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Abstract: Porous coatings on prosthetic implants encourage implant fixation. Enhanced fixation
may be achieved using a magneto-active porous coating that can deform elastically in vivo on the
application of an external magnetic field, straining in-growing bone. Such a coating, made of 444
ferritic stainless steel fibres, was previously characterised in terms of its mechanical and cellular
responses. In this work, co-cultures of human osteoblasts and endothelial cells were seeded into a
novel fibrin-based hydrogel embedded in a 444 ferritic stainless steel fibre network. Albumin was
successfully incorporated into fibrin hydrogels improving the specific permeability and the diffusion
of fluorescently tagged dextrans without affecting their Young’s modulus. The beneficial effect
of albumin was demonstrated by the upregulation of osteogenic and angiogenic gene expression.
Furthermore, mineralisation, extracellular matrix production, and formation of vessel-like structures
were enhanced in albumin-enriched fibrin hydrogels compared to fibrin hydrogels. Collectively,
the results indicate that the albumin-enriched fibrin hydrogel is a promising bio-matrix for bone
tissue engineering and orthopaedic applications.

Keywords: ferromagnetic fibre network; human albumin; fibrin hydrogel; human foetal osteoblasts;
human endothelial cells

1. Introduction

Total hip replacement (THR) is one of the most common surgeries performed in the world [1].
During the procedure, the degenerating femoral head, often with the acetabulum, is replaced with
metal or ceramic prosthetic implants to reduce joint pain, enhance joint function and improve quality
of life for patients [2]. While THR is likely to be a ‘life-long” implant for patients aged 65 or older,
for younger patients (50-54 years), there is a 35% probability of undergoing a revision within their
lifetime [3]. By 2030, 52% of primary THRs are projected to be implanted in patients younger than
65 years, with the highest increase in patients aged 45-55 years [3]. As a consequence, the number of
revisions is expected to increase significantly, and this, in turn, would increase the socio-economic
burden on already stretched healthcare systems globally [4]. The most common indication for a
THR revision is aseptic loosening and seldom due to mechanical failure of the prosthesis itself [5,6].
Aseptic loosening is in part due to the poor fixation and integration of the bone with a prosthesis.
Currently, there is an increasing trend toward cementless THRs which contain permeable porous
coatings, especially in younger and more active patients placing additional demands on the device
performance [1,7]. Highly porous coatings improve permeability along the bone-prosthesis interface
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and facilitate the transport of oxygen and nutrients which is dependent on diffusion gradients in
blood [8]. It then allows the in-growth of bone into the edges of prostheses to improve fixation.

A porous magneto-active layer, made of slender ferromagnetic fibres bonded together at cross-over
points, has been proposed for use as a THR implant coating [9,10]. The purpose of this layer is to grow
healthy periprosthetic bone through the application of an external magnetic field of clinical magnitude.
When a magnetic field is applied, the fibres deflect as they become fully magnetised, imposing strains
to any (compliant) matrix material filling the inter fibre spaces (Figure 1a). A strong candidate for
the fibre material is 444 ferritic stainless steel due to its biocompatibility [11]. It is a soft magnetic
material (i.e., has low coercivity and remanence) and exhibits a relatively high magnetisation. Our
recent in vitro work [12] has demonstrated that daily magneto-mechanical actuation (0.3-1.1 Tesla at
0.2 Hz for 5 h) for two weeks could enhance mineralisation, extracellular matrix (ECM) production,
and upregulate genes and proteins involved in osteogenesis. However, we recognise that wound
healing and bone regeneration in vivo is more complex and extends beyond the response of a single
cell type to mechano-transduction.
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Figure 1. (a) Schematic representations of the elastic deformation of a fibre network under a magnetic
field B. Also shown is the deflection of a bonded pair of fibres deforming in-growing bone tissue;
Schematic of the set-up employed for measuring: (b) specific permeability; (c) FICT-dextran diffusion
of the scaffolds.

One of the most important factors that determine the success of a cementless prosthesis is the
reconstruction of healthy bone tissue around the prosthesis [13], however for this to be achieved
problems with inadequate vascularisation must first be overcome [14]. In bone, microvessels are
essential for bone formation, metabolism, healing, and remodelling [15]. Inadequate vascularisation
at the site of implantation results in insufficient oxygen and nutrition supply as well as leads to the
accumulation of waste products. All these contribute to hypoxic injury and eventually cell death.
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Therefore, the development of functional blood vessels in bone tissue scaffolds are vital to successful
therapeutic outcomes [16]. A strategy for promoting osseointegration and vascularisation in porous
implants involves the infusion of the structure with a suitable bio-matrix that will guide and direct
proliferation and differentiation of migratory or encapsulated progenitor cells towards the appropriate
lineage [14,17]. Natural protein—based polymers derived from blood such as fibrin and albumin offer
several benefits over synthetic materials because their properties mimic the ECM of the damaged tissue
more closely [18,19]. Therefore, to recapitulate the in vivo environment of wound healing and bone
regeneration more closely, we hypothesised that a hydrogel could be created from blood components
to accelerate bone and microvasculature growth since blood is present at both the time of bone injury
and regeneration.

Albumin is the most abundant human plasma protein, which is involved in a variety of roles
related to cell survival and regeneration [19]. It transports many small molecules such as calcium and
magnesium and combines with heavy metals to prevent toxicity. It has been shown that osteoblast
cells are capable of albumin production and this increases locally after bone fracture [20-22]. Several
studies have shown that albumin is an efficient coating for bone-related biomaterials associated with
increasing seeding efficiency, cell proliferation, and calcium deposition in vitro [23-25] and bone
remodelling in vivo [24-28]. However, the use of albumin hydrogels in bone tissue engineering
remains under-utilised [29]. Fibrin is one of the most promising biopolymers used for bone and
cardiovascular tissue engineering applications due to a combination of excellent biocompatibility,
biodegradability, intrinsic bioactivity, and many other unique characteristics [30,31]. Fibrin is naturally
formed by the enzymatic polymerisation of fibrinogen with thrombin [32]. It is an FDA approved
material that can also bind cell-derived growth factors and can be isolated easily from a patient’s blood,
enabling the fabrication of an entirely autologous scaffold [30]. Therefore, the literature on the use of
fibrin in tissue engineering applications is extensive and continues to evolve [30]. Fibrin hydrogels
form a 3D network of branching fibres [33], which can be described by variables such as the thickness
of the fibres, number of branch points, porosity, and permeability of the gels [34]. This structure can
vary extensively with changes in the polymerisation process such as varying fibrinogen and thrombin
concentrations, pH, temperature, and the presence of salt concentration or plasma proteins [30]. These
changes can dramatically affect cell behaviour and need to be investigated carefully. While fibrin
and fibrin-based biomaterials have been successfully used for tissue engineering [15], no study has
evaluated the potential of the combination of albumin and fibrin for bone regeneration.

In this study, novel xeno-free hydrogels were synthesised from two major components of
human blood—albumin and fibrin. The hydrogels (fibrin and albumin/fibrin) were then cast into a
magneto-active layer aimed for THR applications in order to investigate the effect on osteogenesis
and vessel-like formation. An investigation was carried out on the fibrous structure and Young’s
modulus of the free-standing hydrogels followed by measurements of the specific permeability and
FITC-dextran diffusion of hydrogel-impregnated fibre networks. Cellular responses were assessed
in terms of matrix mineralisation, and gene expressions against osteogenic and angiogenic markers.
Human endothelial cell self-organisation into vessel-like structures in co-culture with human foetal
osteoblasts was characterised.

