mineral deposition onto the scaffolds (Marin et al., 2017; Melke et al., 2020).

The number of cells to seed onto a scaffold is also of interest, but is fairly
controversial. Various studies suggest that seeding more cells onto scaffolds is not
necessarily beneficial as it leads to reduced proliferation(Wilson et al., 2002; Zhou et
al., 2006), while others found that collagen and glycosaminoglycan production were
increased in samples seeded with a higher number of cells (Vunjak-Novakovic et al.,
1998). At the same time, very low cell numbers can discourage cell penetration into
the scaffold(Lode et al., 2008). While many different papers have tried to find optimal
seeding methods, their results are difficult to compare as the ideal amount depends
on many parameters, including the scaffold material, structure, and the cell type
used for seeding. Different cell materials can add many variables, such as the ease
with which cells adhere to the scaffold. The structure is important as it affects the
nutrient flow into the scaffold, which becomes especially important in larger
scaffolds. The cell type will also affect factors such as the adherence and proliferation

rate, all of which will affect the final results.

Lastly, the physical environment is a factor. Bioreactors come in many shapes, sizes
and perfusion methods. A reactor with a flow mechanism is essential for larger grafts:
the nutrient flow in static cultures has been shown to halt even as low as 1 millimetre
deep into grafts(Grayson et al., 2011) and oxygen and carbon dioxide in the medium
is quickly depleted in static cultures(Gooch et al., 2001). Perfusion bioreactors are
among the most used in scaffold research. Some studies even go as far as to say they
are essential for grafts of clinically relevant size(Temple et al.,, 2013). These
bioreactors use pressure to force a flow of medium through the grafts. This has two
large advantages. For one, this provides the scaffolds with an even amount of wall
shear stress, which is beneficial for bone growth(Marijanovic et al., 2016; O’Dea et
al.,, 2012). It also allows nutrient to reach the centre of grafts more easily. Despite
these advantages, perfusion bioreactors are not very suitable for mass production

because of their extremely low capacity.



Another method, compression bioreactors, use a piston to press down onto the
scaffold and directly apply mechanical loads. This is intended to mimic the
compressive load of bones in vivo and is commonly combined with perfusion. The
scaffold structure is highly important in these types of bioreactors, even more so than
in others, because when not fully uniform, the scaffold structure will cause an
unequal distribution of mechanical shear stress throughout the scaffolds (Vetsch et

al., 2015).

Rotating wall vessel (RWV) bioreactors make use of upwards hydrodynamic force so
that the scaffolds remain in suspension forever, never touching the edges. This
movement allows for sufficient nutrient flow while reducing shear stresses(O’Dea et
al., 2012). Constructs cultured in RWV bioreactors showed improved chemical and
mechanical properties compared to those cultured in spinning flasks(Martin et al.,
2004). While generally suitable, commercially available RWV bioreactors still have

very low maximum capacities.

Spinning bioreactors are generally better suited to bulk production, being easy to
scale up and produced in many sizes. Scaffolds either lie on the bottom or are
suspended, and flow is created by a stirring or rocking motion. Spinning bioreactors
significantly surpass static bioreactors when measuring collagen and
glycosaminoglycan synthesis and can perform comparably to RWV

bioreactors(Burova et al., 2019). They are, therefore, a promising tool.

Not just the type of bioreactor but also its settings are important. For spinning
bioreactors specifically, an increased mixing intensity was shown to lead to higher
collagen and glycosaminoglycan production by the scaffolds, likely because of the
increased nutrient flow and/or increased mechanical stress(Gooch et al., 2001),
though the increased shear stress caused most of these to be leached into the
medium(Gooch et al., 2001; O’Dea et al., 2012). In other words, a high flow rate has
the advantages of adding extra nutrient flow and mechanical pressure but also has
drawbacks in the form of disturbing the scaffolds, causing cell and protein loss. A
balance, which is undoubtedly dependent on scaffold size and structure, must be

found.



1.4 Assessment of enhanced scaffolds

To summarize, scaffolds can be enhanced through structural changes, directly adding
osteoinductive compounds, or adding them indirectly by co-culturing scaffolds with
cells. Regardless of which method is used, the resulting scaffolds need to be tested in

order to confirm both their chemical make-up and their real effects in-vivo.

The macro-structure of the scaffold is often visible by eye. Scanning electron
microscopy can be used to visualize microstructures or take accurate measurements,
such as for pore sizes. Methods for measuring scaffold composition vary and highly
depend on the scaffold material. Fourier transform infra-red (FTIR) spectroscopy is a
suitable method for many materials. This technique measures the infra-red light
refraction of materials on a spectrum of wavelengths. Different materials have
different refractive indexes that display as peaks at different wavelengths, thereby
making it possible to distinguish separate components within a mixture. For larger

scaffolds the mechanical strength can be of interest as well.

The osteogenic and osteoinductive capacity of the scaffolds needs to be assessed as
well. Multiple qualities of the scaffolds influence their bone-forming capacity, which
can be assessed through either in vitro or in vivo experiments. For either method it is
important to know whether the scaffold supports cell growth and to confirm that it
is not cytotoxic. In cell-seeded scaffolds, microscopy can be used to confirm the
presence of cells growing on the scaffolds in vitro. Due to the non-transparent nature
of ceramic scaffolds brightfield microscopy has limited use, only clearly showing thick
plaques of cells. Fluorescence microscopy can be used to more clearly visualise small
numbers of cells, as well as to distinguish them, such as through live-dead staining.
Confocal microscopy is especially useful for this purpose, as the cells are growing on

a 3D structure.

Scanning electron microscopy (SEM) also provides a very high-quality 3D view of the
outside structure and can be used to show cells growing on the scaffolds, though
unlike fluorescent microscopy it cannot be used to assess their vitality or perform
immunohistochemistry. SEM can be combined with energy-dispersive X-ray analysis

(EDX) to label chemical elements on the image.



Aside from live-dead staining, which is more of a visualisation method, the number
of living cells can be measured through their metabolic activity using an Alamar Blue
assay. This assay involves a blue dye that cells metabolise into a fluorescent red dye,
which can then be measured using spectrophotometry. Measuring the amounts of
growth factors deposited onto a scaffold is fairly straightforward and can be
performed using ELISA. These assays allow for the quantification of a specific protein

of interest in a sample, including BMP-2 and BMP-7.

Assessing the effect scaffolds have in vivo is a more complicated process, as many
variables exist that can be looked into. In the first place, in vivo bone implantation
can be done using a number of methods. Many researchers papers use critical-sized
bone defects, a term used to describe a bone defect that is too large for the body to
naturally repair it. This allows the researchers to obtain a real idea of whether the
scaffold can repair the type of severe bone defects they are meant for, with accurate
results since it happens in the natural bone environment. Disadvantages of this
method, however, are that fewer defects can be placed per animal and the surgeries
involved are often complicated as well as very painful for the animals. Most other
techniques involving bone defects, such as distraction osteogenesis models, have

similar issues.

Subcutaneous implantation is a common alternative method to assess scaffold
osteoinductivity. It has the advantage of being able to place many implants on one
animal, thereby reducing the number of animals required, and it can give insight into
the bone-forming capacity of a material. It is limited, however, in that it requires
scaffolds to contain compounds that can actively induce bone formation, since
otherwise no bone will form near the skin, and in that the natural bone environment
is not used. That is to say, the body's natural bone healing mechanisms are not

present due to the distance from the natural bone environment.

We propose a hybrid method, where scaffolds are placed in-between the tibia and
anterior tibialis muscle. This method does not require bone damage, making for an
easy-to-perform procedure that causes the animals less pain. Unlike with the

subcutaneous method, the scaffold is near the natural bone environment and can be



affected by migrating bone marrow MSCs, periosteal stem cells and
osteoblasts/osteoclasts, the same factors that would normally affect the healing
bone. It is expected that callus formation will be caused by the presence of the
scaffold, though unlike the subcutaneous method, it may not require the presence of
osteoinductive compounds like BMP-2 due to the bone-adjacent implant location.
Much like with the subcutaneous method, bone formation can then be quantified
and compared between groups in order to assess the osteogenic capacity of the

scaffolds.

Histological analysis is a common technique used to look at the scaffold, callus and
natural bone in detail. It usually involves the tissue being sliced into 7-50 um slices
through the use of either cryo- or paraffin sectioning. The tissue can then be stained,
mounted, and imaged using either brightfield or fluorescence microscopy. While
immensely useful, it is somewhat limited by its 2D nature and the limited amount of
bone material. uCT scans, or regular CT scanning for research involving large animals,
can be used to quantify new bone growth as well as measure scaffold resorption, two
of the most important factors looked at when judging scaffold effectivity. This
technique can also be used to measure much more detailed structural features, such

as the trabecular structure and number, in order to assess bone quality.

Additionally, the expression of genes of interest can be measured using quantitative
real-time polymerase chain reaction (QPCR). When the right genes are selected, this
can give interesting insights as to which genes are up or downregulated due to
scaffolds or their enhancements. For bone research, a number of factors are of
particular interest. One of these factors are osteoblasts, the cells that produce the
bone mineral matrix. They are essential to the bone formation process, and genes
related to their differentiation or functioning can tell much about the osteogenicity
and osteoinductivity of an implanted scaffold or its enhancements. TGFB1 and BMPs
are both osteogenic growth factors secreted by osteoblasts(Huang, 2007) and are

thus associated with osteoblast activity.

Osteoblast differentiation can be assessed as well, and osterix (OSX), osteocalcin

(OCN), and collagen type 1 alpha 1 (Collal) are commonly used as markers for this



purpose(Huang, 2007). OSX is a BMP-2 inducible compound necessary for osteoblast
differentiation(Nakashima et al., 2002) that remains necessary throughout life for
bone generation, homeostasis and fracture repair(Sinha & Zhou, 2013). OCN is a
hormone that regulates insulin secretion and sensitivity as well as muscle function,
among others, that is synthesized and mainly expressed in osteoblasts(Shao et al.,
2015). It also has a relation to osteoclasts, as it is y-carboxylated to exist in an inactive
form and is indirectly decarboxylated, and thus activated, by osteoclasts during bone
resorption (Mera et al.,, 2018). Collal is well-known for its expression in
chondrocytes, cartilage-producing cells, and its relation to collagen production.

