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ARTICLE INFO ABSTRACT

Keywords: Calcium phosphate cements (CPCs) are attractive synthetic bone grafts as they possess osteoconductive and
Bone regeneration osteoinductive properties. Their biomimetic synthesis grants them an intrinsic nano- and microporosity that
Hydroxyapatite resembles natural bone and is paramount for biological processes such as protein adhesion, which can later
1;?1? motifs enhance cell adhesion. However, a main limitation of CPCs is the lack of macroporosity, which is crucial to allow

cell colonization throughout the scaffold. Moreover, CPCs lack specific motifs to guide cell interactions through
their membrane proteins. In this study, we explore a strategy targeting simultaneously both macroporosity and
cell binding motifs within CPCs by the use of recombinant silk. A silk protein functionalized with the cell binding
motif RGD serves as foaming template of CPCs to achieve biomimetic hydroxyapatite (HA) scaffolds with
multiscale porosity. The synergies of RGD-motifs in the silk macroporous template and the biomimetic features of
HA are explored for their potential to enhance mesenchymal stem cell adhesion, proliferation, migration and
differentiation. Macroporous Silk-HA scaffolds improve initial cell adhesion compared to a macroporous HA in
the absence of silk, and importantly, the presence of silk greatly enhances cell migration into the scaffold.
Additionally, cell proliferation and osteogenic differentiation are achieved in the scaffolds.

1. Introduction

Bone tissue engineering comprises the development and application
of synthetic scaffolds that can promote bone regeneration. Autografts
are today the gold standard treatment for bone regeneration, especially
in critical size defects, although autografts have drawbacks such as
limited availability, entailing invasive clinical procedures and comor-
bidity to patients. Synthetic bone grafts are a consolidated alternative to
treat bone defects, however, producing an ideal bone graft is not trivial.
Depending on their application, bone grafts are required to be
biocompatible and support bone growth. Furthermore, in tissue regen-
erative approaches, they should enhance and induce cell growth and
differentiation, serving as temporary templates for new bone growth [1,

2]. One of the main challenges in bone regeneration is to achieve a good
balance between biomaterial resorption and bone formation [3-5],
which have to be accompanied with angiogenesis to deliver oxygen and
nutrients to the colonizing cells [6]. Porosity can be pointed out as one of
the most important parameters to achieve this balance, where total
porosity, pore size distribution and pore interconnectivity play impor-
tant roles [7]. In addition, it is known that a hierarchical porosity is
crucial for the interaction with the biological environment. In particular,
pores within the nano- and micrometer range enhance the adsorption
and entrapment of proteins, which subsequently provide biological cues
to the cells [8,9]. To facilitate cellular colonization followed by bone
formation, it has been estimated that scaffolds should have inter-
connected porosity and a pore size between 100 and 400 pm [8-11].
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Finally, to achieve a successful viable scaffold for tissue engineering,
cells should be evenly distributed throughout the entire volume of the
scaffold [12].

The scientific community has developed a huge variety of bio-
materials for bone regeneration. Within those, calcium deficient hy-
droxyapatite (abbreviated as HA), produced from calcium phosphate
cements (CPCs), has attracted special attention because it closely re-
sembles the mineral phase of the bone [13,14] and it has excellent
biocompatibility and osteoconductive properties, as well as potential
osteoinductive properties under certain conformations [15]. In addition,
HA has an intrinsic high total porosity (~ 30-55%) due to voids left
between crystals and the spaces separating the crystals agglomerates
[16]. Since HA’s inherent porosity is within the micrometric size, the
macroporosity needed for cell colonization has to be extrinsically
introduced during processing of the materials. The methodologies more
commonly used for this purpose are casting processes (using a mold or
impregnating a sacrificial macroporous template) [17,18], usage of
sacrificial crystals or microspheres [12,19-21], foaming processes using
surfactant agents (to entrap air within a matrix) [22-25] or a combi-
nation thereof [26]. These methodologies are simple, quick and do not
require specialized equipment. However, they provide irregular pores
and potentially insufficient interconnectivity [3]. Higher control over
the spatial distribution of the pores can be achieved with additive
manufacturing after optimizing the resolution to produce adequate
pores [3,27-30].

The use of silk-based materials in combination with hydroxyapatite
has been exploited using silk from Bombyx mori as a template to
incorporate macroporosity [31]. However, in those studies the silk was
burnt during sintering, and therefore the potential positive effects of silk
for cell interactions were not exploited [32]. An emerging alternative is
the use of recombinantly produced silk as biomaterial for biomedical
applications [33] since it has been shown to be cytocompatible [34-37]
and biocompatible [38]. Moreover, silk proteins have the inherent
ability to self-assemble under physiological-like conditions [37,39] and
can be transformed into several different macroscopic structures, e.g.
film, fibers and foam [34]. In particular, FN-silk, a partial spider silk
protein functionalized with the cell binding motif RGD presented on a
looped structure derived from the human ECM protein fibronectin, has
been shown to markedly increase cellular attachment, spreading, pro-
liferation and migration compared to silk without cell binding motifs
[35,36]. Previous studies have also explored the incorporation of
RGD-motifs into CPCs, evidencing an improvement in cell behavior in
terms of cell spreading, proliferation and upregulation of osteogenic
related genes. Usually, the incorporation of RGD is achieved through
prior functionalization to covalently link the RGD to a template such as
chitosan that is later used as a liquid carrier in the CPC formulation
[40-42]. In other approaches, RGD has been incorporated as a powder
directly onto the CPC or as impregnating solution, demonstrating
enhanced mesenchymal stem cells differentiation [43] and bone for-
mation in vivo [44], although lacking macroporosity. Despite the pre-
vious studies on the incorporation of cell binding motifs into CPCs, the
combination of FN-silk containing RGD as both macroporous template
and biofunctionalization molecule into CDHA-based CPCs has not yet
been reported.