2. Materials and Methods

2.1. Ferromagnetic Fibre Networks

Solid-state sintered stainless-steel fibre networks made of 444 ferritic stainless steel (Nikko Techno
Ltd., Tokyo, Japan) were used in this study. The fibre networks were produced by shaving 60 um fibres
off a 100 um thick 444 foil, which led to a rectangular cross-sectional shape. The networks contain
~15 vol% of fibres with a mean fibre inclination angle between the fibre axis and the through-thickness
direction of 81.87 + 0.21°. Details on the manufacturing of this network and information on its
fibre architecture have been discussed in previous studies [11,35-37]. For all experiments, discs of
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10 mm diameter were cut out from a sheet of ~1 mm thick using a punch press. The discs were
ultrasonically cleaned for 15 min sequentially in acetone, ethanol and ultrapure water, dried in air at
room temperature followed by sterilisation at 126 °C for 20 min using a Prestige Medical™ Classic
Autoclave (Prestige Medical, Blackburn, UK).

2.2. Cell Co-Culture

Human umbilical vein endothelial cells (HUVECs) labelled with green fluorescent protein (GFP)
were obtained from Cellworks, Buckingham, UK (ZHC-2402) and were cultivated in EGM-2 medium,
supplemented with a bullet kit containing fetal bovine serum (FBS), hydrocortisone, hRFGE-{3, VEGEF,
R3-IGF1, hEGF, GA-1000, and heparin (PromoCell, Heidelberg, Germany, C-22111). Foetal human
osteoblasts (fHObs), obtained from the European Collection of Cell Cultures (Public Health England,
Porton Down, UK, 406-05f), were cultivated in McCoy’s 5A medium (Gibco™, Thermo Fisher Scientific,
London, UK, 16600082), supplemented with 10% FBS (Invitrogen, Thermo Fisher Scientific, London, UK,
10108-157), 1% (v/v) Penicillin-Streptomycin (Sigma-Aldrich, Haverhill, UK, P4333), and 50 mg-mL~!
L-Ascorbic Acid Phosphate Magnesium Salt (FUJIFILM Wako Chemical Corporation, Richmond, VA,
USA, 013-19641). HUVECs and fHODbs in the fourth passage were used for all experiments. In order to
generate vascular-like networks, co-cultures of HUVECs and fHObs were used at a ratio of 4:1 (320,000
and 80,000 cells per scaffold, respectively) in a co-culture medium (4:1 mixture of the two respective
cell lines).

2.3. Fabrication of Hydrogels and Hydrogel-Impregnated Fibre Networks

Fibrin (F) and albumin-enriched fibrin (AF) hydrogels were produced by combining human
fibrinogen (Merck Chemical Ltd., Nottingham, UK, 341576), human thrombin (Sigma-Aldrich,
Haverhill, UK, T6884-100UN), human albumin (Sigma-Aldrich, Haverhill, UK, A1653), and co-culture
medium. Albumin powder was dissolved in co-culture medium and the solution was filtered using a
0.45 pm syringe microporous filter. The final fibrinogen and albumin concentration in the gels was
10 mg-mL™" (5 U'mL™! thrombin) and 10 mg-mL~! respectively. We chose to add 10 mg-mL! of
albumin to the fibrin hydrogel since it was reported [38] that low concentrations of albumin have
a minor effect on the fibre assembly in the fibrin polymerisation process. 444 fibre networks were
impregnated with F and AF hydrogels, designated as 444_F and 444_AF respectively. Sterile 444 fibre
network samples were placed onto sterile hydrophobic PTFE (polytetrafluoroethylene) membranes
(5 um pore size, Fisher Scientific, 10676741). Then, 30 uL of albumin was added to 32 pL of co-culture
medium with or without cells (for fibrin hydrogels 30 uL of co-culture medium was added). The mix
was combined with 7.5 pL. human thrombin and seeded onto the fibre networks. Then, 12 pL. of human
fibrinogen was added to each scaffold, the mixture was gently pipetted, and the scaffolds were incubated
for 2 h to polymerise. They were then each transferred to a well of a 24-well plate, covered with 1.5 mL
of co-culture medium. To induce differentiation, 10 nM dexamethasone (Sigma—Aldrich, Haverhill, UK,
D2915) and 10 mM (3-glycerophosphate (Thermo Fisher Scientific, London, UK, 10424701) were added
to the culture medium after two days in culture in accordance with previous work [39]. The medium
was replenished every other day.

2.4. Scanning Electron Microscopy and Morphometric Analysis of Hydrogel-Impregnated Network Structure

The networks were fixed in 10% formalin (VWR International, Lutterworth, UK, 11699455) under
a fume hood overnight. They were then washed thrice with PBS and dehydrated in increasing
concentrations of ethanol: deionized water mixtures; 30%, 50%, 70%, 80%, 90%, 95%, and 100% ethanol.
The last step involving 100% ethanol was repeated twice. Networks were submerged in each ethanol:
deionized water mixture for 30 min. For drying, dehydrated networks were submerged in increasing
concentrations of hexamethyldisilazane (HMDS): ethanol mixtures under a fume hood at 33.3%, 66.6%,
and 100% HMDS, respectively, for 40 min each. The last step (100% HMDS) was repeated twice.
Thereafter, networks were left submerged in 100% HMDS overnight in a fume hood until completely
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dry the following day. After drying, they were coated with a gold—palladium mixture using a Polaron
sputter coater. Hydrogel-impregnated networks (n = 3 samples from each group) were examined using
a scanning electron microscope (Zeiss EVO® LS 15). The fibre diameter and pore area of the dried
hydrogels were measured using the Diameter] plugin in Image]J (an open-source nanofiber diameter
measurement [40]) from five randomly selected areas (9.25 x 7 mm?), from each sample.

2.5. Hydrogel Mechanical Testing

Fibrin and albumin-enriched fibrin hydrogels were tested under compression using a customised
‘see-saw’ set-up as described previously [41]. Briefly, the set-up has a central pivot resting on a frictionless
support base that perfectly balances the free extending arms on either side. A flat loading platen was
fixed beneath the end of the arm. The load was ramped up at a constant rate (~1.67 x 107 Ns7!) by
placing 0.5 gr aluminium discs (~0.005 N) on the end of the arm. The resulting displacement was
monitored using a bi-axial laser micrometre (resolution of +3 pm). The through-thickness Young’s
modulus was measured from the tangent slope of the stress-strain curve (up to 5% strain). Five samples
were tested for each hydrogel group.

2.6. Specific Permeability of Hydrogel-Impregnated Networks

The specific permeability was measured using a constant pressure gradient method, as shown
in Figure 1b and as described previously [41]. Briefly, the rig allows small pressure differences to be
imposed across the scaffold, defined by the hydrostatic head of water (AP = p-H-g) since the bottom
of the scaffold is exposed to the atmosphere. The pressure was held constant across the scaffold
(with thickness L), and the volumetric flow rate (Q) of distilled water through the scaffold was measured
(from the mass of water passing through the scaffold in a given time). This mass was measured, using
an analytical balance with a precision of 1 mg, and converted to volumetric flow using the water
density (p = 0.998 Mg:m~3). From Q, the sectional area (A) and the pressure gradient, AP/L, the specific
permeability, x, was calculated using Darcy’s Law,

n[Pa-s] -Q[m3-s_1]-L [m]
A[m?]-AP[Pa]

[ m?] = )
in which 7 is the dynamic viscosity of the water (taken as 8.9 X 10~ Pa-s). A total of 5 scaffolds per
group (10 mm diameter, 1 mm height) were used. The pressure gradients created in the samples during

these experiments were about 80 Pa-mm™".