Together with ALP it serves as an early marker for bone formation(Dacic et al., 2001).

Osteoclasts are another obvious factor to investigate. Together with osteoblasts,
they mediate bone formation, maintenance and remodelling by removing the
mineral matrix. The presence of C-terminal Src kinase (CSK) is essential for osteoclast
activity since bone resorption is prevented by its absence. It is also involved in the
mediation of cell adhesion, proliferation and movement(Miyazaki et al., 2006).
Macrophage colony-stimulating factor (M-CSF) and it’s receptor, M-CSFR, enhance
monocyte differentiation into osteoclasts by inducing Receptor activator of nuclear
factor k B (RANK) expression, thereby enhancing osteoclast formation. It also
enhances osteoclast survival by preventing apoptosis(Boyce, 2013). Osteoclasts can
also be created through macrophage fusion, a complex process mediated by many
different genes. Osteoclast Stimulatory Transmembrane Protein (OCSTAMP), for one,
promotes osteoclast fusion through the mediation of fusogen Cluster of
Differentiation (CD)-9 (Ishii et al., 2018). CD47 promotes macrophage-macrophage
fusion by binding to SHPS-1, leading to its tyrosine phosphorylation and the
subsequent pathway activation causing macrophage fusion(Maile et al., 2011). C-C
chemokine receptor type 2 (CCR2) is the receptor for CCL-2 and mediates osteoclast
fusion through this pathway(Khan et al., 2016). It is also involved in skeletal muscle
regeneration(Warren et al., 2005). Osteopetrosis-associated transmembrane protein
1 (OSTM1) mediates osteoclast maturation and also plays a role in the intracellular

lysosomal trafficking in mature osteoclasts(Pata & Vacher, 2018).



There are also a number of important functions that do not directly relate to bone
cells but are still highly important during the bone formation process. One such
process is vascularisation. Platelet-derived growth factor BB (PDGF-BB) and
angiogenin are both commonly associated with vascularisation. PDGF-BB’s
involvement in vascularisation is twofold: It stimulates the genesis of new blood
vessels(Lange et al., 2009), as well as the maintenance of existing blood vessels
through the recruitment of mural cells and differentiation of skeletal myoblasts to
pericytes(Betsholtz et al., 2005; Cappellari et al., 2013). PDGF-BB also protects
multiple cell lineages, including MSCs, against apoptosis(Vantler et al., 2010; J. M.
Zhang et al.,, 2016) and is known to be involved in the regulation of MSC
immunosuppressive capacity(J. M. Zhang et al., 2016). In addition to vascularisation,
it is linked to skeletal effects: PDGF-BB can be produced by pre-osteoclasts, was
shown to mediate arterial stiffening (Santhanam et al., 2021), and its addition to poly-
L-lactide membranes was shown to increase their osteogenicity when implanted(Park
et al., 1998). Angiogenin is another strong promoter of angiogenesis, mediating
nearly every step of the vascularisation process(Shestenko et al., 2001). It does so by
acting through many pathways, including receptor binding on endothelial cells,
nuclear transport, and cascade activation(Pyatibratov & Kostyukova, 2012).
Angiogenin is also involved in endothelial cell-cell interactions necessary for
endothelial cell proliferation, smooth muscle cell and actin interaction(Tello-
Montoliu et al., 2006), and has microbicidal functions against bacteria and

fungi(Hooper et al., 2003).

Innervation is another essential process during bone regeneration. Ubiquitin C-
Terminal Hydrolase L1 (PGP9.5) expresses in osteoblasts, and it is thought that nerve
impulses affect osteoblasts(Kjaer & Nolting, 2008). Netrin-1 is involved in nerve
regeneration (Dun & Parkinson, 2017) and has a strong effect on the skeleton, being
a negative mediator of BMP signalling(Abdullah et al.,, 2021). Despite inhibiting
osteoblast differentiation(Sato et al., 2017) and encouraging osteoclast
differentiation(Mediero et al., 2015), it has a bone-retaining effect due to its
inhibition of osteoclast fusion(Maruyama et al., 2016). The ‘deleted in colorectal

cancer’ (DCC) gene is most well-known for its tumour-suppressive function but is also



a Netrin-1 receptor. Together, they determine whether the cell survives or initiates

apoptosis(Mehlen & Furne, 2005). Thus, Netrin-1 and DCC regulate cell viability.

While the up- or downregulation of a single gene doesn’t say much due to most genes
regulating many different pathways, taken together they can provide an overview
and give an indication of what effect the scaffold or its additions have on their

environment. It is, therefore, an important step in the final assessment of scaffolds.

In summary, while scaffolds can be made out of many base materials and can be
enhanced using many methods, HA/CC ceramic scaffolds enhanced through the
addition of either natural growth factors or bisphosphonates are likely to be
particularly useful for bone repair. HA/CC scaffolds are chemically similar to natural
bone, are resorbable, and can be produced with a suitable structure. It has even been
suggested to have osteogenic properties. Improvements to the scaffold osteogenicity
can be made by adding growth factors, preferably through cell seeding or the

addition of bisphosphonates.

The aims of this study are to determine in how far the osteogenic capacity of HA/CC
scaffolds can be enhanced through cell seeding, and to assess whether the addition
of bisphosphonates to HA/CC scaffolds is a suitable method for their

osteogenienhancement.

The first objective set to accomplish these goals is to reliably produce HA/CC scaffolds
by making them from cement. FTIR spectroscopy will be used to analyse its

composition and confirm the presence of HA.

The second objective is to culture cells onto these scaffolds, differentiate them, and
finally to measure the growth factors produced in vitro. Fluorescence microscopy and
SEM will be used to confirm cell growth on the scaffolds, and the viability of said cells
will be assessed through Alamar Blue assays and live-dead staining using CalceinAM.

Growth factor deposition will be measured through BMP-2 and BMP-7 ELISA assays.

The third objective is to determine the effect of bisphosphonate treatment on the

osteogenicity of HA/CC scaffolds in vivo. The bone formation will be quantified using



techniques such as histology and uCT scanning, and the gene expression will be

quantified using qPCR.



2. Materials & Methods

2.1 Materials

The suppliers of all chemical reagents and instruments used are listed in appendix 1.

2.2 HA/CC scaffold production

To create HA/CC scaffolds, tetracalcium phosphate (TTCP, Matexcel) and Emprove
Essential CaHPO,(Sigma-Aldrich) were mixed 1:1 in molar ratio and then mixed with
1:1 CaCO,(Sigma-Aldrich) in weight. The three powders were ground using a mortar
and pestle for five minutes, then mixed with 15% EMPROVE Essential Gelatine
powder (Sigma-Aldrich) in water to create a paste. This paste was then left to dry at
room temperature. To ensure the HA-forming reaction was completed, the scaffolds
were first submerged in 0.1% glutaraldehyde (Sigma-Aldrich) to crosslink for 10
minutes to prevent the scaffold from dissolving, then washed with water and soaked
in phosphate-buffered saline (PBS) (Gibco) overnight at 37°C. Scaffolds were then air-

dried and autoclaved.

2.3 FTIR spectroscopy

FTIR spectroscopy was used to determine the final concentrations of compounds
present in the scaffolds. The four main components, TTCP, CaHPO, CaCO;and HA,
were each ground by hand using a mortar and pestle for five minutes. Scaffold was
then made as described above and either left untreated or soaked in 0.1%
glutaraldehyde for 10 minutes, then soaked in PBS overnight for 24, 48 or 128 hours
before being air-dried and powdered. In order to test whether bisphosphonates
impede HA/CC formation, 7.5ug OX14 and 1.6ug of Zoledronate (both kindly
provided by Prof. Graham Russell, Botnar Research Centre, Oxford University) were
added to a small amount of scaffold cement per mg of dry weight. These amounts
were chosen to match the bisphosphonate concentrations desired during in vivo
implantation, which vary between Zoledronate and OX14 due to their different
potencies. The scaffold was then processed as usual and soaked for 24 hours. All
powders were processed on a Perkin Elmer Spectrum 100 FTIR spectrophotometer.

All spectra were normalised from 1-100 using OriginPro software.



2.4 MSC isolation from human umbilical cords

Human umbilical cords were sourced from Singleton Hospital, and cords were taken
only with fully informed consent of the anonymised donors(West Wales Research
Ethics Committee REC11/WA/0040). The umbilical cords were stored in PBS during
transport. The veins and artery were removed, and the cords were cut until paste-
like. This paste was then spread onto T25 culture flasks and incubated at 37°C for 10
minutes to improve surface adherence. 0.5ml of FBS (Gibco) was added to the culture
flasks, after which the flasks were incubated at 37°C overnight. The next day, 1.5ml
culture medium (1:1 DMEM: F12(Gibco) with 10% FBS(Gibco) and 1%
penicillin/streptomycin(Gibco)) was added to the plates. After one more day, the
medium was topped up to 5ml, and the medium was exchanged every 2-3 days. MSCs
started adhering to the surface after approximately one week and were subcultured
when making up about 50% of the plate surface area. Cell subculture was performed
by washing the flasks with PBS (Gibco), detaching the cells with 0.25% Trypsin-EDTA
(Gibco), and then adding cell culture medium to inactivate the Trypsin-EDTA. Cells
were centrifuged at 1200rpm(Eppendorf 5810 R) for 5 minutes and either seeded in
new flasks for subculture, frozen in FBS (Gibco) with 10% DMSO (Sigma-Aldrich), or
used in experiments. In-between subcultures, the medium was changed every 2-3

days.

2.5 Cell adherence to scaffolds

It is essential to find a method to successfully seed cells onto scaffolds and create a
3D culture. Considerations are the seeding- and culturing method, the number of
cells seeded, and the amount of scaffold seeded per batch. In order to find an optimal
amount, several millions of umbilical cord MSCs were seeded on 10g of scaffold in a
spinning bioreactor, which was only turned on after allowing cells to attach overnight.
The scaffolds were re-seeded every 3-4 days in order to improve cell attachment to
the scaffolds. These tests were largely unsuccessful; hence, a small-scale approach
was chosen in which approximately 0.017g of scaffold was seeded with the MSCs in
48-well plates. This approach yielded clumps of scaffold held together by cells after
culturing, hereafter referred to as nodules. To find a suitable cell seeding amount for

nodule creation, cells were seeded onto 0.017g of scaffold powder in 48 well plates



at 31,250, 62,500, 125,000, 250,000 or 500,000 cells per well. Alamar Blue assays and
confocal fluorescent microscopy were performed at 3, 7, 14 and 21 days after

seeding.