The aim of this work was to evaluate the capacity of FN-silk to
introduce macroporosity to HA and determine the influence of the FN-
silk on cell response. Macroporous silk-HA scaffolds (Macro Silk-HA)
were fabricated and compared to macroporous HA obtained with the
synthetic non-ionic soluble surfactant polysorbate 80 (Macro HA). For
both scaffold types, the resulting total porosity was assessed both in
terms of the foaming agent concentration and the addition of an accel-
erant (sodium hydrogen phosphate). As control, a dense HA was used.
MSCs were cultured on the scaffolds, and initial cell adhesion was
analyzed, followed by evaluation of cell proliferation, differentiation
and migration along the 21 days of culture.
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2. Experimental section
2.1. Preparation of alpha-TCP (a-TCP)

Alpha-tricalcium phosphate (a-TCP, a-Ca3(PO4)2) was produced by
mixing calcium hydrogen phosphate (CaHPO,4, Sigma C7263, ref. n.
MKCC6144) and calcium carbonate (CaCO3;, ACROS Organics, ref. n.
423515000) at a 2:1 M ratio. The mixture was heated on a zirconia setter
plate for 15 h at 1400 °C in a furnace (Entech MF 4/16) followed by
quenching in air, as previously reported [7].

The a-TCP obtained (100 g) was milled for 15 min at 300 rpm in a
planetary ball mill (PM400, Retsch, Germany) using a zirconia bowl and
100 zirconia balls (@ = 5 mm). After milling, «-TCP was supplemented
with 2 wt % hydroxyapatite (HA, Merck, Darmstadt, Germany) to act as
a seed. In addition, 2.5 wt % NayHPO4-2H50 (NaP, Sigma-Aldrich, ref. n.
71643) was added to the powder phase (solid phase, SP), and ended up
in the solid phase of calcium phosphate cements (CPCs). NaP acts as a
common ion accelerating the precipitation and formation of calcium
deficient hydroxyapatite (CDHA), and was added to the powder phase of
the cement (instead of the liquid phase) to avoid influencing the foam-
ability of the liquid phase.

2.2. Silk protein

The recombinant FN-silk protein, a partial dragline silk major
ampullate Spidroin 1 (MaSp1) functionalized with an RGD motif from
human fibronectin [36], was kindly provided by Spiber Technologies
AB. The protein is produced in E. coli, purified using chromatographic
methods [39,45] to lipopolysaccharide (LPS) levels below 150 EU/mL,
and subjected to sterile filtration before storage at —20 °C.

2.3. Preparation of calcium phosphate foams (macroporous) and calcium
phosphate cements (dense)

Two types of macroporous HA, one containing silk protein (Macro
Silk-HA) and the other one prepared with a soluble non-ionic surfactant
(Macro HA), were made by mixing a-TCP powder with a liquid phase
containing the foaming agent. In addition, an unfoamed CPC was pre-
pared mixing o-TCP powder with plain MilliQ water as liquid phase
(Dense HA). A liquid-to-powder ratio of 0.65 mL/g was used for the
three materials developed.

The liquid phase (LP) of the macroporous HAs contained either 2
mg/mL FN-silk in phosphate buffered saline (PBS, Sigma Aldrich) or
0.05-0.75 w/v % polysorbate 80 (PS80, Tween 80TM, Sigma-Aldrich,
ref. n. P1754) in MilliQ water. Three mL of the liquid phase were
placed in a 30 mL beaker and foamed with a handheld milk frother
(IKEA, ref. n. 503.011.66). For the FN-silk solution, the liquid phase was
first whipped for 5-7 s to create a foam, and then the powder was added
in three steps, each followed by 3-5 s of further whipping. The silk
protein concentration and the foaming procedure were previously
optimized for the Macro Silk-HA (Fig. A2). For the macroporous samples
prepared with PS, the solid phase was added to the liquid phase and the
mixture was whipped for 30 s in a single step. The final compositions
selected for the solid and liquid phase as well as the mixing method used
are summarized in Table 1.

The cement pastes were carefully transferred into silicon molds (@ =
12 mm, h = 1 mm) and left for setting in saturated humidity at 37 °C
overnight (i.e. 16 h). Afterwards, the set samples were immersed in PBS
for 10 days for full reaction into calcium deficient hydroxyapatite (HA).
The procedure to foam the liquid phase, prepare and set the cements is
schematically depicted in Fig. 1. The set HA samples were named ac-
cording to their porosity and presence of silk. Therefore, Macro Silk-HA
refers to the cement foamed with silk, Macro HA refers to the cement
foamed with PS80, and Dense HA refers to the cement manually mixed.
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Table 1

Sample composition and mixing method. The liquid-to-powder ratio was 0.65
mL/g for all samples (a-TCP: a-tricalcium phosphate; NaP: Na,HPO,4 added in
the solid phase; PS80: polysorbate 80 added in the liquid phase, PBS: phosphate
buffer solution).

Sample Solid phase Liquid phase Method to mix and foam the
cement paste
Macro o-TCP+ 2 wt%  2mg/mlsilkin  Liquid phase foamed first (5-7 s)
Silk- HA+ 2.5 wt% PBS and solid phase added in 3 steps
HA NaP? (mixed/foamed for 3-5 s in each
step)
Macro 0.1 wt/v% PS Solid phase and liquid phase
HA in MilliQ water ~ mixed/foamed simultaneously for
(PS80)" 30 s (1 step)
Dense MilliQ water Manually mixed with a spatula
HA

? Different concentrations of NaP and PS80 were tested in initial optimization
experiments.

2.4. Physico-chemical characterizations

The crystalline phases present in the HA scaffolds were analyzed by
X-ray diffraction (XRD) using a D8 Twin-Twin diffractometer equipped
with a Bragg-Brentano geometry and CuKa radiation. The analysis was
performed between 10 and 50°, with a time per step of 96 s, a step size of
0.014°, voltage 40 kV and intensity 40 mA when rotating the sample at
80 rpm. The samples were compared to standards of a-TCP and HA
(JCPDS 04-010-4348 and 01-074-0565, respectively). Profex (http://
profex.doebelin.org) [46] in combination with BGMN (http://www.
bgmn.de) [47,48] were used to quantitatively analyze the powder
XRD data by Rietveld refinement. For this purpose, structural models for
a-TCP (ICSD No. 923) and HA (ICSD No. 151414) from the Inorganic
Crystal Structure Database (ICSD) were used [49]. Good structure re-
finements were achieved by varying the scale factor, background co-
efficients and unit-cell axes (a = b and c).