2.7. FITC-Dextran Diffusion

In order to investigate the release kinetics of proteins in the 444_F and 444_AF scaffolds [42],
100 pg-mL_1 of FITC-dextran 70 kDa (Sigma-Aldrich, Haverhill, UK, 46945) particles were incorporated
into the hydrogels in the preparation stage. After 2 h of incubation, the scaffolds were placed in inserts
in 12-well plates (Figure 1c). Each scaffold (10 mm in diameter and 1 mm in height) had an average
total surface area of 110 mm?. The well plates were covered with aluminium foil and kept in the
incubator. After 24 h, the medium from each scaffold was pipetted and 100 uL samples were placed in
triplicates to a black 96-well microplate. Fluorescence of FITC-dextran particles (excitation 492 nm,
emission 518 nm) was measured on a FLUOstar® Omega plate reader (BMG Labtech, Aylesbury, UK).
A total of five scaffolds for each group were tested. The concentration of the dextran particles was
determined using a standard curve with a known concentration of the particles.

2.8. Vascular Analysis Using AngioTool

Formation of ‘vascular-like structure’ (preliminary endothelial cell structures) was investigated out
using the AngioTool [43] on images obtained from a Zeiss Axio-Observer.Z1 fluorescence microscopy
after 16 and 21 days of culture. The images were analysed for vessel coverage, total vessel length and
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total branching points. Five randomly selected areas (2.7 X 2.7 mm?), were analysed from each scaffold
(n = 3 samples from each group).

2.9. Cell Mineralisation

Alizarin Red Staining (Sigma-Aldrich, Haverhill, UK, A5533) was used to evaluate mineralisation
activity at days 16 and 21 of culture. The scaffolds were washed with phosphate-buffered saline
(PBS) and fixed in 4% (v/v) formaldehyde at room temperature for 30 min. After washing with
excess distilled water (dH;O), Alizarin Red solution (2% w/v in dH,O adjusted to pH 4.2 using 0.5%
ammonium hydroxide) was used to cover the samples for 30 min. After aspiration of the unincorporated
dye, the samples were washed thoroughly with dH,O. The samples were visualised using a Zeiss
Axio-Observer.Z1 fluorescence microscope (fluorescence emission 580 nm). In order to extract the
stained minerals from the scaffolds (1 = 3 samples from each group), 800 uL of 10% acetic acid was
added to each sample followed by 30 min incubation at room temperature as described before [44].
The Alizarin Red dye concentration from the samples was measured using the FLUOstar® Omega
plate reader (BMG Labtech, Aylesbury, UK) at 405nm. An Alizarin Red staining standard curve was
established with a known concentration of the dye.

2.10. Real-Time Polymerase Chain Reaction (RT-PCR)

At day 16 and 21 of culture, the total RNA was extracted from the cell-seeded scaffolds using
RNeasy Protect Mini Kit (Qiagen, Manchester, UK, 74124) according to the manufacturer’s instructions.
Complementary deoxyribonucleic acid (cDNA) was synthesised by reverse transcriptase-polymerase
chain reaction (RT-PCR) by using QuantiTect® Reverse Transcription Kits (Qiagen, Manchester,
UK, 205311) according to the manufacturer’s instructions. RT-PCR was conducted using the
QuantiFast SYBR Green PCR Kit (Qiagen, Manchester, UK, 204056) with the following primers:
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), human alkaline phosphates (ALP), collagen
type 1al (COL1A1l), osteocalcin (OCN), bone morphogenetic protein 2 (BMP-2, QT00012544),
vascular endothelial growth factor (VEGF), von-Willebrand factor (vWF), angiopoietin 1 (Ang-1),
and angiopoietin 2 (Ang-2), which amplify transcripts characteristic of endothelial cells and osteoblasts.
Primer sequences are listed in Table 1. The cycle conditions were performed with a 5 min activation
step at 95 °C followed by 40 cycles with a 10 sec at 95 °C denaturation and 30 min at 60 °C extension
step. GAPDH expression served as an internal control. 3 samples from each group for every time point.
Relative expression was calculated using the 2744T method according to Livak and Schmittgen [45].
Results were presented as fold change expression normalised to the 444 fibre network impregnated
with fibrin hydrogel to determine the effect of albumin on the expression of osteogenic and angiogenic
gene markers.
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Table 1. Primer sequences for RT-PCR.

Gene Oligo Name Primer Sequence

GAPDH  hum GAPDH.5 3 ACGACCAAATCCGTIGACTC

AP hum_ALP_5/3 3 CTGGTAGTTGTIGIGAGCAT

oen hum_OCN_57 3 CTGGAGAGGAGCAGAACTEG
COLIAL  hum COLIALSS 3 AGGAGAGCCATCAGCACCT

vWF hum_vWF_5/3 g %ggg;iiccércc;iAGTTTfTéicc?GCCATC
vEGEA HMVEGEA SLEW_FWdiRev 1 ({04 GGATCTCGATIGGATG
ANGPTL  HMLANGPTLSLEWFWA/ReY b 10 CGCAGTATAGAACATICCA
ANGPT2 HM_ANGPT2 SLEW_Fwd/Rev F: AAGAGATCAAGGCCTACTGTGACA

R: TCCTCACGTCGCTGAATAATTG

2.11. Statistical Analysis

The results are presented as mean =+ standard error. Data were analysed and graphed using
GraphPad Prism version 8.2.1 for Windows (GraphPad Software, San Diego, CA, USA). An unpaired
t test was performed to determine the differences between 444 AF and 444_F scaffolds in permeability,
diffusion, mineralisation and RT-PCR analyses. Young’s modulus difference was evaluated by unpaired
t test between the albumin enriched fibrin and fibrin hydrogels. The threshold for statistical significance
was set at a value of p < 0.05.

3. Results and Discussion

3.1. Morphometric Analysis of Hydrogel-Impregnated Network Structure

Scanning electron micrograph of the 444_AF and 444 _F ferritic stainless steel fibre networks
are shown in Figure 2a—d. It can be seen that the hydrogels have filled the inter-fibre spaces of the
networks (Figure 2a,c) and that they consist of a typical 3D matrix composed of elongated branching
fibres (Figure 2b,d). Figure 2e-h shows that the mean fibre diameter was very similar for both
hydrogels with 95% of the measured values between 0.05 and 0.2 um. Both hydrogels showed a wide
distribution of pore areas as expected for fibrin-based hydrogel. However, AF hydrogels showed a
larger proportion of pore areas above 0.1 um? compared to the F hydrogels (5% vs. 1.7%), suggesting
that the albumin-enriched fibrin hydrogels have a higher number of larger pores compared to the
fibrin. This might be related to the presence of albumin in the fibrin formation process. It is well known
that fibrin structure can vary extensively with changes in the conditions of polymerisation such as
fibrinogen and thrombin concentrations, pH, temperature and the presence of salt concentration or
plasma proteins [30]. Though albumin does not bind to the fibrinogen and thrombin [46,47], fibrin
hydrogels formed with albumin differ structurally from those formed without by increasing the pore
size [48]. According to Torbet’s study on fibrin assembly in human plasma [38], the addition of albumin
to fibrin increased the fibre thickness and porosity in the fibrin structure. The most significant changes
in those parameters were observed in higher albumin concentrations (36-78 mg-mL~!) compared to
lower concentrations (0-18 mg-mL™). In this study, the differences were observed only in the pore
area which can be explained by the higher concentration of fibrinogen (10 mg:-mL~! vs. 1 mg-mL™1)
and thrombin (5 U'mL~! vs. 0.12 U'mL~!) compared to Torbet’s study.
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Figure 2. Typical scanning electron micrographs showing top views of 444 networks impregnated with
(a,b) fibrin (444_F) and (c,d) albumin-rich fibrin (444_AF) hydrogels; Distributions of pore area and
fibre diameter for: (e,f) 444_F and (g ,h) 444_AF as measured by Diameter] (1 = 3 samples from each
group and five randomly selected areas from each sample).
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3.2. Hydrogel Mechanical Testing