2.6 Confocal microscopy

Before confocal microscopy, samples were stained with a dye solution containing 50
ug/mL Hoechst (Invitrogen) and usually also 4 uM of CalceinAM (Invitrogen) in PBS.
The samples were then incubated at 37°C for approximately five minutes. Confocal

microscopy was performed on a Zeiss LSM710 imaging system.

2.7 SEM

Any samples destined for SEM were fixed in 4% glutaraldehyde (Sigma-Aldrich) and
then dehydrated through immersion in a series of ethanol dilutions: 40%, 70%, 80%,
90%, 95% and 100% ethanol for one hour each, then 50:50
ethanol/hexamethyldisilane. ~ Samples were then immersed in 100%
hexamethyldisilane, followed by another soak in 100% hexamethyldisilane and
overnight evaporation. Dried samples were coated with chromium using a chromium
coater (Quorum QI150T ES) until sufficiently conductive. The samples were then

imaged on a Hitachi S-4800 SEM.

2.8 Cell differentiation on HA/CC scaffold

Cells were seeded at 250,000 cells/well in a 48-well plate on approximately 0.18g of
HA/CC scaffold granules and cultured in medium. The medium was refreshed every
2-3 days. After one week, the nodules were strong enough to hold their shape even
if picked up. At this stage, the nodules were divided into three groups and treated
with normal medium, osteogenic medium (medium with added 50ug/ml L-ascorbic
acid(Sigma-Aldrich), 10mM  B-glycerophosphate(Sigma-Aldrich) and 1uM
dexamethasone(Sigma-Aldrich)) and retinoic acid medium (osteogenic medium with
20uM retinoic acid (Sigma-Aldrich)). The nodules were then cultured for 1, 7, 14 or
28 days before being harvested for confocal fluorescent microscopy and SEM. ELISA
assays were performed using BMP-2 and BMP-7 ELISA kits (ABClonal) according to
the manufacturer’s instructions. A number of samples were kept for 14 days and

treated with Alamar Blue on days 1, 7 and 14.



2.9 Scaffold production for in-vivo implantation

The scaffolds used were produced as previously described(Xia et al., 2018). The
prepared HA/CC scaffold was cut into pieces of approximately 1.5 mg in weight, and
then autoclaved. The autoclaved scaffolds were divided into three groups and soaked
in 200 pL 2.45ug/mL Zoledronate in PBS, 11.35ug/mL OX14 in PBS, or in PBS only for
90 minutes at RT. The liquid was then aspirated, and the scaffolds were dried at 37°C

overnight.

2.10 In-vivo implantation of materials in mice

All in vivo experiments were performed at Johns Hopkins University in accordance
with local and university regulations. The animal protocols were approved by the
Institutional Animal Care and Use Committee of Johns Hopkins University, Baltimore,
MD, USA (M0O21M276). Three- to four-month-old male C57BL/6 (wt) mice were
obtained through Jackson Laboratory (strain number: 000664). 54 C57BL/6 mice
were injected with 0.18-0.25 mL anesthetic (13mg/mL ketamine hydrochloride
(Ketalar) and 1.2ng/mL Xylazine Hydrochloride (Sigma-Aldrich) in PBS) and sheared.
An incision was made in the leg, and one scaffold piece was implanted with tweezers
in-between the tibia and fibula. The wounds were then sutured. The mice were
placed back into their cages and left to wake up naturally. After 1, 14 or 28 days, the
mice were anesthetized using FORANE (isoflurane USP, Baxter) gas. Four mice per
experimental group were used for the day 1 timepoint, and five mice per group were
used at days 14 and 28. The right limbs were harvested, after which the mice were
perfused with PBS (Corning) and 10% formalin (Thermo Fisher Scientific)
consecutively. The left limbs were then harvested as well and processed to remove
the gastrocnemius muscles, any femur-adherent muscles, and the foot. The
remaining muscle was then carefully trimmed to decrease the limb size. Processed

left limbs were stored in 10% formalin at 4°C.

2.11 gPCR

The right limbs were processed immediately after harvesting. The gastrocnemius
muscles and fibula were removed, and the tibia and remaining muscle were trimmed
to include only the area around the scaffold. At this stage, the tissue from all mice in

the same group was mixed. The tissue pieces were frozen using liquid nitrogen and



crushed in a mortar, then homogenized using a sonifier. Ribonucleic acid (RNA) was
isolated from the tissue using the QIAGEN RNeasy mini kit. Reverse transcription was
initiated by adding PrimeScript RT Mastermix (TaKaRa) to the RNA and holding the
tubes at 37°C for 15 minutes, then at 85°C for five seconds before cooling. The
Deoxyribonucleic acid (DNA), along with water and primers, was added to SYBR green
PCR Master Mix (Qiagen) and run for 40 cycles. A list of the primers used and their

sequences can be found in appendix 2.

2.12 pCT

Left limbs were taken from the formalin and wrapped in parafilm, then scanned in a
Skyscan X-ray microtomography system (Bruker) at a voltage of 65kV and current of
153uA. A resolution of approximately 6.5 um, pixel size of 6, rotation of 0.3 and high-
resolution exposure time of 218ms were used for scanning. After scanning, the limbs
were unwrapped and placed back in 10% formalin at 4°C. A consistent area of 0.096
mm?3 was selected and used for calculation of the bone volume/tissue volume (BV/TV)

value.

2.13 Bone imaging

Fixed samples were embedded in London Resin Gold (Agar Scientific) with 1% w/v
benzoyl peroxide (Agar Scientific) according to the manufacturer’s protocol.
Aluminium foil was used to position the blocks correctly and was embedded into the
blocks, after which the resin was cured at room temperature. The resulting blocks
were sanded at 600 and 1200 grit, then polished to 6 and 3 microns. The bones were
photographed using a Tomlov TM-DM10 imaging system. SEM-EDX scanning of the

samples was outsourced.

2.14 Statistical analysis

Statistical analyses were performed in IBM SPSS Statistics and GraphPad Prism. All
data is presented as mean * standard deviation. T-tests were used when comparing
two groups, and 2-way analysis of variance (ANOVA) analysis was performed for
comparisons between multiple groups. A p-value < 0.05 was considered statistically

significant.



3. Results

3.1 HA/CC scaffold can be successfully produced

The scaffold was made by combining three powders, of which two react together to
form hydroxyapatite. In order to confirm whether TTCP and CaHPO4 react to form
hydroxyapatite, scaffolds were prepared with and without a soaking step and then
analysed using FTIR spectroscopy. Analysing pure hydroxyapatite and the other three
main compounds of the scaffold revealed that CaCOs forms three clearly
distinguishable peaks. HA and TTCP both have an absorption peak around 1000nm,
though with distinct shapes. The former has a smooth and pointy peak, while the
latter has a broader, jagged peak (Figure 2). CaHPO4 shows weaker absorption at a

wider range.
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Figure 2. Infrared spectra of scaffold compounds and hydroxyapatite. Calcium
carbonate forms clear peaks at 700, 875 and 1400nm. Both HA and TTCP form peaks
around 1000nm, though with clearly distinguishable shape. CaHPO4 absorbs a wider
range of infrared radiation. Graph generated by Emma Steijvers using Microsoft Excel,

2022.

After scanning unsoaked HA/CC scaffolds and scaffolds that had been soaked for 24,
48 and 128 hours, there is a distinct difference in the shape of the 1000nm peak
between the unsoaked and soaked groups (Figure 3). Thus, it could be determined
that while untreated HACC still consists of its three main compounds, HA was formed
in all samples soaked in PBS. As the scaffold is soaked for a longer period of time, the

HA peak becomes comparatively larger than the CaCOs peaks. This indicates a
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possibility that HA formation is a slow process, and more HA has formed in the
samples that were soaked longer. However, as the HA peak completely obscures the

TTCP and CaHPO4 peaks, an exact quantification is impossible.
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Figure 3. Infrared spectra of HA/CC scaffolds with different preparation methods.
The graph shows the infrared spectra of scaffolds that are left untreated and soaked
in PBS for 24, 48 and 128 hours. The peak at around 1000nm is clearly distinguishable
as mainly TTCP in the untreated HACC sample, while the shape corresponds to HA in

all soaked samples. Graph generated by Emma Steijvers using Microsoft Excel, 2022.

3.2 Bisphosphonates inhibit HA formation during scaffold production

Bisphosphonates strongly bind to calcium, which is present in the scaffold
compounds required to form hydroxyapatite. In order to confirm whether the
presence of bisphosphonates disturbs this reaction, scaffolds were made with 0X14
and ZOL, which were then compared to unsoaked and soaked control scaffolds. The
infrared spectra of bisphosphonate-scaffolds were distinctly similar to the unsoaked
controls, having the rough peak that corresponds to the presence of TTCP, indicating
that HA formation did not take place in measurable amounts (Figure 4). Scaffolds

should therefore be prepared before adding bisphosphonates.
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Figure 4. Infrared spectra of scaffolds with and without bisphosphonates. The graph
shows the infrared spectra of normal soaked scaffolds, unsoaked scaffolds and
scaffolds made with bisphosphonates, then soaked. The peak around 1000nm
indicates the presence of HA in the normally prepared scaffold, but only TTCP in all

other groups. Graph generated by Emma Steijvers using Microsoft Excel, 2022.

3.3 MISCs are able to adhere to HA/CC scaffolds

Cells were seeded onto scaffold granules and co-cultured in order to confirm whether
MSCs can adhere to HA/CC scaffolds. After culturing in a bioreactor it was observed
that cells do, in fact, adhere to and grow on the scaffold (Figure 5A). However, the
cells do not jump from one HA/CC granule to another, and so while some granules
ended up covered, others remained near empty. This problem could not be fixed by
culturing for longer periods and/or re-seeding. In order to attain improved scaffold
coverage, smaller quantities of cells and scaffolds were combined in 12-well plates
(Figure 5B). In the 12-well plates, cell coverage of the scaffolds remained mediocre,
ranging from ‘none’ to ‘low’ depending on the number of cells seeded. In addition,
when seeding higher amounts of cells (2,500,000 on 0.085g of scaffold) the cells

occasionally formed organoids instead of attaching to the scaffold (Figure 5C).
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Figure 5. Cells growing on HA/CC scaffold in a bioreactor (A) and 12-well plates (B,
C). In the bioreactor, cell coverage is high on some granules but very low on others. In
12-well plates, cell coverage is generally mediocre (B), and occasionally cell organoids

are formed. (C) Images taken by Emma Steijvers, 2021.