To determine the total porosity of the samples, micro-computed to-
mography pPCT (Skyscan 1072, Bruker, Kontich, Belgium) was per-
formed using triplicates. Specimens were scanned using a source voltage
of 100 kV, a current of 100 pA, a 5 mm aluminum + cupper filter, and an
isotropic pixel size of 6.79 pm. Three-D reconstructions and calculations
were performed using software package NRecon and CTAN (SkyScan,
Bruker, Kontich, Belgium), respectively. The pore entrance size distri-
bution was measured by mercury intrusion porosimetry (MIP, Autopore
IV 9500, Micromeritics, USA) using 7 samples in the holder in a single
measurement. The mercury intrusion-extrusion curves were recorded
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from 0.5 to 30,000 psia.

The morphological features of each sample were analyzed by scan-
ning electron microscopy (SEM). Prior to visualization, a thin layer of
gold/palladium of approximately 5 nm was sputtered on the sample
surface. For the optimization part (evaluation of the effect of both NaP
and PS80 concentrations), a tabletop SEM (Hitachi TM4000) was used,
whereas a Field Emission SEM (FE-SEM, Merlin Zeiss, Germany) was
employed to analyze the final specimens.

2.5. Biological characterization, cell culture

Bone marrow derived mouse (C57BL/6) mesenchymal stem cells
(mMSC, Gibco, ref. n. S1502-100) were expanded in Dulbecco’s Modi-
fied Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM F-12 Ham)
(Gibco, ref. n. 11330-057) with 10% mesenchymal stem cell certified
FBS (Gibco, ref. n. 12662-029), 1% penicillin-streptomycin and 15 mM
HEPES buffer. Medium was changed every second day.

Prior to cell seeding, the scaffolds were sterilized in 70% ethanol for
3 h and then extensively washed 3 x 15 min in excess of PBS at room
temperature (RT) [50]. Afterwards, each scaffold was pre-incubated in
3 mL of complete cell culture medium for 3 days at 37 °C with 5% CO4
and 95% humidity to avoid ionic changes in the media due to the CPC
reactive nature prior to seeding.

mMSCs at passage 9 were harvested at 70% confluency and seeded in
five replicates onto the scaffolds at 40,000 cells/cm? in 1 mL culture
medium. Cells were allowed to adhere for 3 h in the incubator, or left in
culture for 1, 4, 7, 14 or 21 days. The first week the cells were in culture
medium, and the last two weeks in differentiation medium, which was
cell culture medium supplemented with 50 pg/mL L-sodium ascorbate
(Sigma A-7631), 10 mM f-glycerophosphate (Sigma G-9422) and 50 pg/
mL dexamethasone (Sigma D-4902) [51]. Medium was changed every
day during the first week, and afterwards every second day.

Cellular adhesion, proliferation, differentiation and infiltration de-
gree were evaluated at culture day 1, 4, 7, 14 and 21.

2.6. Biological characterization, cell enumeration

Lactate dehydrogenase (LDH) assay was used to evaluate cell growth.
This assay is a mean of indirectly measuring the number of viable cells
present in a culture via total cytoplasmic LDH. Prior to performing LDH
analysis, scaffolds were washed three times with PBS to remove any
dead cells or cell debris, and the cells remaining on or inside the scaffold
were lysed according to instructions provided in the LDH kit (TOX7,
Sigma-Aldrich). To ensure proper cell detachment from the scaffold, the

o-TCP
=
X2
2mg sﬂk/mL
PBS
j Macro Silk-HA
In humidity, 37°C
a-TCP
s {= i = -
Macro HA
—_— - 9 days %1
0.1 wt/v% PS Overnight
mny Dense HA
a-TCP =
H,0

Fig. 1. Schematic showing the preparation steps for Macro Silk-HA, Macro HA and Dense HA (PBS: phosphate buffer solution; o -TCP: a-Caz(PO4)2; PS: polysorbate

80, H,0: MilliQ distilled water).
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Fig. 2. Porosity measured by p-CT of Macro Silk-HA (2 mg/mL), Macrco HA
(0.05, 0.10 and 0.25 w/v% PS80) and dense HA. The presence (w) or absence
(wo) of 2.5 wt% NaP is indicated. * indicates statistically significant differences
between groups while # displays statistical differences compared to Dense HA.

lysates were harshly pipetted onto the scaffolds before centrifugation at
500xg for 5 min.

After cell lysis, the LDH assay was performed as per manufacturer’s
instructions. Briefly, 40 pL of the cell lysates were added in triplicates to
a 96-well plate (Greiner #655161). Next, 80 pL of an assay mixture
containing equal parts of substrate, cofactor and dye reagents from the
kit was then added to each well. The plate was allowed to incubate in
darkness at RT for 20 min, and then the reaction was stopped by adding
10 v/v % 1 N HCl. OD490 was measured in a CLARIOStar (BMG Labtech,
Germany) with OD690 used as reference wavelength. The resulting OD
values were transformed to cell number using a 1:5 dilution series of 7
standard points (range 64 cells —10° cells) to construct a standard curve
through four-parameter fit (GraphPad Prism 8).

2.7. Biological characterization, osteogenic cell differentiation

Alkaline phosphatase (ALP) activity was analyzed to evaluate the
osteogenic differentiation of mMSCs cultured on the scaffolds. To assess
the ALP activity, the substrate p-nitrophenyl phosphate (pNPP, Sigma-
Aldrich 71768) at 4 mg/mL was mixed with 1.5 M alkaline buffer
(Sigma-Aldrich A9226) and added to the cell lysates (same ones as used
for LDH assay) in triplicates. OD410 was measured once every minute
for 30 min using a CLARIOStar reader. OD410 values were converted to
product concentration using the adsorption coefficient of p-nitrophenol.
Thereafter, the ALP activity level was calculated by the slope of the
concentration plot, and finally the activity level was normalized by the
total number of cells (Fig. A5).