The mechanical microenvironment regulates signal transduction in endothelial cells and thereby
controls the vascular morphogenesis [42]. In order to evaluate the addition of albumin to the fibrin
hydrogel, the Young’s modulus of free-standing hydrogels was measured using a customised “see-saw”
set-up. Figure 3a,b shows the stress-strain response for up to 5% strain. The Young’s modulus was
calculated from the tangent slope of the stress-strain curves and the values obtained are shown in
Figure 3c. The Young’s modulus for F and AF hydrogels were measured to be 7.1 + 0.4 kPa and
6.0 + 0.3 kPa, respectively. No statistically significant differences were observed from the unpaired
t test (p = 0.07). Therefore, the addition of albumin to the fibrin hydrogel did not have a notable effect
on the stiffness of the fibrin hydrogel.

(a) Fibrin hydrogel (b) Albumin-enriched
350 * ¢ 350 fibrin hydrogel
< 300 .,-'_;"'. Sample 1 = 300- z Sample 1
£ A ~A- Sample 2 [ sk
- 250+ Lok . % 250- Lol A - Sample 2
o P ) -®- Sample 3 @ et O
& 2004 s $7 -~ Sample 4 & 200+ et P
= 150 .~ — angh -¢- Sample 4
S -* Sample 5 < 150 & <
= 3535 5 I oad -* Sample 5
g 100 ’:_;,,”';’ g 100 P P
Z 50 < z
50 A 4 sa-e
/ 07
0 T T 1 0-== T T T 1
0.000 0.025 0.050 0.000 0.025 0.050
Nominal Strain (-) Nominal Strain (-)
C
©
~ N—
& ——
67 —r—
=
5
3 4
>
_(h
)
£ 21
©
>
0 T I
Fibrin Albumin-enriched

hydrogel fibrin hydrogel

Figure 3. Stress-strain curves for (a) fibrin (F) and (b) albumin-rich fibrin (AF) hydrogels; (c) Young’s
modulus was measured from the tangent slope of the stress-strain curves (1 = 5 samples from each
group). No statistically significant differences between the two hydrogels were observed from the
unpaired ¢ test (p = 0.07).

3.3. Specific Permeability and Diffusion of Hydrogel-Impregnated Networks

Scaffold transport properties are important for nutrient uptake, gas exchange, and waste
removal-factors that are critical for cell growth and survival [49,50]. The specific permeability
values of the 444_F and 444_AF fibre networks were quantified using Darcy’s Law for a constant
pressure gradient (Figure 4a). It can be seen that the albumin-enriched fibrin scaffolds have slightly
higher specific permeability values 3 x 101> m? compared to the fibrin scaffolds 1.9 x 10713 m?
(p < 0.01). In order to study the release kinetics of the hydrogel-impregnated networks, the hydrogels
were fabricated with entrapped FITC-conjugated dextran. Figure 4b illustrates the cumulative release
of dextran from these scaffolds over 24 h of incubation. Here, 444_AF networks showed higher dextran
release compared to 444_F networks. The results suggest that the specific permeability and diffusional
transport of nutrient, proteins and growth factors may be somewhat improved in the 444_AF compared
to 444_F, which will be beneficial for vessel-like formation (by the HUVECs) and ECM production
(by the fHODbs).
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Figure 4. (a) Measured specific permeability values and (b) diffusion of FITC-dextran 70 kDa particles
from the scaffolds to the growth medium over 24 h for 444 networks impregnated with fibrin (444_F)
and albumin-rich fibrin (444_AF) hydrogels. Bars represent the mean + standard error for each tested
group (n = 5 samples from each group). Statistical analysis was conducted by unpaired ¢ test, ** p < 0.01.

3.4. Vascular Analysis Using AngioTool

Micro-vessels are essential for bone formation, metabolism, healing and remodelling [15,51].
In vitro vessel-like formations (preliminary endothelial cell structures) in the 444_F and 444 _AF
scaffolds were imaged using fluorescence microscopy at days 16 and 21 of culture and then analysed
using a computational tool for quantitative analysis of vascular network parameters (AngioTool [43]).
Vessel coverage and total vessel length were used as a measure of vessel growth, while the number
of branch points was used as an indicator of vessel network complexity. Figure 5a shows vessel-like
networks in both scaffolds produced by co-cultures of HUVECs and fHObs. It shows that 444_AF
had a higher vessel coverage, defined as the area of the given field occupied by vessels, compared to
444 F at both time points (16 days: 1.4-fold, p < 0.001; 21 days: 1.6-fold, p < 0.01). Examination of total
vessel length, defined as the length of the vessel per image field, further supported the finding from
the vessel coverage with an increase of vessel length for the 444_AF (16 days: 1.5-fold, p < 0.01; 21 days:
1.9-fold, p < 0.0001). In addition, 444_AF networks were found to contain more branch points than
444 F (16 days: 1.6-fold, p < 0.01; 21 days: 2.7-fold, p < 0.01). The results suggest that vessel formation
and branching complexity were enhanced with the addition of albumin.
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Figure 5. (a) Vessel network formation in 444_F and 444 _AF scaffolds at days 16 and 21 of culture (scale
bar—200 um); (b) Measurements of vessel coverage, total vessel length and total branching points
as determined by AngioTool. Data are presented in an x-fold expression of the corresponding 444 F
values. Bars represent the mean + standard error for each tested group (1 = 3 samples from each group).
Statistical analysis was conducted by unpaired ¢ test, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.5. Cell Mineralisation

ECM production was evaluated using Alizarin Red staining for calcium deposition at days 16 and
21 of culture. Figure 6a shows that the osteoblasts undergo osteogenic differentiation by producing
mineralised nodules in both scaffolds. The staining revealed a thick and dense calcium-rich (red) layer
of new mineral matrix synthesised by the osteoblasts. Figure 6b shows that the calcium concentrations
in the 444_AF were significantly higher (p < 0.05) compared to the 444 _F scaffolds at both time points.
This suggests that 444_AF scaffolds can promote mineralisation and ECM deposition. The results
are consistent with the findings of Ishida et al. [21], who reported that the presence of albumin in
the culture medium caused a significant increase in calcium contents in the femoral-diaphyseal and
-metaphyseal tissues obtained from normal rats in vitro. They proposed that albumin stimulates bone
formation and albumin plays a role in the regulation of bone metabolism [20-22].

It is well known that cell-matrix interaction and ECM deposition play a critical role in
vascularisation [42]. Extensive ECM deposition in the 444_AF scaffolds by the osteoblasts provided
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improved three-dimensional support for HUVECs to migrate and organise into vessel-like structures,
as shown in Figure 5.

There are two possible explanations for the above observations. First, the higher specific
permeability and protein diffusion (Figure 4) of the 444_AF scaffolds results in an improved mineral
deposition by the osteoblasts and vessel formation by the endothelial cells [52,53]. Second, albumin
plays an active role in osteoblastic bone formation, though a specific receptor and mechanism have not
yet been identified in the literature [22,23].