Reducing the amount further, and seeding cells on 0.017g of scaffold in 48 well plates,
was comparatively much more successful. Cells attaching to the scaffolds were
observed with confocal microscopy (Figure 6A). The cell coverage can be so high that
the cells stitch the scaffold granules together, forming nodules strong enough to be
gently picked up with tweezers (Figure 6B). Cell growth on the surface of these

nodules was confirmed by SEM (Figure 6C, D).
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Figure 6. Nodules resulting from culturing cells and scaffold in 48 well plates. These
images show the cells attaching to the scaffold and forming larger nodules seen
through confocal (A), by eye (B), and through SEM (C, D.) Images taken by Emma
Steijvers, 2021.

When seeding scaffolds, a question that comes to mind is the required seeding
density. Larger amounts of cells require more resources; minimizing the number of
cells seeded is therefore important. To assess the minimum required cell number,
cells were seeded onto scaffolds in varying numbers and grown, after which the
number of cells was assessed using confocal imaging and Alamar Blue testing.
Confocal imaging of the scaffolds (Figure 7) shows that there is a balance to be found

between cells seeded and time.
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Figure 7. Cell coverage of HA/CC scaffold granules with different cell seeding
amounts over time. The image shows cells adhering to the scaffold in different
amounts, with the amount increasing over time and when seeding more cells. Stained
with DAPI in blue and CalceinAM in green. Scaffold autofluorescence is shown in red.

Images taken by Emma Steijvers, 2021.
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Three days after seeding cells had attached to the scaffolds, but none of the scaffolds
were fully covered, regardless of the number of seeded cells. After one week, the
scaffolds where 250,000 cells or more were seeded were fully covered and ready for
use. In scaffolds seeded with 31,250-125,000 cells, cell coverage had increased, but
not to a usable degree. After fourteen days, all scaffolds were covered with cells
regardless of seeding amount, and little difference could be seen between fourteen

and twenty-one days of cell culture.

Alamar Blue testing of nodules with identical treatments also showed that while at
earlier timepoints the metabolic activity roughly corresponded to the number of cells
seeded, this effect diminished with time. At day 3 post-seeding there is a very large
difference between the groups seeded with 31,250 and 500,000 cells, with the latter
showing an approximately 3.5-fold increase in metabolic activity compared to the
former. By day 7 the increase has become less than two-fold, and by day 14 there is
significant overlap between the groups. The other groups behave similarly: At day 3
post-seeding each doubling in cell number leads to an 1.5-fold increase in metabolism
with an exception for the 500,000 group seemingly hitting a ceiling.By day 7 this
effect has largely been reduced, with doubled cell numbers only leadingtoa 1 -1.25
fold increase, and by 14 days post-seeding there is no more linear relation between

the amount of cells seeded and the metabolic activity(Figure 8).

Cell metabolism of nodules
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Figure 8. The metabolic activity of nodules seeded with different amounts of cells.
These graphs show the relative metabolic activity of nodules seeded with 31250,
62500, 125000, 250000 or 500000 cells, as measured by Alamar Blue assay. Graph

generated by Emma Steijvers in GraphPad Prism, 2022.
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3.4 USMSCs can be differentiated on HA/CC scaffolds but require more
enhancement

It has been proven that cells can be cultured onto HA/CC scaffold granules. The next
step is then to osteogenically differentiate these cells in order to seed the scaffolds
with osteoinductive compounds. To assess this, scaffolds were seeded with cells.
After confluence was achieved the nodules were divided into three groups: a non-
differentiated (ND) group, an osteogenically differentiated (OS) group, and an
osteogenically differentiated group with retinoic acid (RA) added in an attempt to
improve osteogenic enhancement. Cell morphology was assessed with fluorescent
confocal microscopy and scanning electron microscopy. Fluorescent images show
changes in cell morphology of differentiated cells compared to non-differentiated
cells (Figure 9). Specifically, the ND group shows no morphological changes during
the entire 21 days, retaining the clearly segmented elongated phenotype. For both
the OS and RA groups, the cells change from elongated and separate entities to a
more irregular-appearing mass of cells. These changes in cell morphology indicate

that cell differentiation was successfully induced.



P
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Figure 9. Morphological changes of MSCs adhering to scaffolds during

differentiation. The figure shows the cell morphology of MSCs cultured on scaffold in
normal medium (ND), osteogenic medium (OS), and osteogenic medium enhanced
with retinoic acid (RA) after 1, 7, 14 and 21 days. Cells cultured in osteogenic media
change shape to be less elongated and increasingly disorganised. Stained with DAPI
in blue and CalceinAM in green. Scaffold autofluorescence is shown in red. Pictures

taken and schematic images created using Paint.net 5.0.2 by Emma Steijvers, 2022.
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SEM was used to image the cell surface in more detail. The morphological differences
between cells are much less obvious due to the lack of colour, causing difficulty in
distinguishing cells from each other. On a smaller scale, however, the SEM images
show the generation of fibres and ball-like structures in higher numbers in the OS and
RA groups compared to the ND group (Figures 10, 11). The fibres and spheres are
likely to be collagen and bone-formation, respectively, though this cannot be said

with certainty.

Day 14 Day 7 Day 0

Day 21

Figure 10. Morphological changes on the surface of MSC-seeded scaffolds imaged
with SEM. The figure shows a 2000x enlarged surface of nodules with cells attached
in a non-differentiated group (ND), osteogenically differentiated group(OS), and
osteogenically differentiated group with retinoic acid added to the medium (RA).

2000x enlarged. Images taken by Emma Steijvers, 2021.
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Figure 11. Close-up of the surface deposits on cell nodules. This figure shows a
10,000x enlarged view of the fibres and ball-like structures that appear in higher
numbers on the surface of differentiated nodules. The image shows a sample 7 days

post-osteogenic differentiation. Image taken by Emma Steijvers, 2021.

To assess the amount of cell activity on the scaffolds, an Alamar Blue assay was
performed. Over time, the number of cells in the ND group increases a lot, then
decreases again. The OS group shows a slow increase in cell activity, and the RA group
a slow decrease (Figure 12A). At day 1 there was no significant difference between
groups. After 7 days both the OS and RA groups had significantly less metabolic
activity compared to the ND group. (p<0.001, N=6, one-way ANOVA) After 14 days
the OS group showed less metabolic activity compared to the ND group (p=0.024,
N=4-6), and the RA group had lower activity than both the ND (p<0.001, N=4-6) and
OS groups. (p<0.001, N=6) Cells dying during osteogenic differentiation is common

and these results are expected.

ELISA assays were used to quantify the BMP-2 and BMP-7 protein levels in cell-
scaffold nodules (Figure 12B, C). There was no significance in BMP-2 content after 7
days. After 14 days the OS group had a significantly higher BMP-2 content compared
to the two others (p=0.003, 1-way ANOVA, N=3). By day 21 this effect has been lost,
and only the RA group is significantly lower than the two others (p=0.04, N=3). At day
7 the BMP-7 content was significantly lower in the RA group than the ND
group(p=0.014, N=3), with no significant difference between the others. After 14
days, much like BMP-2, the BMP-7 content was significantly heightened in the OS
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group compared to the two others (p=0.001, N=3). After 21 days this effect lowered
to a non-significant level, and only the RA-group was significantly lower than the OS
group (p=0.015, N=3), though not different from the NS group. In short, the OS group
performs slightly better than the ND group at day 14, but there is little effect at other
time points. The RA group consistently performs worse than other groups throughout
all time points. One possible explanation for this phenomenon is the decreased cell

count: Fewer cells will naturally secrete fewer proteins.
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Figure 12. Quantification of cells (A) and BMPs (B, C) in nodules. These graphs show
the fluorescence units measured by Alamar Blue assay (A), and BMP-2 (B) and BMP-7
(C) quantified with ELISA in undifferentiated (ND), differentiated (0OS), and
differentiated with RA (RA) nodules. Graphs generated by Emma Steijvers in
GraphPad Prism, 2022.
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3.5 Implanting HA/CC in mice leads to bone callus formation

HA/CC granules treated with PBS, OX14 or Zoledronate were implanted in-between
the tibia and anterior tibialis muscle of 3 month old mice in order to assess the
osteogenic capacity of these scaffolds. Limbs were harvested, embedded in resin, and
then used for 2D imaging. Images were taken using a light microscope as well as using
SEM-EDX technology. The pictures taken using a light microscope show a clear view
of the implanted scaffolds as well as the calluses, showing that the calluses are much
bigger at day 14 compared to day 28, and much bigger in all HA/CC groups compared

to the sham control (Figure 13).

oX14 PBS Sham

ZOoL

Figure 13. Pictures taken of the resin-embedded bones. These pictures show the
bones after resin-embedding and polishing. The scaffold is clearly visible, as are the
calluses formed after 14 and 28 days in all non-sham groups. Images taken by Emma

Steijvers, 2022.

The pictures taken with SEM-EDX corroborate these findings. No group has any callus
formation on day 1. The Sham group grew a small, dense callus on day 14 that had
completely disappeared by day 28. The other groups had grown large calluses of new
bone formation after 14 days, that by day 28 were all remodelled into smaller calluses

with a clear distinction between cortical bone and bone marrow (Figure 14).
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Figure 14. EDX-SEM pictures of the bone calluses. Element analysis shows the
difference between soft tissues (N, O, C, in cyan, blue and magenta, respectively) and
bone (Ca, P, yellow and red, respectively.) Images were taken by Zhidao Xia in

collaboration with Open University, and used with permission.