2.8. Biological characterization, cell attachment and morphology by
fluorescence microscopy analysis

Single scaffolds were selected for imaging after 3 h, 7, 14 and 21 days
of culture. Prior to fixation, the scaffolds were washed twice with pre-
warmed PBS to remove any dead cells or cell debris. Cells were fixed
with 4% paraformaldehyde (PFA) for 15 min at RT, and the scaffolds
were stored in PBS at 4 °C.

The fixed scaffolds were permeabilized in 0.2 w/v% Triton-100 for
3-5 min and blocked in 1 w/v% bovine serum albumin (BSA) in PBS for
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20 min. Afterwards, the scaffolds were stained for F-actin using
Phalloidin-AlexaFluor488 or AlexaFluor546 (Invitrogen, ref. n. A11034
and A11003) diluted in 1:40 PBS with 1 w/v % BSA, for 60 min in
darkness. Finally, DAPI 1:1000 in PBS was used for nuclear staining and
the stained scaffolds were stored in PBS at 4 °C.

Imaging was performed using an inverted fluorescence microscope
(Nikon Eclipse Ti, Nikon, Netherlands). The filters “UV”, “GFP” and
“Texas Red” (Nikon) were used to capture the fluorescence by DAPI,
AlexaFluor488 and AlexaFluor546, respectively. Micrographs were
captured using a Zyla 5.5 sCMOS camera (Andor, Oxford Instruments,
UK) and the NIS-elements BR software (Nikon).

2.9. Biological characterization, infiltration and migration measurements

After fluorescence imaging, the scaffolds were soaked in 20% sucrose
overnight to prevent cryodamage, and then embedded in an optimal
cutting temperature compound (OCT, Cellpath™, KMA-0100-00A, UK)
at —20 °C. Using a cryostat (Leica CM3050S), 25 pm thick cross sections
were collected on SuperFrost Plus microscope glasses (Thermo Scienti-
fic, ref. n. JI800AMNZ), and stored dark at RT. The sectioning was
performed along the length of the cross section to avoid smearing of cells
from the scaffold top surface towards the inner parts. Imaging was
performed using an inverted fluorescence microscope as described
above.

Cellular infiltration and migration into the scaffolds were assessed by
measuring the distance from the scaffold surface (seeded side) to the
position of individual cells, using the manual measurement tool in NIS
elements (Nikon). For each scaffold, three sections were evaluated with
at least 10 points of measurements. The measurement points were set to
be evenly spread along the length of the section and, at each point, the
cell that had migrated the most was selected for measurement, alto-
gether yielding a measure of the infiltration degree. To be able to esti-
mate the total migrated distance of the cells during the 3 weeks culture
period, the distance to the scaffold surface at 3 h was subtracted from the
distance at day 21, and referred to as migration distance.

2.10. Biological characterization, cell morphology by SEM

The previously fixed and stained samples were further imaged by
SEM, using scaffolds cultured for 3 h, 7 and 21 days. The scaffolds with
cells were dehydrated in increasing ethanol series (10, 30, 50, 70, 90%
and absolute ethanol) for 15 min each, and finally allowed to dry inside
a fume hood. Dehydrated samples were sputtered with a gold-palladium
layer of approximately 5-7 nm to impart conductivity, and imaged by
SEM (FE-SEM, Merlin Zeiss, Germany), at 3 kV acceleration voltage.

2.11. Statistical analysis

For all experiments, three independent experiments using triplicates
were performed. The results are presented as mean + standard deviation
of three independent experiments. Statistical analysis was performed
using Minitab version 18. The data was evaluated by one-way analysis of
variance (ANOVA), two-sided, at a significance level of a = 0.05. Post-
hoc Tukey test was performed to investigate differences between
groups. A Levene’s test was used to assess homogeneity of variances
between groups. When significant, Welch’s ANOVA, with post-hoc
Games-Howell test was used to assess differences between groups. P-
values < 0.05 were considered statistically significant.

3. Results

First, the initial reagents were evaluated. The alpha-tricalcium
phosphate («-TCP) powder was characterized, confirming composition
and particle size (Fig. A1), and the effect of the two foaming agents (silk
and polysorbate) on foamability and foam stability was investigated
(Fig. A2). Afterwards, the composition of the macroporous cements was
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optimized to yield two types of macroporous HA (with and without silk)
with similar levels of total porosity. When these were established,
mMSCs were cultured on the optimized scaffolds to evaluate their pro-
liferation, differentiation and migration.

3.1. Optimization of macroporous calcium phosphate cements

An initial study with three concentrations of silk protein (1.5, 2 and
3 mg/mL) indicated that while the total porosity slightly increased with
a higher concentration of silk, the results were not significantly different
(Fig. A3a). Therefore, the intermediate concentration of 2 mg/mL was
selected to reduce the amount of recombinant protein needed by a third.
Thereafter, the effect of foaming time and method to flatten the samples
in the mold was evaluated. In order to maximize the total porosity, a
procedure with a short foaming time followed by tapping the mold
containing the samples (without use of a spatula) was chosen (Fig. A3b).
This procedure (with intermediate silk concentration, short foaming and
tapping) was used for the rest of the study.

The possible effect of the surfactant polysorbate (PS80) in combi-
nation with the accelerant NaHPO4-2H50 (NaP) on the porosity of the
samples was evaluated by microcomputed tomography (uCT). Without
NaP, the porosity only increased slightly when augmenting the PS80,
reaching a total porosity of 9.8 + 5.0% with a PS80 of 0.25 w/v%.
However, with presence of NaP a statistically significant increase in total
porosity was observed by augmenting the concentration from 0.05 to
0.10% (p = 0.0005) and from 0.10 to 0.25% (p = 0.0005), reaching a
total porosity of 68.6 + 2.3% for a PS80 of 0.25 w/v%. In contrast, the
presence of NaP only slightly increased the already rather high (30.6 +
5.0%) total porosity of Macro Silk-HA samples, resulting in a total
porosity of 38.0 + 0.7% (Fig. 2). Thus, further physico-chemical char-
acterization and biological studies were performed with macroporous
HA containing PS80 of 0.1 w/v% together with NaP, since that yielded
macroporosity levels similar to those of Macro Silk-HA with NaP (35.0
+ 3.6% for Macro HA, and 38.0 + 0.7% for Macro Silk-HA). Both
macroporous samples containing NaP had a significant higher total
porosity than Dense HA (p < 0.005 for both Macro Silk-HA and Macro
HA).