444 F 444 AF (b)

- . .

o
=
]

2.5
2.04

i

1.5

1.0+

i

0.5+

Ca Concentration (mM)

0.0 T T I 1
444 F 444_AF 444 F 444_AF

16 days 21 days

21 days

Figure 6. (a) Fluorescence imaging of calcium-rich deposits, stained with Alizarin Red, of 444_F and
444_AF scaffolds at days 16 and 21 of culture. Red areas indicate positive staining for calcium-rich
deposits (scale bar—100 pum); (b) Calcium concentration at days 16 and 21 for the tested groups
measured from the released Alizarin red dye using a plate reader at 405 nm. Bars represent the mean +
standard error for each tested group (n = 3 samples from each group). Statistical analysis was conducted
by unpaired t test, * p < 0.05.

3.6. Quantification of Gene Expression Levels

Following the observed increase in vessel formation and calcium deposition for the 444_AF
compared to 444_F, the expression of four osteogenic genes (ALP, COL1A1, OCN, and BMP-2) and four
angiogenic genes (VEGF, vWF, Ang-1, and Ang-2) at days 16 and 21 of culture were examined using
RT-PCR (Figure 7). It can be seen that the expression levels of the osteogenic genes (Figure 7a), ALP
and COL1A1 for 444_AF scaffolds were significantly higher than that of 444_F, at both time points, with
the highest fold-changes observed at day 16 (ALP: 12-fold and COL1A1: 8-fold). COL1A1 is the main
component in the osseous extracellular matrix. It can mediate cell adhesion, provide a template for
mineralisation, and drive endothelial cell migration [16,54]. ALP is an ectoenzyme, highly expressed in
active osteoblasts [55], which and plays a role in bone mineralisation by controlling the concentrations
of mineralisation inhibitors and phosphate ions. Therefore, the high expression values of these genes
and the higher values of calcium deposition from the mineralisation assay (Figure 6) suggests that
the higher mineral deposition observed in 444 _AF compared to 444_F provided an improved 3D
support for HUVECs to migrate and organise into vessel-like structures (Figure 5). In the case of
OCN and BMP-2, the expression levels for 444_AF were also elevated compared to 444_F at both time
points, with the highest fold-changes at day 21 of culture (OCN: 6-fold and BMP-2: 17-fold). OCN
is the second most abundant protein in bone after collagen that can be found in a fully mineralised
matrix (late markers of osteoblast differentiation) and promotes deposition of mineral substance [56].
BMP-2 accumulates in ECM and has been shown to stimulate osteoblastic differentiation in vitro [57].
It exhibits this osteogenic action by regulating transcription of osteogenic genes such as ALP, COL1A1
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and OCN. The above results demonstrate that the addition of albumin to the fibrin hydrogel could
promote osteogenesis.
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Figure 7. Gene expression of co-cultured HUVECs and fHODbs in 444_F and 444_AF obtained by
RT-PCR at days 16 and 21 of culture. (a) Expression of osteogenic markers: ALP, COL1A1, OCN,
BMP-2; (b) Expression of angiogenic markers: VEGF, Ang-1, Ang-2, vWF. Data = mean =+ standard
error (n = 3 samples from each group) is reported in x-fold expression of the corresponding 444_F
values. Statistical analysis was conducted by unpaired ¢ test, * p < 0.05, ** p < 0.01, ** p < 0.001. Human
alkaline phosphates, ALP; Collagen type 11, COL1A1; osteocalcin, OCN; bone morphogenetic protein
2, BMP-2; vascular endothelial growth factor, VEGF; von-Willebrand factor, vWF; angiopoietin 1, Ang-1;
angiopoietin 2, Ang-2.

With regards to angiogenic expression, VEGFE, Ang-1 and Ang-2 were significantly upregulated in
444 AF compared to 444_F at both time points (Figure 7b). Since VEGF is a potent pro-angiogenic
factor with well-established actions on endothelial cells [16], the higher VEGF expression in 444_AF
contributed to the better formation of vessel-like structures as shown in Figure 5. Furthermore,
the synergy between BMP-2 and VEGF has been reported [58], in which there is an intimate relation to
bone development and healing that is advantageous for bone regeneration procedures. In 444_AF,
the higher expression of Ang-1, which has an important role in maintaining vessel quiescence [59],
and Ang-2, which is a vessel destabiliser [60] with an important role in vascular remodelling, may
indicate that these vessels reached higher maturation levels and thus are stable over longer time
periods. In both scaffolds, vVWF gradually decreased from day 16 to 21 with lower expression levels for
444_AF (16 days: 0.5-fold, 21 days: 0.3-fold); however, significant differences between these groups
were only detected at day 21 (p < 0.05). vWF is a large multimeric glycoprotein present in blood
plasma with multiple roles in vascular development [61], it is required for normal haemostasis, and a
decreased expression of vVWF increases angiogenesis and vessel formation [16]. Therefore, the decreased
expression of vVIWF with increasing time in the present study is consistent with the observed increase
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in vascularisation. The fact that vWF at day 21 was lower for 444_AF than 444 F is also consistent
with more extensive vessel-like structure formation in 444_AF than 444 _F as shown in Figure 5. These
results demonstrate that the addition of albumin to the fibrin hydrogel could promote angiogenesis.

In summary, this study shows that albumin can be successfully incorporated in fibrin hydrogel.
The addition of 10 pg'mL~! human albumin to the fibrin hydrogel improves the specific permeability and
diffusional characteristics (Figure 4) without affecting the Young’s modulus of the hydrogels (Figure 3).
Since effective permeability and diffusion of mass transport, as well as sufficient matrix stiffness to
support the cells, are essential features of three-dimensional porous scaffolds, the albumin-enriched
hydrogel shows a greater potential to serve as a bio-matrix for bone regeneration compared to
fibrin alone.

When examined in vitro using co-culture of endothelial cells and osteoblasts, the beneficial
effects of albumin-enriched hydrogels on the osteogenesis and angiogenesis were clearly illustrated
by upregulation of gene and growth factors expression (Figure 7). Furthermore, the mineralisation
production and deposition by the osteoblasts (Figure 6) and the vessel-like structures by the endothelial
cells (Figure 5) were augmented with the presence of albumin, reinforcing the important role of albumin
plays in bone formation and regulation of bone metabolism.

Future work will focus on the effect of magneto-mechanical actuation on the osteoblast
differentiation and vascular self-organisation in 444 ferromagnetic fibre networks impregnated with
albumin-enriched hydrogels. Also, an investigation will be carried out using different concentrations
of albumin in fibrin hydrogels and on the pathways linked to albumin receptors in osteoblast and
endothelial cells.

4. Conclusions

This study showed for the first time that albumin-enriched fibrin hydrogel embedded in
444 ferromagnetic fibre network improved extracellular matrix deposition by the osteoblasts and
vascularisation by the endothelial cells. Furthermore, this enriched hydrogel promotes osteogenesis by
upregulating ALP, COL1A1, OCN, and BMP-2, and angiogenesis by upregulating Ang-1, Ang-2, VEGE,
and vWF compared to fibrin hydrogel alone. Albumin was found to increase the specific permeability
and diffusional characteristics of the fibrin hydrogels without affecting their stiffness. The results
support the potential of this novel albumin-enriched fibrin hydrogel in bone tissue engineering and
orthopaedic applications.

Author Contributions: Conceptualization: G.K.L. and J.O.; methodology: G.K.L. (all the experiments),
J.O. (preparing albumin solution and SEM samples), M.A.B. (support of the PCR); investigation: G.K.L., J.O.,
and A.E.M.; writing—original draft preparation: G.K.L.; writing—review and editing: G.K.L., J.O., M.A.B.,, AW].,,
and A.EM.