3.6 The addition of Zoledronate leads to larger bone callus formations

To obtain an accurate volume measurement of the callus, limbs were scanned using
high-resolution uCT. The scaffolds were then measured and quantified using cTAN
software. The callus visibly changes over time: After one day no callus has formed
yet, while after 14 days there is a large, uniform new bone formation and after 28
days cortical bone and bone marrow have distinctly formed (Figure 15A). The
exception is the Sham group, where the callus formed after 14 days has disappeared
completely after two more weeks. 3D analysis showed that 14 days post-implantation
the zoledronate group has significantly more bone formation than the sham group
(p=0.014, n=5, 1-way ANOVA) while the HA/CC and OX14 groups are not significantly
distinct from any other (Figure 15B). 28 days post-surgery the HA/CC and OX14
groups have significantly more bone formation than the Sham group, and the ZOL
group has significantly more bone than every other group. OX14 treatment did not

lead to more bone formation compared to the bisphosphonate-free control scaffolds
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(p<0.001, n=4-5, 1-way ANOVA)(Figure 15C). This indicates that implantation of
HA/CC in-between the tibia and anterior tibialis muscle encourages bone formation,

and that this effect may be enhanced by adding Zoledronate to the scaffolds.
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Figure 15. Bone calluses as scanned by pCT (A) and their BV/TV values (B, C).
(A)Representative images of the bones 1, 14 and 28 days post-surgery. (B, C) The
BV/TV values of the bones at day 14 and day 28. (N=4-5) Images taken from
DataViewer reconstruction and graphs generated in GraphPad Prism by Emma

Steijvers, 2022.

3.7 Gene expression analysis

gPCR was performed on bone calluses and their surrounding areas to assess
changes in the expression levels of genes associated with callus formation. One day
post-implantation there was an increase in osteoblast related genes in all groups
compared to sham, both those relating to osteoblast activity (TGF-B1, BMP-2) and
osteoblast differentiation(OSX, OCN, Collal.) Conversely, most genes relating to
osteoclast differention and fusion were downregulated or unchanged in all HA/CC

groups. Osteoclast differentiation gene CSK is the main exception, being
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upregulated in all groups compared to Sham (Figure 16). Innervation genes Netrinl
and DCC are very downregulated in all groups compared to Sham, but PGP9.5 is
very strongly upregulated in the HA/CC and ZOL groups. Likewise, the
vascularisation is inconsistent: Angiogenin is very upregulated in all three HA/CC
groups, but PdgfBB is downregulated for HA/CC and ZOL, yet upregulated for OX14
(Figure 17).

After 14 days the osteoblast genes had mostly neutralised in the HA/CC group. The
osteoblast activity genes are only upregulated in the ZOL group, while the
osteoblast differentiation genes appear most upregulated in the OX14 group,
though some data is missing for the ZOL group. The osteoclast genes were mostly
neutralised by this point as well, with the exception of ZOL being upregulated in
osteoclast differentiation genes CSK and CSFR, as well as fusion gene CD47.
Vascularisation and innervation had, likewise, mostly neutralised, though 0X14

showed a reduction in PdgfBB (Figures 16, 17).

By day 28 the osteoblast activity genes were highest in the HA/CC group, neutral in
the OX14 group and slightly lowered in the ZOL group. The differentiation genes,
however, are extremely high in both bisphosphonate groups compared to the
HA/CC and sham groups. The osteoclast genes are neutral at this point, with the
exception of CSFR being strongly heightened in the bisphosphonate groups.
Likewise, vascularisation and innervation were mostly neutralised with the

exception of extremely high ZOL in PdgfBB and PGP9.5 (Figures 16, 17).
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Figure 16. The expression levels of gene markers for osteoblast activity and
differentiation, and osteoclast differentiation and fusion. The expression levels are
compared in the sham, HA/CC, HA/CC OX14 and HA/CC ZOL groups. Graphs generated

by Emma Steijvers in GraphPad Prism, 2023.
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Figure 17. The expression levels of gene markers for vascularisation and
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innervation. The expression levels are compared in the sham, HA/CC, HA/CC-0X14
and HA/CC-ZOL groups. Graphs generated by Emma Steijvers in GraphPad Prism,
2023.
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4. Discussion & Conclusion

The aim of this study was to find a suitable method to produce HA/CC scaffolds with
enhanced osteoinductive capacity to improve patient outcomes and healing time.
The HA/CC scaffolds themselves were produced as described in previous research(Xia
et al.,, 2018) with some minor alterations. HA/CC was successfully created, as
evidenced by FTIR spectroscopy: The 1000nm peak, corresponding to TTCP when flat
with multiple spikes and to HA when presenting as one large spike, clearly changes

shape after 24 hours of soaking the scaffold in PBS.

It has also been proven that adding bisphosphonates to the scaffold during
production inhibits HA formation. Therefore, they can not be added directly to the
cement but have to be added later through either soaking or coating. Soaking
theoretically works through the bisphosphonate calcium bonding together and was
shown to be a viable option, seeing as the zoledronate-soaked scaffolds yielded
significantly higher callus formation. This method of soaking HA/CC scaffolds in
bisphosphonates has previously been used as well(Fu et al., 2013). A disadvantage of
soaking is that the exact amount of bisphosphonate that ends up in the scaffolds is
hard to determine: Attempts to use UV-VIS spectroscopy on the remaining liquid
were foiled by dissolving gelatine in the HA/CC scaffolds. The varying binding capacity
between different bisphosphonates could be a factor here as well. Ray et al. avoided
this problem by coating their scaffolds rather than soaking them(Ray et al., 2018) and
were able to determine the amount of bisphosphonates on the scaffolds even after
washing; such a method may prove useful when comparing different
bisphosphonates or determining a clinically relevant amount of bisphosphonates to

add.

4.1 Scaffold improvement through cell culture and differentiation

Another main goal was to subsequently enhance the bone formation of these
scaffolds. The enhancement was attempted through two methods: 1) seeding cells
onto the scaffolds so that they deposit growth factors onto the scaffold, and 2) adding
bisphosphonates to the scaffold for their anti-resorptive function. The first method

has been widely used in research. Scaffolds of varying base materials are produced,



then seeded with cells and cultured, usually in bioreactors. Bioreactors are very
commonly used in bone scaffold development, with variations occurring in the type
and the settings used. Spinning and perfusion bioreactors are the most common
types used, being found in many bone scaffold seeding and culturing studies(Gooch
et al., 2001; Grayson et al., 2011; Temple et al., 2013; Vunjak-Novakovic et al., 1998).
Many studies use static culture of the scaffolds(Hasegawa et al., 2010; Lode et al.,
2008; Wilson et al., 2002; Zhou et al., 2006) despite others claiming that it is
ineffective, halting nutrient flow inside the grafts and depleting the oxygen in the

medium(Gooch et al., 2001).

Despite many studies finding success with bioreactors, and bioreactors theoretically
being the preferable option due to their improved nutrient flow, the use of a
bioreactor to seed umbilical cord MSCs onto HA/CC scaffold granules was largely
unsuccessful. While some MSCs attached to the scaffolds, there was little
proliferation before they ultimately died. The granule shape of the scaffolds forms a
problem in spinning bioreactors. As the granules float around, some are crushed by

the spinning mechanism, releasing fine particles that increase the pH of the medium.

Small-scale static cultures were much more successful. Adding 0.017+0.02 g dry
weight of 300-400um scaffold granules to 48 well plates, along with varying amounts
of MSCs, reliably produced nodules consisting of HA/CC granules held together by
cells. Attempts to scale up this process failed. The surface area to scaffold ratio may
well be a factor: During nodule formation, the networks of MSCs and HA/CC granules
were attached to both the HA/CC granules and the plate surface before being
manually disturbed. One possibility is that this small-scale method works best
because the plastic adherent MSCs proliferate and then migrate onto the scaffold. In
future research, this could be determined by testing larger areas of ‘monolayer

HA/CC granule’ culture.

The seeding method is unlikely to be a cause of the poor performance in scaling up.
A comparative study showed that some seeding methods perform better than others,
but every method was able to deposit cells onto the scaffolds. Pipetting cells onto the

scaffold directly, the method used during our experiments, even performed well



compared to others(Hasegawa et al., 2010). Many more studies were able to seed
cells directly on scaffolds, even in the case of scaffolds suspended in
medium(Seebach et al., 2010; Vunjak-Novakovic et al., 1998; Zhou et al., 2006).
Furthermore, the same seeding method was used for the successful small-scale

nodule formation and the unsuccessful larger-scale and bioreactor culture attempts.

Likewise, the number of MSCs seeded onto the scaffolds is not a large factor in the
success rate. Literature is inconsistent on this subject, with some articles claiming
that seeding few cells onto the scaffold leads to poor cell migration into the scaffold
(Lode et al., 2008) while seeding many cells can lead to reduced cell
proliferation(Wilson et al., 2002; Zhou et al., 2006), and yet others find that seeding
high numbers of cells is beneficial as it leads to an increase in the production of
osteogenic compounds(Vunjak-Novakovic et al., 1998). For the production of MSC-
HA/CC nodules, the number of cells seeded did not have a large effect on the end
result. Using very large amounts of MSCs — 250,000 to 500,000 per 0.017+0.02 g dry
weight of scaffold — did lead to faster nodule formation. In this case the nodules
were ready for use after only one week of culture, whereas equal amounts of
scaffold seeded with 31,250, 62,500, or 125,000 MSCs took two weeks to be

covered in cells to the point of nodule formation.

Alamar Blue testing confirmed that while the 500,000 MSC seeded group had the
highest metabolic activity throughout every time point, the difference diminished
over time. Additionally, the group with the lowest number of MSCs seeded (31,250)
had a higher total metabolic activity than any of the middle groups, rivalling that of
the 500,000 MSC group by day 28. A cost-benefit analysis between the expense of
obtaining MSCs versus the expense of culturing the nodules for another week
before further use would be essential to determine which method is more
economical: Culturing MSCs for seeding requires medium and flasks, but scaffold
culture requires frequent medium changes as well. Thus, the correct amount of cells
to seed remains controversial, especially since the optimal amounts may very well

differ between granules and 3D-shaped scaffolds, the intended end product.