From now onwards, the physico-chemical and biological properties
were investigated on optimized compositions consisting of: Macro Silk-
HA prepared with 2 mg/mL FN-silk, Macro HA prepared with 0.1 w/v%
PS80, and Dense HA, all three compositions containing 2.5 wt% NaP.
The effects of NaP addition when using PS80 (0.1 w/v%) or silk (2 mg/
mL) were then analyzed by scanning electron microscopy (SEM),
depicting an increase on the porosity for both Macro HA and Macro Silk-
HA, this being most evident for the former one (Fig. 3). The presence of
NaP substantially increased superficial pore sizes (Fig. 3a, c), whereas

Macro Silk-HA
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the effects were less obvious when looking at cross-sections (Fig. 3f, h).
Dense HA showed a compact structure both at the surface and in the bulk
(Fig. 3e, j).

3.2. Physico-chemical characterization

Crystalline phase analysis performed by X-ray diffraction (XRD) and
quantified by Rietveld refinement revealed that the a-TCP had almost
completely transformed into CDHA in the three sample types, with a
range between 93 and 97% (Fig. A4 and Table A.2). The addition of
PS80 and silk seemed to slightly enhance the CDHA transformation,
most pronounced in the Macro-silk-HA.

The interconnected porosity of the three optimized materials was
analyzed by mercury intrusion porosimetry (MIP), which determines the
pore entrance size diameter (PESD). The types of pores observed were
grouped in three ranges: i) intercrystals’ porosity, pores caused by the
distance between crystals (0.006-0.6 pm); ii) interaggregates’ porosity,
pores related to the distance between agglomerates of crystals (0.6-4.1
pm); and iii) extrinsic porosity, introduced by foaming (4.1-360 pm).
The MIP results are shown in Fig. 4a as a distribution of pores, which
were further quantified according to pore ranges in Fig. 4b. The wide
PESD band visualized within the submicrometer range accounted for
~15% for both Silk Macro-HA and Macro HA, and almost 20% for Dense
HA. Within the 0.6-4.1 pm range, a prominent peak was found for all
materials, where Dense HA had the highest amount of pores (27.6%),
followed by Macro HA (20.7%) and Macro Silk-HA (14.9%). No more
significant peaks were detected for Dense HA and its total porosity at
PESD higher than 4.1 pm accounted for only a 5.6%. Both macroporous
HAs displayed a peak of extrinsic porosity between 4.5 and 12 pm,
Macro Silk-HA (5.4%) having a slightly higher quantity of these pore
sizes compared to Macro HA (4.0%). Still within the range of extrinsic
porosity, Macro HA showed a large peak between 12 and 115 pm
(16.0%) and a smaller one between 141 and 303 pm (3.1%). In the case
of Macro Silk-HA, two small peaks were detected within 45 and 74 pm
(0.9%) and within 80 and 140 pm (1.8%). In total, the extrinsic porosity
measured by MIP accounted for 11.8% in Macro Silk-HA and 24.3% in
Macro HA (Figure 4).

The structure of the porosity was further analyzed by SEM. The
surface images showed that Macro Silk-HA (Fig. 5a) had a larger
quantity of pores, which were more heterogeneous in size and generally
smaller than in Macro HA (Fig. 5b). Similarly, on the cross-section, the
Macro Silk-HA (Fig. 5d) showed smaller pores and the pore in-
terconnections were also smaller than for Macro HA (Fig. 5e). Dense HA
did not display any macropores, neither on the surface nor on the cross-
section (Fig. 5c and f). Looking at the cross-section at a higher magni-
fication, a plate-like structure of small plates was observed for Macro HA

Macro HA Dense HA

with Na \

Surface

Cross-section

with NaP

with NaP

Fig. 3. SEM images of the surface and cross-section of Macro Silk-HA (2 mg/mL FN-silk) and Macro HA (0.1 w/v% PS80), which were prepared in the presence
(with) and absence (w/0) of 2.5 wt% NaP, and Dense HA (with 2.5 wt% NaP). Micrographs were taken with a SEM equipment Hitachi TM4000. Scale bar 100 pm.
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Fig. 4. Pore entrance size analyzed by MIP displayed as MIP pore entry size distribution (PESD) (a) and percentage of interconnected porosity within the inter-
crystal’s, interaggregates’ and extrinsic porosity range (b).

Macro Silk-HA Macro HA Dense HA

Surface

Cross-section

Fig. 5. Morphological characterization of the optimized samples by SEM. Micrographies were taken with a Field Emission SEM both at the surface and cross-sections
of Macro Silk-HA (a, d, g), Macro HA (b, e, h) and Dense HA (c, f, i). The white arrows point to the silk. Scale bars (a—f): 100 pm and (g-i and two insert images in a
and g): 2 pm.

and Macro Silk-HA (Fig. 5g and h), whereas Dense HA displayed a (Fig. 5a and g insets, white arrows).
needle like structure (Fig. 5i). At high magnifications, the silk was
clearly observed, both at the surface and at cross-sections of the material
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3.3. Biological characterization

The biocompatibility and osteoconductive properties of the HA-
scaffolds were evaluated by the analysis of attachment, proliferation,
differentiation and migration of bone marrow derived mouse mesen-
chymal stem cells (mMSCs) initially seeded on the scaffold surface.

3.3.1. Initial cell attachment and morphology

Inverted fluorescence microscopy analysis showed that, already after
3 h, a high number of mMSCs had attached and started to spread on the
top surface of the scaffolds (Fig. 6a). At this initial stage, the cell area
gives an indication of how far the attachment process has proceeded: the
larger the cell, the better the attachment. Cells seeded on Macro HA
(both with and without silk) appeared larger than cells on the Dense-HA
at this early time point (Fig. 6a). However, cells quickly increased in
number and achieved a more elongated shape during culture on all
scaffold types (Fig. A6).