Funding: Financial support for this work has come from the EPSRC (EP/R511675/1) and the Blavatnik Family
Foundation. G.K.L. is supported by the Blavatnik Family Foundation and Reuben Foundation. J.O. is supported
by the WD Armstrong Doctoral Fellowship, University of Cambridge. A.W.J. is supported by the Isaac Newton
Trust and the Rosetrees Trust (M787).

Acknowledgments: The authors would like to thank Junzhe Zhao for assisting with preliminary experiments
with bovine serum albumin.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, L.; Isaac, G.; Wilcox, R.; Jones, A.; Thompson, J. Finite element analysis of polyethylene wear in total
hip replacement: A literature review. Proc. Inst. Mech. Eng. H 2019, 233, 1067-1088. [CrossRef] [PubMed]

2. Merola, M.; Affatato, S. Materials for Hip Prostheses: A Review of Wear and Loading Considerations.
Materials 2019, 12, 495. [CrossRef] [PubMed]

3. Bayliss, L.E.; Culliford, D.; Monk, A.P; Glyn-Jones, S.; Prieto-Alhambra, D.; Judge, A.; Cooper, C.; Carr, A.J.;
Arden, N.K,; Beard, D.J. The effect of patient age at intervention on risk of implant revision after total
replacement of the hip or knee: A population-based cohort study. Lancet 2017, 389, 1424-1430. [CrossRef]


http://dx.doi.org/10.1177/0954411919872630
http://www.ncbi.nlm.nih.gov/pubmed/31466506
http://dx.doi.org/10.3390/ma12030495
http://www.ncbi.nlm.nih.gov/pubmed/30764574
http://dx.doi.org/10.1016/S0140-6736(17)30059-4

Polymers 2019, 11, 1743 15 0f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Wyatt, M.; Hooper, G.; Frampton, C.; Rothwell, A. Survival outcomes of cemented compared to uncemented
stems in primary total hip replacement. World J. Orthop. 2014, 5, 591-596. [CrossRef]

Abu-Amer, Y.; Darwech, I; Clohisy, J.C. Aseptic loosening of total joint replacements: Mechanisms underlying
osteolysis and potential therapies. Arthritis Res. Ther. 2007, 9, S6. [CrossRef]

Delaunay, C.; Hamadouche, M.; Girard, J.; Duhamel, A. What are the causes for failures of primary hip
arthroplasties in France? Clin. Orthop. Relat. Res. 2013, 471, 3863-3869. [CrossRef]

Phedy, P,; Ismail, H.D.; Hoo, C.; Djaja, Y.P. Total hip replacement: A meta-analysis to evaluate survival of
cemented, cementless and hybrid implants. World J. Orthop. 2017, 8, 192. [CrossRef]

Lovett, M.; Lee, K.; Edwards, A.; Kaplan, D.L. Vascularization strategies for tissue engineering. Tissue Eng.
Part B Rev. 2009, 15, 353-370. [CrossRef]

Markaki, A.E.; Clyne, T.W. Magneto-mechanical actuation of bonded ferromagnetic fibre arrays. Acta Mater.
2005, 53, 877-889. [CrossRef]

Markaki, A.E.; Clyne, TW. Magneto-mechanical stimulation of bone growth in a bonded array of
ferromagnetic fibres. Biomaterials 2004, 25, 4805-4815. [CrossRef]

Malheiro, V.N.; Skepper, ].N.; Brooks, R.A.; Markaki, A.E. In vitro osteoblast response to ferritic stainless
steel fiber networks for magneto-active layers on implants. J. Biomed. Mater. Res. A 2013, 101, 1588-1598.
[CrossRef] [PubMed]

Katarivas Levy, G.; Birch, M.A.; Brooks, R.A.; Neelakantan, S.; Markaki, A.E. Stimulation of Human Osteoblast
Differentiation in Magneto-Mechanically Actuated Ferromagnetic Fiber Networks. J. Clin. Med. 2019, 8,
1522. [CrossRef] [PubMed]

Kim, J.T; Yoo, J.J. Implant design in cementless hip arthroplasty. Hip Pelvis 2016, 28, 65-75. [CrossRef]
[PubMed]

Li, S.; Li, X.; Hou, W.; Nune, K.C.; Misra, R.D.K.; Correa-Rodriguez, V.L.; Guo, Z.; Hao, Y.; Yang, R.;
Murr, L.E. Fabrication of open-cellular (porous) titanium alloy implants: Osseointegration, vascularization
and preliminary human trials. Sci. China Mater. 2018, 61, 525-536. [CrossRef]

Buranawat, B.; Kalia, P; Di Silvio, L. Vascularisation of tissue-engineered constructs. In Standardisation in
Cell and Tissue Engineering: Methods and Protocols; Salih, V., Ed.; Elsevier: Woodhead Publishing Limited:
Cambridge, UK, 2013; pp. 77-103.

Chen, W.; Thein-Han, W.; Weir, M.D.; Chen, Q.; Xu, H.H. Prevascularization of biofunctional calcium
phosphate cement for dental and craniofacial repairs. Dent. Mater. 2014, 30, 535-544. [CrossRef] [PubMed]
Davis, H.; Miller, S.; Case, E.; Leach, J.K. Supplementation of fibrin gels with sodium chloride enhances
physical properties and ensuing osteogenic response. Acta Biomater. 2011, 7, 691-699. [CrossRef]

Nseir, N.; Regev, O.; Kaully, T.; Blumenthal, ].; Levenberg, S.; Zussman, E. Biodegradable scaffold fabricated
of electrospun albumin fibers: Mechanical and biological characterization. Tissue Eng. Part C Methods 2013,
19, 257-264. [CrossRef]

Horvathy, D.B.; Simon, M.; Schwarz, C.M.; Masteling, M.; Vacz, G.; Hornydk, I.; Lacza, Z. Serum albumin as
a local therapeutic agent in cell therapy and tissue engineering. Biofactors 2017, 43, 315-330. [CrossRef]
Yamaguchi, M.; Igarashi, A.; Misawa, H.; Tsurusaki, Y. Enhancement of albumin expression in bone tissues
with healing rat fractures. J. Cell Biochem. 2003, 89, 356-363. [CrossRef]

Ishida, K.; Sawada, N.; Yamaguchi, M. Expression of albumin in bone tissues and osteoblastic cells:
Involvement of hormonal regulation. Int. J. Mol. Med. 2004, 14, 891-895. [CrossRef]

Ishida, K.; Yamaguchi, M. Role of albumin in osteoblastic cells: Enhancement of cell proliferation and
suppression of alkaline phosphatase activity. Int. J. Mol. Med. 2004, 14, 1077-1081. [CrossRef] [PubMed]
Bernards, M.T.; Qin, C.; Jiang, S. MC3T3-E1 cell adhesion to hydroxyapatite with adsorbed bone sialoprotein,
bone osteopontin, and bovine serum albumin. Colloids Surf. B Biointerfaces 2008, 64, 236-247. [CrossRef]
[PubMed]