The cells seeded onto grafts are usually some variant of osteoprogenitor. This is not
necessarily the case, and a number of studies have seeded scaffolds with
osteoblasts and chondrocytes(Vunjak-Novakovic et al., 1998; Zhou et al., 2006).
Still, mesenchymal stem cells, usually from bone marrow origin, are preferred due
to the relative difficulty in sourcing and culturing osteoblasts and chondrocytes. In
order to maximize the deposition of osteogenic factors, the next step is usually to
osteogenically differentiate the MSCs. This is done by culturing the seeded scaffolds
in cell culture medium supplemented with dexamethasone, B-glycerophosphate,
and often also ascorbic acid(Ahmed et al., 2019; Hasegawa et al., 2010; Lode et al.,

2008; Malladi et al., 2006; Wilson et al., 2002).

The osteogenic differentiation of MSCs using a combination of dexamethasone, -
glycerophosphate, and ascorbic acid is a very common technique. This study also
found that it was successful in inducing osteogenic differentiation. Confocal
fluorescent microscopy showed a clear morphological difference between cells that
had been differentiated and those that had not, with undifferentiated MSCs
retaining their elongated spindle shape and differentiated cells taking on a more
round shape. This finding was also noted by other studies(Ahmed et al., 2019).
Images taken using SEM appear to show more bone and collagen deposits on

differentiated samples, though a quantitative analysis was not performed.

Overall, studies that osteogenically differentiate MSCs tend to find an increase in
osteogenic compounds, such as BMPs and ALP, post-differentiation. The current
study corroborates this to an extent. ELISA assays revealed that the nodules with
osteogenically differentiated MSCs had higher amounts of BMP-2 and BMP-7
compared to the undifferentiated group after 14 days of culture, but not after 7 or
21 days. A partial explanation for this, especially at day 7, may be the cell death
linked with osteogenic differentiation. At day 7 the number of cells was, on average,
30% lower in osteogenically differentiated nodules compared to undifferentiated
nodules. The difference in BMP-2 and BMP-7 expression was much smaller,
indicating that the amount of BMPs expressed by each cell is higher. The decrease
after three weeks of culture could potentially be explained by negative feedback

loops: BMP-2 can induce the expression of BMP antagonists such as GREM-2, which



may inhibit its expression at later time points(Luo et al., 2021). Alternatively, over-
culturing the cells for too long could cause other changes in the cells, such as the

induction of senescence, changing their gene expression patterns.

4.2 Enhancement of cell differentiation

The addition of retinoic acid to osteogenic differentiation medium is controversial
even in literature. Many studies report that its addition induces the osteogenic
differentiation capability of MSCs(Cowan et al., 2005; Hisada et al., 2013; Malladi et
al., 2006; Zhang et al.,, 2010), while a smaller number present opposing
results(Ahmed et al., 2019; Wang et al., 2008). In this study, the group treated with
retinoic acid in addition to osteogenic differentiation medium showed either equal
or significantly lower BMP-2 and BMP-7 expression compared to the other groups in
all time points. This is unexpected despite the controversy in literature, as previous
research in this group has corroborated the findings that RA is osteogenic. There may
be multiple causes at play. The osteogenic differentiation of MSCs reduces their
proliferation, an effect mirrored by several studies. Notably, the addition of RA
reduces MSC proliferation even further and reduces it even without the presence of
other osteogenic compounds(Cowan et al., 2005; Malladi et al., 2006; Wang et al.,
2008). Alamar blue testing confirmed that the number of cells was lowest in the RA

group at every time point. This has likely played a part in reducing the BMP-content.

Another possibility is the duration of RA exposure. Interestingly, RA appears to have
opposite effects on preadipocytes and preosteoblasts, both MSC-derived lineages. In
vitro studies found that the addition of RA to preadipocytes or MSCs leads to the
upregulation of Wnt signalling and, subsequently, the induction of osteogenic
differentiation(Liu et al., 2014; Skillington et al., 2002; S. Zhang et al., 2016), but that
its addition to preosteoblasts led to the downregulation of Wnt signalling as well as

reduced osteogenic differentiation(Roa et al., 2019).

Hisada et al. suggest that RA may have opposing roles in early- and late-stage
osteoblastogenesis. This would explain why RA has a positive influence on
preadipocytes and a negative effect on preosteocytes, which are further into the

osteogenic differentiation process. It is also consistent with a number of studies that



show an RA-induced increase in ALP expression after 7 days but not at later time
points(Ahmed et al., 2019; Zhang et al., 2010). This suggests that the addition of RA
may be time-sensitive. Perhaps an initial short-term exposure to RA is more beneficial
for MSC osteogenic differentiation compared to the continuous exposure used over

the course of this study.

The amount of growth factors required to make a scaffold osteoinductive is highly
dependent on the nature of the scaffold. It is dependent on both the dosage and
the release rate, the latter of which is influenced by scaffold material and the
method of BMP-addition. In general, the physical entrapment of BMPs inside the
scaffold slows the release rate and reduces the required amount of BMPs. Many
studies have added BMPs to scaffolds, but not all are concerned with attempting to
reduce the amount as far as possible. Osteoinductive concentrations of BMP-2
range from 51 ng/mm mm? of defect area in hydrogel scaffolds to 1 pug/mm?in
titanium scaffolds, a 20-fold difference. Other materials require amounts
somewhere in between, namely 79 ng/mm?in synthetic polymer scaffolds and

191 ng/mm? in silk polymer scaffolds(Ben-David et al., 2013). These differences can
in large part be ascribed to the scaffold material and method of BMP-addition:
BMPs are often directly incorporated in hydrogel scaffolds and become physically
entrapped by the polymer strands, while on a titanium scaffold they are necessarily

present only on the outside.

The amount of BMPs present in natural grafts is, again, different. Many scientists
have attempted to determine the BMP contents in DBM and have measured wildly
different amounts. The measured BMP-2 content ranged from as low as 2.11
1.26ng/g in one study to 21.4 + 12.0 and 20.2-120.6 ng/g in others. BMP-7 showed
slightly more consistent measurements, those being 84.1 + 34.4 ng/g in one study
and 54.2-226.8 ng/g in another(Bae et al., 2006; Pietrzak et al., 2006). DBM is a
natural product and the BMP content varies. While the exact cause of these
variations is controversial, with some studies claiming that age made a significant
difference but gender did not and vice-versa, there is a definite lot-to-lot variability
that has been shown to influence its osteoinductive potential(Honsawek et al.,

2005; Schwartz et al., 1998). Auto- and allografts, being less processed compared to



DBM, are expected to contain higher amounts of growth factors on average. Still,
the BMP content of DBM influencing its osteoinductive potential is a clear
indication that the relatively low amounts of BMPs present in DBM can nevertheless

be high enough to enhance their osteogenicity.

The amounts of BMPs found in this study were fairly low, even compared to the
amounts found in DBM. Assuming that the cell remains add negligible dry weight, the
amounts of BMP-2 measured in nodules ranged from approximately 3.8 to 8.9 ng per
gram dry weight of scaffold in undifferentiated samples, and 5.1 to 12.3 ng/g in
osteogenically differentiated samples, disregarding the RA group. Likewise, for BMP-
7, the measurements were 7-17.8 and 10-21 ng/g, respectively. The BMP-content is

somewhat similar to that measured in DBM, though still on the low end.

Both the scaffolds produced in this study and DBM have a very low BMP-content
compared to the studies performed on artificial grafts, but DBM is still osteogenic. A
number of reasons could explain the higher BMP-concentrations required in artificial
grafts compared to DBM. For one, the base materials are different. The release rate
of BMPs remains a concern, and optimised BMP-contents cannot be freely translated
between different materials. DBM is a complex material consisting mainly of collagen,
the exact part of bone that BMPs attach well to(Nguyen et al., 2007). As natural bone
consists of cells entrapped in a matrix, and these cells produce BMPs, the manner in
which BMPs are physically entrapped into the scaffold is likely different compared to

artificial scaffolds.

Another possible explanation is the variety of growth factors present in the scaffolds.
The studies seeding scaffolds with BMPs or other growth factors generally seed them
with a single compound or, at best, a combination of interest. On the contrary, DBM,
allografts and autografts all contain a mixture of growth factors. Aside from various
BMPs this includes compounds like TGF-B, RunX2, osteocalcin and osteonectin(John
Martin et al., 1988). In other words, while the total BMP-2 or BMP-7 content may be
much lower, the total amount of osteoinductive factors may not be. Additionally,
certain factors, notably BMP-2/6 and BMP-2/7, form heterodimers with different

functions to the original proteins that further enhance the osteoinductivity of the



DBM(Loozen et al., 2018; Lyons et al., 1995). The method used in this study, where
cells are cultured onto HA/CC scaffolds and differentiated, is expected to generate a

similar profile of osteoinductive compounds compared to allografts and DBM.

The latter explanation is especially relevant for the nodules produced in this study,
as the cells that produced BMP-2 and BMP-7 have undoubtedly expressed many
proteins, various growth factors being among them. The former may have influence
to a lesser extent as the cells are expected to produce some extracellular matrix,
though this cannot be said with certainty as collagen production was neither
visualised nor quantified. Because of the natural variety of growth factors deposited
in the cell-cultured nodules it may be reasonable to compare them to natural grafts
such as DBM and allografts instead of artificial grafts, even though they themselves

are artificially produced.

Still, the BMP content should be somewhat higher than it is now. The amount of
BMPs cultured in these nodules is on the low side even compared to DBM, and the
osteoinductivity of DBM is proportional to its BMP-content(Honsawek et al., 2005).
Furthermore, auto- and allografts are expected to have higher growth factor
contents than DBM as they are derived from the same source but less heavily
processed. Lastly, the decellularisation process, a necessity to reduce immunogenic
compounds, is expected to remove some of the BMPs present in the scaffold.
Follow-up research is necessary to both further enhance the growth factor content
of these scaffolds and to more accurately determined its growth factor contents. At
least one study noted that the residual calcium content in DBM interfered with BMP
extraction(Honsawek et al., 2005). The scaffolds used in this study consist nearly
entirely of calcium compounds, which may have interfered with BMP extraction and
the subsequent measurement. A small comparative experiment could determine
whether modifications to the protocol, such as taking care to keep the scaffold
mostly intact or decalcifying the nodules post-fixing, are necessary. Further research
into enhancing the growth factor content could take the form of using a single dose
of RA only, trying other compounds, or looking into the physical environment:
differentiating the nodules inside a bioreactor could encourage osteogenic

differentiation through providing an environment with wall shear stresses. Later,



the loss of BMPs post-decellularization and sterilisation should be determined and

the scaffolds can be tested in vivo to determine their osteogenic capacity.