3.3.2. Cell growth

A lactate dehydrogenase (LDH) activity assay was used to quantify
the number of cells populating the scaffolds at five different time points
during the 3 weeks culture period, enabling comparison of growth
profiles for cells in the different scaffold types. The mMSCs showed a
clear expansion phase during the first week of culture on all three

a Macro Silk-HA

3h post seeding

O

*

Number of cells x 10*

7
Days

14

Macro HA

ALP activity
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scaffold types (Fig. 6b), which during the second and third week flat-
tened out as the cells became more confluent. The cells initially grew
faster on the Macro HA, but the advantage over the Macro Silk-HA
decreased over time. From day 14, equal number of cells were detec-
ted in the two porous scaffold types. This growth pattern was supported
by analysis of top view stainings of the scaffolds taken at different time
points during the culture (Fig. A6). From 7 days of cell culture, the cell
layer observed on Macro Silk-HA had most prominent actin filaments,
indicating good attachment. Three weeks after seeding, an almost
completely confluent mat of cells was observed on the surface of all
scaffold types (Fig. A6 and A.7).

3.3.3. Osteogenic differentiation

Different markers for osteogenic activity can be used to verify that
cells mature and differentiate into bone. Alkaline phosphatase (ALP) is
expressed early in the differentiation process of osteoblasts [52], and
high levels have been identified as a robust in vitro marker for bone
formation of bone marrow stromal cells [53]. Therefore, an ALP activity
assay was used to evaluate the potential of the HA materials to support
osteogenic differentiation of the mMSCs.

During the first week of culture, when the cells were cultured in
regular growth medium, very low activity of ALP was detected in cell
lysates from the three scaffold types. At 7 days after seeding, i.e. upon
addition of osteogenic factors to the medium, the ALP-activity had

Dense HA

A 2

% 200

o

(&)

o, 150
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Days

@22 Macro Sik-HA B8 Macro HA [l Dense HA

Fig. 6. Biological characterization of the HA-scaffolds. Top view of the scaffolds showing cell morphology and attachment of mMSCs stained with DAPI (blue) and
phalloidin (green) at 3 h post seeding on Macro Silk-HA (left), Macro HA (middle) and Dense HA (right panel) (a). Scale bar 100 pm. Number of viable cells detected
with LDH activity assay (b), and ALP activity as a measure of osteogenic differentiation of mMSCs at indicated time points during 3 weeks culture in Macro Silk-HA,
Macro HA and Dense HA scaffolds (c). Statistically significant differences over time (compared to day 1) are indicted by an asterisk (*) at the designated time point.
Differences between materials at a given time point are instead indicated by a hash (#). p-values < 0.05 were considered statistically significant. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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begun to increase for all scaffold types (Fig. 6¢). This shows that the cells
had started to differentiate into osteoblasts after an initial growth
period. A significantly higher level of ALP activity was observed for
Macro HA between 4 and 14 days compared to the other two scaffold
types (p < 0.005 at day 4 and day 7, and p < 0.05 at day 14). However,
the ALP-activity increased continuously for all samples during the entire
culture period, and at day 21, no significant differences were observed
between the groups, indicating that all of them supported osteogenic
differentiation of mMSCs.

3.3.4. Cell migration behavior

Migration of mMSCs into the scaffolds was assessed by determining
their infiltration distance from the scaffold surface to the interior at
selected time points (Fig. 7). This analysis showed that the migration
behavior was markedly different between the three scaffold variants
(Fig. 7a). Notably, the cells seeded on the Macro HA had a starting po-
sition about three times more distant from the surface than cells on the
Macro Silk-HA, but the infiltration distance barely doubled during the 3
weeks period. In contrast, the Macro Silk-HA showed a consistently
increasing infiltration distance during the entire culture period (Fig. 7a).
At the end point (day 21), the cells had migrated significantly further
into the Macro Silk-HA scaffolds than into the two other scaffold types
(p < 0.01). Moreover, when comparing the infiltration distance at day
21 with the position at 3 h, there was a significant difference for Macro
Silk-HA (p < 0.05), neither found for Macro HA nor for Dense HA
(Fig. 7a). Finally, when calculating the total migration over 3 weeks
(mean infiltration distance at 3 h withdrawn from the mean infiltration
distance at day 21), this was significantly higher for Macro Silk-HA
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compared to the other two scaffolds types (Fig. 7b, p < 0.05). Micro-
graphs from day 21 showing cross sections of the scaffolds with cells at
marked infiltration distances confirm this difference in migration
behavior (Fig. 7c).

3.3.5. Cell-material interactions

The interaction between the cells and the materials was closely
investigated by SEM analyses. Top view SEM micrographs confirmed a
close interaction between the mMSCs and the microstructure of the HA
scaffolds, with elongated protrusions from the mMSCs toward the
crystals of the material surface, structures typical for established
attachment or migration of cells (Fig. 8 and A6). Fluorescence micro-
graphs indicate that cells grown on silk scaffolds exhibited a longer and
more stretched out morphology than cells grown on the other scaffold
formats at 1 and 3 weeks after seeding (Fig. A6).

4. Discussion

The use of composite scaffolds has been widely studied, where the
mineral phase provides strength and the organic protein phase increases
the materials’ cytocompatibility [54]. However, to provide an envi-
ronment that stimulates cell infiltration, a combination of adequate
porosity and physico-chemical properties is required [11].