Weszl, M.; Skaliczki, G.; Cselenyak, A.; Kiss, L.; Major, T.; Schandl, K.; Bognar, E.; Stadler, G.; Peterbauer, A.;
Csonge, L. Freeze-dried human serum albumin improves the adherence and proliferation of mesenchymal
stem cells on mineralized human bone allografts. J. Orthop. Res. 2012, 30, 489-496. [CrossRef] [PubMed]
Horvathy, D.B.; Vacz, G.; Szab¢, T.; Szigyarto, I1.C.; Toro, I.; Vamos, B.; Hornyak, I.; Renner, K,; Klara, T.;
Szabo, B.T. Serum albumin coating of demineralized bone matrix results in stronger new bone formation.
J. Biomed. Mater. Res. B Appl. Biomater. 2016, 104, 126-132. [CrossRef] [PubMed]


http://dx.doi.org/10.5312/wjo.v5.i5.591
http://dx.doi.org/10.1186/ar2170
http://dx.doi.org/10.1007/s11999-013-2935-5
http://dx.doi.org/10.5312/wjo.v8.i2.192
http://dx.doi.org/10.1089/ten.teb.2009.0085
http://dx.doi.org/10.1016/j.actamat.2004.10.037
http://dx.doi.org/10.1016/j.biomaterials.2003.11.041
http://dx.doi.org/10.1002/jbm.a.34473
http://www.ncbi.nlm.nih.gov/pubmed/23138963
http://dx.doi.org/10.3390/jcm8101522
http://www.ncbi.nlm.nih.gov/pubmed/31546701
http://dx.doi.org/10.5371/hp.2016.28.2.65
http://www.ncbi.nlm.nih.gov/pubmed/27536647
http://dx.doi.org/10.1007/s40843-017-9063-6
http://dx.doi.org/10.1016/j.dental.2014.02.007
http://www.ncbi.nlm.nih.gov/pubmed/24731858
http://dx.doi.org/10.1016/j.actbio.2010.09.007
http://dx.doi.org/10.1089/ten.tec.2012.0118
http://dx.doi.org/10.1002/biof.1337
http://dx.doi.org/10.1002/jcb.10510
http://dx.doi.org/10.3892/ijmm.14.5.891
http://dx.doi.org/10.3892/ijmm.14.6.1077
http://www.ncbi.nlm.nih.gov/pubmed/15547677
http://dx.doi.org/10.1016/j.colsurfb.2008.01.025
http://www.ncbi.nlm.nih.gov/pubmed/18420388
http://dx.doi.org/10.1002/jor.21527
http://www.ncbi.nlm.nih.gov/pubmed/22371968
http://dx.doi.org/10.1002/jbm.b.33359
http://www.ncbi.nlm.nih.gov/pubmed/25677203

Polymers 2019, 11, 1743 16 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Skaliczki, G.; Schandl, K.; Weszl, M.; Major, T.; Kovacs, M.; Skaliczki, J.; Szendrdi, M.; Dob6-Nagy, C.;
Lacza, Z. Serum albumin enhances bone healing in a nonunion femoral defect model in rats: A computer
tomography micromorphometry study. Int. Orthop. 2013, 37, 741-745. [CrossRef]

Kléra, T.; Csonge, L.; Janositz, G.; Csernatony, Z.; Lacza, Z. Albumin-coated structural lyophilized bone
allografts: A clinical report of 10 cases. Cell Tissue Bank. 2014, 15, 89-97. [CrossRef]

Schandl, K.; Horvéthy, D.B.; Doros, A.; Majzik, E.; Schwarz, C.M.; Csonge, L.; Abkarovits, G.; Bucsi, L.;
Lacza, Z. Bone-Albumin filling decreases donor site morbidity and enhances bone formation after anterior
cruciate ligament reconstruction with bone-patellar tendon-bone autografts. Int. Orthop. 2016, 40, 2097-2104.
[CrossRef]

Ong, J.; Zhao, J.; Justin, A.W.; Markaki, A.E. Albumin-based hydrogels for regenerative engineering and cell
transplantation. Biotechnol. Bioeng. 2019. [CrossRef]

Noori, A.; Ashrafi, S.J.; Vaez-Ghaemi, R.; Hatamian-Zaremi, A.; Webster, T.J. A review of fibrin and fibrin
composites for bone tissue engineering. Int. |. Nanomed. 2017, 12, 4937. [CrossRef]

Jockenhoevel, S.; Flanagan, T.C. Cardiovascular tissue engineering based on fibrin-gel-scaffolds. In Tissue
Engineering for Tissue and Organ Regeneration; Eberli, D., Ed.; IntechOpen: Rijeka, Croatia, 2011.

Lesman, A.; Koffler, J.; Atlas, R.; Blinder, Y.J.; Kam, Z.; Levenberg, S. Engineering vessel-like networks within
multicellular fibrin-based constructs. Biomaterials 2011, 32, 7856-7869. [CrossRef]

Janmey, P.A.; Winer, ].P.; Weisel, ].W. Fibrin gels and their clinical and bioengineering applications. J. R.
Soc. Interface 2009, 6, 1-10. [CrossRef] [PubMed]

Weisel, ].W. Fibrinogen and fibrin. In Advances in Protein Chemistry; Academic Press: New York, NY, USA,
2005; Volume 70, pp. 247-299.

Spear, R.L.; Brooks, R.A.; Markaki, A.E. Short-term in vitro responses of human peripheral blood monocytes
to ferritic stainless steel fiber networks. J. Biomed. Mater. Res. A 2013, 101, 1456-1463. [CrossRef] [PubMed]
Neelakantan, S.; Bosbach, W.; Woodhouse, J.; Markaki, A.E. Characterization and deformation response of
orthotropic fibre networks with auxetic out-of-plane behaviour. Acta Mater. 2014, 66, 326-339. [CrossRef]
Tsarouchas, D.; Markaki, A.E. Extraction of fibre network architecture by X-ray tomography and prediction
of elastic properties using an affine analytical model. Acta Mater. 2011, 59, 6989-7002. [CrossRef]

Torbet, J. Fibrin assembly in human plasma and fibrinogen/albumin mixtures. Biochemistry 1986, 25,
5309-5314. [CrossRef]

Langenbach, F.; Handschel, J. Effects of dexamethasone, ascorbic acid and 3-glycerophosphate on the
osteogenic differentiation of stem cells in vitro. Stem Cell Res. Ther. 2013, 4, 117. [CrossRef]

Hotaling, N.A.; Bharti, K.; Kriel, H.; Simon, C.G., Jr. Diameter]: A validated open source nanofiber diameter
measurement tool. Biomaterials 2015, 61, 327-338. [CrossRef]

Varley, M.C.; Neelakantan, S.; Clyne, T.W.; Dean, J.; Brooks, R.A.; Markaki, A.E. Cell structure, stiffness and
permeability of freeze-dried collagen scaffolds in dry and hydrated states. Acta Biomater. 2016, 33, 166-175.
[CrossRef]

Wu, Y,; Al-Ameen, M.A.; Ghosh, G. Integrated effects of matrix mechanics and vascular endothelial growth
factor (VEGF) on capillary sprouting. Ann. Biomed. Eng. 2014, 42, 1024-1036. [CrossRef]

Zudaire, E.; Gambardella, L.; Kurcz, C.; Vermeren, S. A computational tool for quantitative analysis of
vascular networks. PLoS ONE 2011, 6, €27385. [CrossRef]

Gregory, C.A.; Gunn, W.G.; Peister, A.; Prockop, D.J. An Alizarin red-based assay of mineralization by
adherent cells in culture: Comparison with cetylpyridinium chloride extraction. Anal. Biochem. 2004, 329,
77-84. [CrossRef] [PubMed]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 27AACT method. Methods 2001, 25, 402-408. [CrossRef] [PubMed]

Nair, C.; Dhall, D. Studies on fibrin network structure: The effect of some plasma proteins. Thromb. Res.
1991, 61, 315-325. [CrossRef]

Galanakis, D.K.; Lane, B.P; Simon, S.R. Albumin modulates lateral assembly of fibrin polymers: Evidence of
enhanced fine fibril formation and of unique synergism with fibrinogen. Biochemistry 1987, 26, 2389-2400.
[CrossRef]