4.3 Scaffold improvement through bisphosphonate addition

The second method of scaffold enhancement was to treat the scaffolds with
bisphosphonates before use, intending to use their anti-resorptive function to
maximize the initial bone formation. In vivo implantation was used to assess the
bone-forming capacity of these scaffolds. Bisphosphonates are most commonly used
as anti-osteoporotic medications, but their use in scaffolds is not unprecedented. Ray
et al. have coated iron foam scaffolds with zoledronate and found that this increased

bone formation at the implantation site(Ray et al., 2018).

Two bisphosphonates, OX14 and Zoledronate, were used in this study. Both are
nitrogen-containing bisphosphonates and thus function through the same pathway.
Specifically, both bisphosphonates prevent osteoclast function through inhibition of
the mevalonate pathway(Rogers et al., 2000). As such, the addition of 0X14 and ZOL
to HA/CC scaffolds was expected to have a similar effect post-implantation. The main
difference is their binding capacity, which is much lower in OX14 compared to ZOL.
Lawson et al. proved that the skeletal retention capacity of OX14 is much lower
compared to that of ZOL. They did so by administering various bisphosphonates to
rats by intraperitoneal injection and measuring the urinary excretion, showing that
47.15+3.85% of OX14 was retained by the skeleton, as opposed to 72.05+3.18% of
ZOL. They also showed that OX14 required a dose over three times larger than ZOL
to reach a similar bone mass density increase (0.3 and 0.08 pg/kg,
respectively)(Lawson et al., 2017). This information led to the hypothesis that 0X14
may, in the right dosage, have an equally strong initial effect as ZOL while tapering
off more quickly. This could be desirable in order to maximize initial bone formation

while lessening the inhibition of remodelling.

While the bisphosphonates were expected to perform similarly at least initially, this
was not found to be the case: Bone formation was significantly increased in scaffolds
treated with ZOL compared to all other groups, while those treated with 0X14 did

not differ from PBS-treated control scaffolds. All groups showed significantly larger



callus formation compared to the sham group, which only generated small calluses
at day 14 that had completely resorbed by day 28. This confirms the findings by Ray
et al. that the addition of zoledronate to bone scaffolds can enhance bone formation.
Despite ZOL and OX14 being added in similar proportions as used by Lawson et al.,
the addition of OX14 had no effect on the amount of bone formation. There are a
number of causes for why this concentration may not have been sufficient. The lower
calcium binding capacity of OX14 may have caused less of the bisphosphonate to bind
through the scaffold, causing the real concentration in the scaffolds to be lower than
intended. Alternatively, the lower binding capacity could have made the 0X14 be
released from the scaffolds too quickly, leading to its effect being lost before the

analysis on day 14 post-implantation.

Ideally, multiple concentrations of 0OX14 and Zoledronate should have been tested.
Currently, it cannot be ruled out that a higher concentration of 0X14 may have the
desired effect, namely increasing the initial bone formation while reducing the effect
on bone remodelling compared to ZOL treatment. While treatment with ZOL was
successful and increased the bone callus size its concentration may still not have been
optimal, though the concentration used is similar to the concentration used by Roy
et al. to coat iron scaffolds: Whereas they added 0.61 ug ZOL per mm? of scaffold, the
concentration used in this study, assuming 100% adsorption of the ZOL by the
scaffold, was approximately 0.49 pg/mm3. Common dosages of ZOL used for
osteoporosis treatment are 4-5 mg, roughly equivalent to 6.5-8 cm? of Roy et al.’s
coated iron scaffold or 8-10 cm? of the soaked HA/CC scaffold prepared in this study.
Thus, for human-sized critical bone defects the ZOL content may be on the high side,
noting that these 4-5 mg are meant to sustain the entire skeleton for extended
periods. Other reasons to keep the dosage to a minimum are to prevent the risk of
jaw necrosis and undesired inhibition of bone remodelling at later stages of healing.
More mouse research should be performed to optimize the concentration of ZOL and

test higher concentrations of OX14 to assess whether it can be effective.

Another improvement to the current study would be to determine the medication
uptake and release curve for both 0X14 and ZOL. Both can be measured in vitro by

using UV-VIS spectroscopy. The scaffold adsorption can be determined by measuring



the bisphosphonate solution before and after scaffold soaking. Likewise, the release
curve is normally determined by soaking the scaffold in PBS and measuring its
absorbance at set time points. Lawson et al. have also tested urine to determine the
bisphosphonate excretion. In the present study, neither the uptake nor curve could
be determined as the gelatine in the HA/CC interfered with the UV measurements,
while urine collection requires catheterisation, which is notoriously difficult in mice.
More advanced methods, such as mass spectroscopy, are necessary to determine the

true BMP content.

Nevertheless, it was proven that the addition of ZOL to scaffolds can enhance the
initial bone formation and will slow down the resorption by day 28. Nitrogen-
containing bisphosphonates are known to function through inhibition of the
mevalonate pathway in osteoclasts, inhibiting their functioning, which is likely to play
a large role in these results. Bisphosphonates have also been shown to affect
osteoclasts in other ways, such as the disruption of their cytoskeleton or by initiation
of apoptosis (Rogers et al., 2000). Enhancing the bone-forming capacity through an
inhibition of bone resorption, Zoledronate may well be a viable addition to scaffolds.
Further research is needed to determine optimal concentrations. Another limitation
of the current study is the gap between day 1 post-implantation, when there is no
callus formation, and day 14, when a large callus has already formed. More insight
into the speed with which these calluses form, and the earliest time at which ZOL

significantly affects bone formation, would be a useful next step.

A somewhat unusual method of scaffold implantation was chosen for this experiment
with the purpose of determining whether this method is viable for the assessment of
rapid scaffold osteogenesis. In published research, scaffolds are most commonly
implanted either subcutaneously or in a critical-sized bone defect. The former has the
disadvantage of the scaffold being far away from the bone and thus far from natural
healing mechanisms such as MSC migration. The latter requires surgeries that are
often complex and always painful for the animals. It was hypothesized that this new
method offers the best of both worlds, as the scaffold is in near proximity to the bone

but the bone is not significantly damaged.



There was a significant difference between the Sham group and all other groups. The
sham group had little to no callus formation, while all HA/CC-containing groups grew
large calluses around the scaffold. As the callus size changed depending on the
scaffold properties, in this case the presence of ZOL, the method appears to be
suitable for determining the scaffold osteogenicity. Furthermore, the calluses
consisted of new bone growth by day 14 but had already been remodelled by day 28,
now consisting of cortical bone and bone marrow. This confirms that the
implantation method can be used to assess not only the initial bone formation
capacity but also the effect of a scaffold on bone remodelling. While not performed
over the course of this study, the scaffold size can also be analysed to measure its
resorption. It is, therefore, a promising method, involving a procedure that is both
easier to perform and less painful for the animals and only requiring a short time
period for callus formation. A limitation of this study is that only HA/CC was tested.
Thus, in how far the callus formation is caused by the presence of a scaffold versus
the HA/CC material remains unclear. A follow-up study with a non-osteoinductive
material for comparison, such as titanium or polymer scaffolds, would be valuable in

determining the usefulness of this method under different circumstances.

Gene expression analysis was performed in order to assess the effect of HA/CC and
bisphosphonates on the expression of osteoblast, osteoclast, and vascular- and
nerve-related genes. The expectation is that the presence of HA/CC increases the
expression of osteoblast and osteoclast genes, as multiple studies suggest that
apatites can attract these cells(Cowan et al., 2005; Ripamonti, 1996). This study
found an upregulation of all osteoblast-related genes at days 1 and 28, confirming

the findings of literature.

Previous research suggests that bisphosphonates enhance both osteoblast activity
and differentiation but have an inhibitory effect on osteoclastogenesis(Maruotti et
al., 2012). Contrary to literature, our findings suggest that most of these genes are
downregulated on day 1 compared to the HA/CC group, though not always the
Sham group, with the exception of OX14 upregulating osteoblast differentiation. 14
days post-implantation, the results start to match literature more closely: The

addition of ZOL was shown to activate osteoblast activity as well as osteoclast



differentiation and fusion. OX14 upregulates only osteoblast differentiation at this
time point. After 28 days both bisphosphonates upregulate osteoblast
differentiation extremely strongly, but they lower the expression of osteoblast
activity genes and have little effect on osteoclasts, slightly upregulating some genes

and downregulating others.

The effect of HA/CC on vascularisation and innervation is less clear-cut, with many
genes that share functions having opposing results at day 1 and 28. It is notable that
the HA/CC control and the ZOL group behave very similarly, suggesting that, for the
most part, ZOL doesn’t strongly affect these genes. By comparison, the OX14 group
upregulates PdgfBB and only slightly upregulates PGP9.5. At day 14 there is little
effect in most genes and groups. The exceptions are DCC, which is downregulated in
all groups, and the 0X14 group, which shows downregulation of Pdgfbb and
upregulation of PGP9.5. At day 28 the PdgfBB and PGP9.5 are extremely

upregulated by ZOL, suggesting that it may activate vascularisation and innervation.

There are a number of general limitations to the study. For one, the materials have
been used in a granular form. While this provided some interesting insight, in that
the cells can tie together the granules to form a scaffold, these resulting scaffolds
are too fragile to use as-is during bone surgeries. The end goal of this research
remains to produce 3D-printed porous scaffolds for implantation in humans. 3D-
printing the cement has been proven possible in previous research(Shi et al., 2020),
but as the shape and size change, many factors will be affected. This includes cell
adherence to the scaffold, which would change the ideal cell seeding number. This
will both solve problems — large scaffold chunks are less likely to be destroyed by a
spinning bioreactor — and add new challenges, such as maintaining cell and nutrient
penetration into the scaffold. A number of findings in this study are unlikely to
translate well to the culture of 3D scaffolds. This includes the number of cells to
seed, the finding that static culture is better for granule culture, and the speed at
which cells sufficiently cover the scaffold. A recommendation for future research is,
therefore, to focus on 3D-printing the HA/CC scaffolds before determining
parameters for decellularization and sterilisation, as both are undoubtedly also

affected by the porosity and size of 3D-printed scaffolds.