In this work, macroporous biomimetic hydroxyapatite (HA) was
developed by foaming a cement paste using two different foaming
agents — a recombinant functionalized silk protein (FN-silk) and a syn-
thetic surfactant (polysorbate 80). A silk protein concentration of 2 mg/
mL foamed for a short time maximized the total porosity of the resulting

Fig. 7. Migration of mMSCs into HA scaffolds during
3 weeks culture. Cell infiltration relative to the top
surface in pm for Macro Silk-HA, Macro HA and
Dense HA (a). Migration distance, calculated by sub-
tracting the mean starting position (at 3 h) from then
mean final position (b). Fluorescence micrographs of
cross-sections of Macro Silk-HA, Macro HA and Dense
HA at 21 days where cells were stained with DAPI
(blue) and phalloidin (green) showing the infiltration
distance (white lines) from the top surface (c). Sta-
tistically significant differences over time are indicted
by an asterisk (*). Differences between materials at a
given time point are instead indicated by a hash (#)
p-values <0.05 or less were considered statistically
significant. Scale bars 100 pm. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 8. SEM images showing mMSCs (blue) attaching to the surface of the Macro Silk-HA scaffolds at 3 h (a), 7 days (b), and 21 days (c) after seeding. Scale bar 1 pm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Macro Silk HA material (Fig. A3a). Silk protein assembles into solid silk
structures when subjected to shear forces. However, a prolonged
whipping after silk structures have formed would only cause the solid
structures to be torn apart, causing aggregation and collapse of the foam.
To mildly flatten the paste, without the use of a spatula, was also
important to avoid disrupting the entrapped bubbles and therefore
maintain the macroporosity (Fig. A3b).

Interestingly, the total porosity of Macro HA samples barely
increased when augmenting the concentration of PS80. The porosity of
Macro HA prepared with 0.25% PS80 was only 9.8 + 5.0% whereas
Macro Silk-HA resulted in samples with triple the amount of total
porosity. To reach similar levels of total porosity in the two macroporous
samples, the influence of NaP was investigated. While the total porosity
of Macro Silk-HA experienced an increase of less than 10% by the
addition of NaP, the corresponding increment was approximately 7-fold
for the samples prepared with 0.10 and 0.25% PS80 (Fig. 2). These
marked differences can probably be explained by the higher stability of
the silk foam compared to PS foam (Fig. A2). A stable foam has a better
ability to maintain the macroporous bubbles created in the cement foam
while transforming into HA. In contrast, a foam with lower stability, as
that obtained with PS80 foam, requires a faster cement setting process to
be able to retain the macroporous template along its transformation into
a solid material, which was achieved by adding NaP to the powder phase
of the cement.

The SEM-micrographs of Macro Silk-HA and Macro HA confirmed
that the samples containing NaP resulted in scaffolds with higher
porosity. The addition of NaP was particularly effective in creating an
open superficial porosity, which was associated to the intrinsic quicker
setting on the surface due to the additional evaporation effect, therefore
particularly potentiating the entrapment of pores within the matrix
(Fig. 3). The effect of NaP was more pronounced for the Macro HA than
for Macro Silk-HA, which again could be related to the stronger stability
of the silk foam (Fig. A2), thus being independent of a faster setting to
hold the porosity within the structure.

NaP has been widely used as an accelerant to enhance the setting
reaction of apatite cements [55,56]. The acceleration in the setting re-
action is due to the common-ion effect, which is caused by the addition
of a weak electrolyte (i.e. NaP) that has one ion in common with the
original compound (i.e. a-TCP) [55]. This leads to a decrease in solu-
bility, causing a faster precipitation to reach the solubility equilibrium.
Moreover, the faster setting reaction causing an increased total porosity
in Macro HA could also be associated with the increase of pH of the
liquid phase (2.5 wt% NaP in water leads to a pH of 9 [56]), which
decreases the solubility of the calcium phosphate products [57].

The porosity features of these materials are complex, since macro-
porosity introduced by foaming agents was superimposed to the intrinsic
microstructure found in biomimetic HA materials. For this reason, the
materials were characterized using two complementary techniques:
p-CT and MIP. p-CT provided information on both the open and closed
porosity of the samples, since it determines the quantity of volume
occupied by pores. However, it has to be taken into account that the

resolution of this technique is limited, and only pores larger than 6.79
pm are detected, and therefore the submicrometric pores are over-
looked. MIP was used to monitor the open or interconnected porosity in
the range between 6 nm and 360 pm, by quantifying the pore entrance
size diameter (PESD). Thus, rather than pore size this method de-
termines the pore interconnection size, and large cavities connected by
smaller necks are registered as porosity having the diameter of the necks
(bottle-neck effect). For this reason, MIP provides information of the real
accessibility of the pore network by cells as well as the diffusion of
nutrients and oxygen [58].

To interpret the MIP results (Fig. 4a), it is necessary to recall that the
HA obtained through a cementation reaction exhibits a highly porous
structure due to the entangled network of crystals formed during the
dissolution-precipitation process. Specifically, the intercrystal’s porosity
(<0.6 pm) is due to the voids present between the crystals, while the
interaggregates’s porosity (0.6—4 pm) is caused by the separation be-
tween the crystal aggregates nucleated surrounding the original a-TCP
particles. The range of both intercrystals’ and interaggregates porosity
was larger for the dense HA because this material has a larger volume of
dense structure, where these porosities are located (Fig. 4a). With regard
to the macroporous HA samples, the extrinsically added porosity was
found above 4 pm, thus offering pore openings large enough to allow cell
migration into a scaffold [8-11]. Although the porosity measured by
p-CT, which corresponds to the extrinsic microporosity introduced by
the foaming process, was similar between the two macroporous HA
samples (Fig. 2), the results obtained by MIP revealed that the degree of
interconnectivity of the macropores was larger for the Macro HA than
for the Macro Silk-HA. The smaller macropore entrance sizes of the
Macro Silk-HA can be associated to the higher stability of the silk foam.
In contrast, the lower stability of the PS80 foam could have caused the
coalescence of some bubbles, fusing them together and creating bigger
windows between pores of around 50 pm within the Macro HA structure
(Fig. 4). This correlates well with the bigger size of the windows
observed in the extrinsic porosity of Macro HA in comparison to Macro
Silk-HA, as also confirmed by the surface and cross-section images ob-
tained by SEM (Fig. 5). Another parameter that could contribute to the
smaller size of the pore interconnections of Macro Silk-HA revealed by
the MIP analysis could be the masking effect of silk on the pore entrances
of these samples (due to bottle-neck effect mentioned above) (Fig. 4),
since thin FN-silk sheets partly covered some of the extrinsically
generated pore entrances (Fig. 5 insets, white arrows).