Marx, G.; Harari, N. Albumin indirectly modulates fibrin and protofibrin ultrastructure. Biochemistry 1989,
28, 8242-8248. [CrossRef]


http://dx.doi.org/10.1007/s00264-012-1770-8
http://dx.doi.org/10.1007/s10561-013-9379-8
http://dx.doi.org/10.1007/s00264-016-3246-8
http://dx.doi.org/10.1002/bit.27167
http://dx.doi.org/10.2147/IJN.S124671
http://dx.doi.org/10.1016/j.biomaterials.2011.07.003
http://dx.doi.org/10.1098/rsif.2008.0327
http://www.ncbi.nlm.nih.gov/pubmed/18801715
http://dx.doi.org/10.1002/jbm.a.34451
http://www.ncbi.nlm.nih.gov/pubmed/23115020
http://dx.doi.org/10.1016/j.actamat.2013.11.020
http://dx.doi.org/10.1016/j.actamat.2011.07.051
http://dx.doi.org/10.1021/bi00366a048
http://dx.doi.org/10.1186/scrt328
http://dx.doi.org/10.1016/j.biomaterials.2015.05.015
http://dx.doi.org/10.1016/j.actbio.2016.01.041
http://dx.doi.org/10.1007/s10439-014-0987-7
http://dx.doi.org/10.1371/journal.pone.0027385
http://dx.doi.org/10.1016/j.ab.2004.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15136169
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1016/0049-3848(91)90109-A
http://dx.doi.org/10.1021/bi00382a046
http://dx.doi.org/10.1021/bi00446a041

Polymers 2019, 11, 1743 17 of 17

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Chiu, C.L.; Hecht, V.; Duong, H.; Wu, B.; Tawil, B. Permeability of three-dimensional fibrin constructs
corresponds to fibrinogen and thrombin concentrations. Biores. Open Access 2012, 1, 34—40. [CrossRef]
Kim, O.V.; Xu, Z.; Rosen, E.D.; Alber, M.S. Fibrin networks regulate protein transport during thrombus
development. PLoS Comput. Biol. 2013, 9, €1003095. [CrossRef]

Tan, AW,; Liau, L.L.; Chua, K.H.; Ahmad, R.; Akbar, S.A.; Pingguan-Murphy, B. Enhanced in vitro angiogenic
behaviour of human umbilical vein endothelial cells on thermally oxidized TiO, nanofibrous surfaces. Sci. Rep.
2016, 6, 21828. [CrossRef]

Kaijzel, E.; Koolwijk, P; Van Erck, M.; Van Hinsbergh, V.; De Maat, M. Molecular weight fibrinogen variants
determine angiogenesis rate in a fibrin matrix in vitro and in vivo. J. Thromb. Haemost. 2006, 4, 1975-1981.
[CrossRef]

Mitsak, A.G.; Kemppainen, ].M.; Harris, M.T.; Hollister, S.J. Effect of polycaprolactone scaffold permeability
on bone regeneration in vivo. Tissue Eng. Part A 2011, 17, 1831-1839. [CrossRef]

Chen, W.; Liu, X.; Chen, Q.; Bao, C.; Zhao, L.; Zhu, Z.; Xu, H.H. Angiogenic and osteogenic regeneration in
rats via calcium phosphate scaffold and endothelial cell co-culture with human bone marrow mesenchymal
stem cells (MSCs), human umbilical cord MSCs, human induced pluripotent stem cell-derived MSCs and
human embryonic stem cell-derived MSCs. |. Tissue Eng. Regen. Med. 2018, 12, 191-203. [PubMed]

Blair, H.C.; Larrouture, Q.C.; Li, Y.; Lin, H.; Beer-Stoltz, D.; Liu, L.; Tuan, R.S.; Robinson, L.J.; Schlesinger, PH.;
Nelson, D.J. Osteoblast differentiation and bone matrix formation in vivo and in vitro. Tissue Eng. Part B Rev.
2017, 23, 268-280. [CrossRef] [PubMed]

Rutkovskiy, A.; Stenslokken, K.-O.; Vaage, L.]. Osteoblast differentiation at a glance. Med. Sci. Monit. Basic Res.
2016, 22, 95. [CrossRef] [PubMed]

Takeuchi, Y.; Suzawa, M.; Kikuchi, T.; Matsumoto, T. Interaction of matrix collagen with osteoblastic cells
enhances stimulatory effects of bone morphogenetic protein (BMP)-2 on the differentiation of osteoblasts.
Bone 1995, 6, 568. [CrossRef]

Samee, M.; Kasugai, S.; Kondo, H.; Ohya, K.; Shimokawa, H.; Kuroda, S. Bone morphogenetic protein-2
(BMP-2) and vascular endothelial growth factor (VEGF) transfection to human periosteal cells enhances
osteoblast differentiation and bone formation. J. Pharm. Sci. 2008, 108, 18-31. [CrossRef]

Landau, S.; Ben-Shaul, S.; Levenberg, S. Oscillatory Strain Promotes Vessel Stabilization and Alignment
through Fibroblast YAP-Mediated Mechanosensitivity. Adv. Sci. 2018, 5, 1800506. [CrossRef]

Landau, S.; Szklanny, A.A.; Yeo, G.C.; Shandalov, Y.; Kosobrodova, E.; Weiss, A.S.; Levenberg, S. Tropoelastin
coated PLLA-PLGA scaffolds promote vascular network formation. Biomaterials 2017, 122, 72-82. [CrossRef]
Pedersen, T.O.; Blois, A.L.; Xue, Y.; Xing, Z.; Cottler-Fox, M.; Fristad, I.; Leknes, K.N.; Lorens, J.B.; Mustafa, K.
Osteogenic stimulatory conditions enhance growth and maturation of endothelial cell microvascular networks
in culture with mesenchymal stem cells. |. Tissue Eng. 2012, 3, 2041731412443236. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1089/biores.2012.0211
http://dx.doi.org/10.1371/journal.pcbi.1003095
http://dx.doi.org/10.1038/srep21828
http://dx.doi.org/10.1111/j.1538-7836.2006.02081.x
http://dx.doi.org/10.1089/ten.tea.2010.0560
http://www.ncbi.nlm.nih.gov/pubmed/28098961
http://dx.doi.org/10.1089/ten.teb.2016.0454
http://www.ncbi.nlm.nih.gov/pubmed/27846781
http://dx.doi.org/10.12659/MSMBR.901142
http://www.ncbi.nlm.nih.gov/pubmed/27667570
http://dx.doi.org/10.1016/8756-3282(96)87827-6
http://dx.doi.org/10.1254/jphs.08036FP
http://dx.doi.org/10.1002/advs.201800506
http://dx.doi.org/10.1016/j.biomaterials.2017.01.015
http://dx.doi.org/10.1177/2041731412443236
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ferromagnetic Fibre Networks 
	Cell Co-Culture 
	Fabrication of Hydrogels and Hydrogel-Impregnated Fibre Networks 
	Scanning Electron Microscopy and Morphometric Analysis of Hydrogel-Impregnated Network Structure 
	Hydrogel Mechanical Testing 
	Specific Permeability of Hydrogel-Impregnated Networks 
	FITC-Dextran Diffusion 
	Vascular Analysis Using AngioTool 
	Cell Mineralisation 
	Real-Time Polymerase Chain Reaction (RT-PCR) 
	Statistical Analysis 

	Results and Discussion 
	Morphometric Analysis of Hydrogel-Impregnated Network Structure 
	Hydrogel Mechanical Testing 
	Specific Permeability and Diffusion of Hydrogel-Impregnated Networks 
	Vascular Analysis Using AngioTool 
	Cell Mineralisation 
	Quantification of Gene Expression Levels 

	Conclusions 
	References