Further limitations of the study lie in its potential translation to clinical studies in
the future. For one, the ratio between HA and CC has been set at 50% for the
duration of this study. The HA/CC ratio is yet to be optimised for use in human
critical-sized bone defects. The enormous size difference between humans and mice
makes mice a suboptimal test animal for these purposes. Large animal testing
would be more useful, but due to the expense and animal suffering involved, the
scaffolds need to be well-tested before such an experiment. For use in humans, two
things must be kept in mind. For one, bones repair themselves at different rates,
ranging from 3-4 weeks for the distal radius to 12-24 weeks for the neck of the
femur(Prasad, 2021). This likely means that there is not one singular scaffold
resorption rate ideal for the human body but that the perfect resorption rate varies
based on the injury location. Second, the healing process slows down with age(Clark
et al., 2017), which suggests that elderly recipients may need slower-resorbing
scaffolds compared to adults and especially children. Further research is necessary
to resolve these issues at later stages, and in human clinical trials the location and

donor age should be closely monitored.

Despite these limitations, we conclude that HA/CC is a suitable material for bone
repair. HA/CC is osteocompatible and bioresorbable, and gPCR results even suggest
some innate osteoinductivity. It is suited to mass production by 3D-printing as well,
alleviating any scarcity concerns. Furthermore, its osteogenic capacity can be
increased through various methods. In future research it would be useful to focus
on the structural design of the scaffolds. Both the pore size and structure are highly
important for the nutrient flow throughout the scaffolds. In HA/CC scaffolds made
from cement there are a number of limitations to this process. For one, the cement
is suited to extrusion 3D printing, which generates a continuous line of filament
with a minimum practical thickness. Thus, the shapes that can be generated are less
complex compared to what can be achieved using metal sintering and certain
shapes that have proven beneficial in titanium scaffolds, such as a diamond lattice
(Deng et al., 2021), may not be achievable. Additionally, for HA/CC scaffolds it is
imperative that any air bubbles can be very reliably removed, as air bubbles can

prevent glutaraldehyde from reaching the scaffolds, causing them to be damaged



later on. Nevertheless, there are likely improvements that can be made over the
standard square grid lattice, such as a round or honeycomb shape, or a non-uniform
scaffold with multiple pore sizes (Roohani-Esfahani et al., 2016), either spread over
the entire scaffold or in a directional manner. A scaffold with a structure optimized
for both nutrient flow and mechanical strength could make a large difference for

the subsequent cell culture and differentiation.

During this study, it was shown that growing umbilical cord MSCs on HA/CC
scaffolds led to thick cell growths, strong enough to bind scaffold granules together,
that expressed BMPs and possibly created extracellular matrix. The amount of
BMPs can be increased through osteogenic differentiation, and while the addition
of RA proved detrimental, a short-term exposure or the use of a different
compound may still heighten the expression of BMPs and other growth factors. The
use of bioreactors, as opposed to static culture, may also prove beneficial as shear
stresses have been shown to encourage osteogenic differentiation and mineral
deposition onto scaffolds. The amount of growth factors measured may also have
been lower than its actual content because of calcium-related interference during
BMP extraction, and any future studies into increasing BMP-expression,
decellularisation or sterilisation methods should take this into account. Finally, in
vivo research would be highly interesting to assess the effect of these growth

factors on new bone formation.

Enhancing the scaffolds through the addition of zoledronate was also shown to be a
viable pathway for enhancing the bone-forming capacity of HA/CC. Zoledronate
increases the callus size both initially and after bone remodelling and thus may lead
to accelerated bone repair in patients. In order to confirm this, future research
should use a critical-sized defect model to assess the effect of bisphosphonate
addition during bone repair. The goal of this study was to address the bone
formation capacity of different interventions, and therefore a static condition (a
lack of direct mechanical loading on the callus) was used. The use of a critical-sized
defect model will include dynamic mechanical loading conditions similar to those
received by regular bones, which is expected to further stimulate bone growth due

to the positive effect of shear stresses on bone cells, including the encouragement



of osteogenic differentiation and mineral deposition(Marin et al., 2017; Melke et al.,
2020). This will better mimic the conditions in which the scaffolds are intended to
be used clinically, and provide more information about the usefulness of slower
callus resorption in a fracture model. Further research should also take the
concentration of the bisphosphonate into account. Zoledronate may have a
different optimal concentration than was used in this study, and OX14 could very

well have the desired effect at a higher concentration.

To summarize, HA/CC is a suitable material for bone regeneration and both its
enhancement via cell-seeding and via bisphosphonate addition are promising
avenues for the production of HA/CC scaffolds to be used for the repair of critical-
sized defects in humans. Even so, many areas still need to be explored to optimize
the osteogenicity. For one, the scaffold design and properties should be further
investigated to improve cell attachment and penetration as well as nutrient flow. In
cell-seeded scaffolds the effect of varying cell seeding densities and culture
conditions on cell proliferation and differentiation should be assessed. Moreover,
the growth factor deposition by MSCs can still be increased through various
methods, such as changes in the cell culture environment and additions to the
culture medium. After this, retaining those growth factors during decellularization

and sterilisation will be a priority before finally moving on to in vivo testing.

The use of bisphosphonates to enhance HA/CC scaffolds is promising, showing an
increase in callus size formation and reduced bone resorption. First, the dosage
must be further investigated to achieve maximum therapeutic effect while
minimizing potential side effects. Further research should focus on assessing the
effect of rapid callus formation in a critical-sized bone defect model so as to
determine its usefulness for critical-sized bone defects in humans and test the
materials under dynamic mechanical loading. Additionally, the long-term effects of
bisphosphonate-enhanced scaffolds on bone remodeling and bone quality must be

studied to ensure safety and efficacy.

Ultimately, the success of scaffolds enhanced through either method depends on

their osteogenic capacity, resorption rate, safety, and their practical application in



clinical settings. Both methods are plausible pathways for the enhancement of
HA/CC scaffolds that, if successful, could lead to better availability of high-quality

bone scaffolds and faster patient recovery time.



Appendix 1

ABClonal

Agar Scientific Ltd

Baxter
Corning

Eppendorf

Gibco

Hitachi High-Tech

Invitrogen

The Jackson Laboratory
Matexcel.

Perkin-Elmer

Qiagen

Quorum

Sigma-Aldrich.

TaKaRa

Thermo Fisher Scientific.

500 W Cummings Park Ste. 6500, Woburn, MA 01801

Unit 7, M11 Business Link, Parsonage Lane, Stansted,

Essex CM24 8GF United Kingdom
1 Baxter Pkwy, Deerfield, IL 60015, USA
One Riverfront Plaza, Corning, NY 14831 USA

Eppendorf SE Barkhausenweg 1 22339 Hamburg

Germany
1001 S 24th St W Ste 302 Billings, MT 59102, USA

22610 Gateway Center Drive Suite 100 Clarksburg,
Maryland 20871, U.S.A.

168 Third Avenue. Waltham, MA UgSA 02451

600 Main Street, Bar Harbor, ME USA 04609

SUITE 210, 17 Ramsey Road, Shirley, NY 11967, USA
940 Winter Street Waltham, MA 02451, USA

19300 Germantown Rd Germantown MD 20874 USA
1 Thomas Cir NW 6th Floor, Washington, DC 20005
3050 Spruce St Saint Louis, MO, 63103-2530, USA
2560 and 2570 Orchard Parkway in San Jose, CA

168 Third Avenue. Waltham, MA USA 02451



Appendix 2

Linked to

Osteoblasts

Vascularization

Osteoclast

differentiation

Osteoclast fusion

Nerve markers

Netrinl receptor

Osteoblast

differentiation

Gene

TGFB
BMP2
Pdgfbb
Angiogenin
CSFR

CSK

CCR2
OCSTAMP
CD47
0STM1
Netrinl
PGP9.5
DCC
Osterix
Osteocalcin

Collal

Forward (5’ to 3’)
CATCACTGCCACCCAGAAGACTG
CCACCTGCAAGACCATCGAC
GGGACCCGCTGTCTTCTAGT
CATCCGCTCCTTTGATGATCTT
CCAGGCCCGTTGTTCTTGAT
GTGTCAGAACACTGTAGCCAC
CCGAGCGGCTTCTTTACCC
ATCCACGGCATACTATCAACATC
CTGTAACGAACTACTGACCCAGC
TGGTGGGAAACTACACTTGCG
GAGCTGACCGCCTGTATGG
CAGCCTGATCCTTGCTCGG
AGGGACAGGAAGTTAGCCCTA
CAAGCTGGCTTTTGTACTCTTCG
ATGGCGTCCTCTCTGCTTG
CAGACACCATGAGGACCATC

GCTCCTCTTAGGGGCCACT

Reverse (5’ to 3’)
ATGCCAGTGAGCTTCCCGTTCAG
CTGGCGAGCCTTAGTTTGGAC
TCAACTCAAATTCGCTGAGGAC
GTGCTCGGGTCATGTTCAAGT
GCAAACCATTCTCACAGGCAATA
TCAAAGGCAATCTGGCATGAAG
GCATGATACATGATGCGGTAGT
TCGTAGTCATACGGTGTGGTG
CCAGGCTTAGGAAGACGAAGA
CGTGCGGTTTTTCAGCTCTAT
ATGTTTCGGCTGATGTTGTCC
GCGGGTTATTGAGGTCGGTG
AGCTTCTCCGTTTCAGACAGA
GAACTCCTCGGTCGGACTCT
TGAAAGGTCAGCGTATGGCTT
GGACTGAGGCTCTGTGAGGT

CCACGTCTCACCATTGGGG

/8



Glossary

Carboxylation

Glial scarring

Osteoconductivity

Osteoinductivity

Osteomyelitis

Radiculitis

A chemical conversion in which CO2 is added to a compound

to create a carboxylic acid

Scarring of the nervous system, involving astrocyte

accumulation

bone formation along the surface of an implanted bone graft
scaffold by bone-forming cells, specifically osteoblasts and

their progenitors, that migrate from nearby bone tissue

bone formation through the recruitment and stimulation of

immature cells
An infection of the bone

Pain radiating along a nerve caused by inflammation, nerve

pinching, or other reasons
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