Interestingly, the concordance between p-CT (Fig. 2) and MIP ana-
lyses (Fig. 4b, extrinsic porosity) was lower than in other studies [30].
This could be explained by a reduced interconnectivity of the macro-
pores, causing that MIP would allocate the volume of macropores to a
smaller pore entrance size if the pores interconnections were not big
enough. Since this effect was more clear for Macro Silk-HA (p-CT: 38.0%
vs. MIP: 11.8%) than for Macro HA (p-CT: 35.0% vs. MIP: 24.3%), it
could be hypothesized that the pore openings are narrowed by the
presence of silk.

Despite the differences in crystal morphology, pore size and pore
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entrance size distribution, the three scaffold types were chemically
similar after 10 days of setting. The crystalline phases of the final scaf-
folds corresponded to low crystalline CDHA, with small traces of
unreacted o-TCP accounting for less than 7% according to Rietveld
refinement analysis (Fig. A4 and Table A2).

MSCs were cultured on the surface of the HA scaffolds to evaluate
their adhesion, proliferation, differentiation and migration into the
scaffolds. The enhanced spreading of MSCs on the Macro-Silk HA
(Fig. 6a) could be related to the presence of the fibronectin-derived cell
binding motif RGD previously shown to stimulate adhesion, prolifera-
tion, survival and migration of cells [36]. The ability to enable a fast
adhesion is crucial in vivo, where recruited cells need to establish within
the newly introduced material as soon as possible to increase its
biocompatibility. MSCs are programmed to proliferate and migrate until
a shift in the machinery occurs, initiating the cell differentiation towards
the osteoblast phenotype [59]. This means that there is an opposite
relationship between cell division and migration on one side, and dif-
ferentiation on the other. Such a relationship was also reflected in the
current study. The cellular metabolism evaluated using a LDH assay
showed that the activity levels flattened out simultaneously with the
onset of ALP activity (Fig. 6b and c).

The MSCs showed a slightly different behavior on the two macro-
porous HA scaffolds in terms of proliferation, migration and ALP ac-
tivity. Macro HA yielded higher proliferation at early time points
(Fig. 6b), which could explain the higher ALP values from these samples
(Fig. 6¢). The higher cellular confluence at the surface could create an
environment where the MSCs were pushed into the osteogenic linage
[60], as herein observed at an earlier stage for the Macro HA, compared
to Silk Macro-HA. Noteworthy, both proliferation and ALP activity
(Fig. 6b and c) reached similarly high levels in both Macro-Silk HA and
Macro HA at the end stage of the culture. Importantly, cell migration on
Macro-Silk HA greatly increased after 7 days (Fig. 7a), contributing to
the increase in cell proliferation observed after 7 days. The ability of
FN-silk to support osteogenic differentiation of MSCs when integrated in
silk fibers was previously shown by alizarin Red staining [37]. Similarly,
previous approaches incorporating RGD-motifs sequences have shown
to increase the expression of osteogenic related genes [41], support
enhanced mineralization [42] and new bone formation in vivo [44] even
in the absence of macroporosity. In the current study, the combination of
silk with an osteoconductive material such as HA most likely masked
any enhancing osteogenic properties of the FN-silk protein.

Cell migration, which plays a critical role in scaffold-based bone
engineering, is known to be governed by biochemical stimuli and
cellular interactions, and is thus dependent on both substrate chemistry,
topography and presence of binding sites for cells. As observed in the
cross sections of the macroporous scaffolds (Fig. 5d and e), the surface-
exposed pores were larger in the Macro HA than in the Macro Silk-HA,
probably resulting in cells entering into the scaffold just by sedimenta-
tion. These differences in surface structure resulted in a somewhat
deeper starting position for the cells on the Macro HA (i.e. mean 200 pm
at 3 h after seeding), compared to Silk Macro-HA (mean 50 pm) (Fig. 7a).
The presence of FN-silk along the walls of the pores (Fig. 5 insets, white
arrows) probably contributed to an active movement of cells entering
the pore network of the Macro Silk HA scaffolds, which was herein
visualized as an increased infiltration of cells. This could explain why,
already at day 7, cells were found at similar depths, and at the endpoint
(day 21) cells had migrated much deeper in Macro-silk HA than in Macro
HA (Fig. 7), indicating a faster migratory pace due to the silk present
inside the scaffold (Fig. 5 insets, white arrows). This effect is even more
remarkable if we take into account that the interconnectivity as deter-
mined by MIP was smaller for the Macro-silk HA than for the Macro HA
scaffolds.

CPCs have been widely studied in the research community [61] and
new formulations and applications are constantly being evaluated [62,
63]. From a material properties perspective, the focus lies on over-
coming some of the current CPCs shortcomings, such as the low

Ceramics International 48 (2022) 31449-31460

degradation [64,65], poor injectability [30,66,67], and poor mechanical
performance [65]. The development of macroporous HA loaded with
silk is timely, since the porous structure will improve the degradation
rate of the material [30] and at the same time promote cell migration,
colonization and vascularization [30,37]. Moreover, the material has
potential to be injected [24] and the silk’s mechanical properties [68,
69] could have a reinforcing effect on the ceramic scaffold.

5. Conclusion

Tissue engineering has the potential to regenerate bone with the
support of synthetic scaffolds, which with a multiscale porosity can
promote both protein adhesion and cell migration. In the current study
we developed two types of macroporous HA by foaming the cement’s
liquid phase using either a recombinant FN-silk protein (Silk Macro-HA)
or polysorbate 80 (Macro HA). The materials, which had macropores
superimposed to the intrinsic microporosity of HA, yielded similar total
porosity if a cement setting accelerant (NagHPO4-2H50, NaP) was
added, which was especially important for Macro HA due to the lower
stability of the polysorbate foam compared to the silk one. Although the
resulting pore size entrances were larger for Macro HA than for Silk
Macro-HA, MSCs had an enhanced cell migration towards the interior of
the Silk Macro-HA scaffolds, likely due to the presence of cell binding
motifs. Proliferation and differentiation of MSCs were less predominant
on Silk Macro-HA at earlier stages but showed similar levels after two
weeks of culture. The macroporosity of the Silk Macro-HA is expected to
further enhance degradation and potential vascularization in vivo,
although this remains to be evaluated in future studies.
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