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ARTICLE INFO ABSTRACT
Keywords: Large bone defects are challenging to repair and novel implantable materials are needed to aid in their recon-
Composite struction. Research in the past years has proven the beneficial effect of porosity in an implant on osteogenesis in

Poly(trimethylene carbonate)
Nano-hydroxyapatite
Porosity

Osteogenic differentiation

vivo. Building on this research we report here on porous composites based on photo-crosslinked poly(tri-
methylene carbonate) and nano-hydroxyapatite. These composites were prepared by a temperature induced
phase separation of poly(trimethylene carbonate) macromers from solution in ethylene carbonate. By controlling
the ethylene carbonate content in viscous dispersions of nano-hydroxyapatite in poly(trimethylene carbonate)
macromer solutions, composites with 40 wt% nano-hydroxyapatite and 27 to 71% porosity were prepared. The
surface structure of these porous composites was affected by their porosity and their topography became
dominated by deep micro-pore channels with the majority of pore widths below 20 pm and rougher surfaces on
the nano-scale. The stiffness and toughness of the composites decreased with increasing porosity from 67 to 3.5
MPa and 263 to 2.2 N/mm?, respectively. In cell culture experiments, human bone marrow mesenchymal stem
cells proliferated well on the composites irrespective of their porosity. Furthermore, differentiation of the cells
was demonstrated by determination of ALP activity and calcium production. The extent of differentiation was
affected by the porosity of the films, offering a reduced mechanical incentive for osteogenic differentiation at
higher porosities with topographies likely offering a reduced possibility for cells to aggregate and to elongate into
morphologies favourable for osteogenic differentiation. This ultimately resulted in a 3-fold reduction of calcium
production of the differentiated cells on composites with 71% porosity compared to those on composites with
27% porosity.

1. Introduction for the porosity of an implant[1-6], which surface micro- and nano-
structure is efficacious[7-14], and how the mechanical properties

In recent years in vitro and in vivo research in bone tissue engineering [15-17] affect the osteogenicity and —integration of an implant. In
has increased the understanding of factors controlling the clinical practice several of these factors are interrelated and compromises are
outcome of reconstruction. It is known which size features are desired generally made, such as those between the mechanical properties and
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TCPS - tissue culture polystyrene; TMC — trimethylene carbonate; TMP — 1,1,1-tris(hydroxymethyl)propane; PTMC-MA - three-armed methacrylate end-group
functionalized poly(trimethylene carbonate); LowEC, MidEC, HighEC - resins containing 35, 60 or 80 vol% ethylene carbonate, respectively.
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the porosity[18,19].

A multitude of techniques has been developed for a controlled
modification of implant materials in order to obtain desired porosities,
mechanical properties or surface roughness. Among these, the formation
of composites is frequently explored for reinforcement and surface
roughening of polymeric systems or toughening of inorganic ones,
allowing for facile optimization by simple adjustment of the component
ratios[20-22]. Surface treatments are commonly applied to enhance
roughness of materials on the nano-scale, which in combination with a
microscale roughness, can improve cell adhesion and promote osteo-
genic differentiation[8,9,23]. Techniques that are regularly employed
include atmospheric plasma[24,25] or alkaline treatments[26]. When
carefully optimized, these treatments have the added benefit that me-
chanical properties and porosity remain unaffected. Similarly, coatings
such as collagen[27], gelatin/hydroxyapatite composites[28] or plasma
polymerized acrylamides[29] are applied to enhance cell adhesion or
differentiation. In recent works, alkaline phosphatase (ALP) coatings
were employed to initiate surface mineralization of implant materials
through the enzyme’s activity, therewith enhancing surface roughness
[30,31]. Porosity has generally been obtained by use of porogens such as
salts[32], sugars[33] or solvent crystals following temperature-induced
phase separation (TIPS)[34]. More recent progress in the formation of
porous implants has demonstrated that additive manufacturing tech-
niques allow for preparation of well-defined and interconnected poros-
ities[32,35] or that the combination of porogen leaching and additive
manufacturing allows for formation of structures with porosity on
different size scales[36,37]

The effect of porosity of implant materials on the clinical outcome of
bone reconstruction has been researched extensively. The porosity of the
implant material is essential for ingrowth of bone tissue and to allow for
vascularization[18,19,38-40]. Porosity can additionally improve de
novo bone ingrowth by enhancing the roughness of the implant,
increasing the local protein concentration and by improving nutritional
supply to the de novo bone that has grown into the implant[40-42]. The
mechanical properties of the implant are of functional importance in
bone restoration as adequate mechanical properties allow for the
implant to act as a temporary support structure. Moreover, the osteo-
genic differentiation of osteoprogenitor cells is enhanced on materials
with increasing stiffness[15,16,43]. Given the compromise between
porosity and mechanical properties, these factors need to be balanced
for effective restoration of a bony defect.

In previous work we reported on composite materials of photo-
crosslinked poly(trimethylene carbonate) (PTMC) and 40 wt% nano-
hydroxyapatite (nHA), prepared by additive manufacturing (stereo-
lithography). These materials have a completely interconnected,
designed porosity and high surface roughness due to enrichment of the
surface with nHA. They therefore allow for good cell proliferation and
differentiation on their surfaces in vitro, they enhance reconstruction of
calvarial defects in vivo in rabbits[35,44] and allow for orbital floor
restoration in sheep[45]. In other work we have used extrusion-based
additive manufacturing and a temperature induced phase separation
method to prepare photo-crosslinked PTMC/nHA composites with a
multi-scale porosity[37]. Ethylene carbonate (EC, melting point 36 °C)
was used to dissolve the photo-crosslinkable polymer phase and disperse
nHA at elevated temperatures. By controlled spatial deposition of the
resulting resin at reduced temperatures, 3D structures with a designed
porosity on the macro-scale (>300 pm) were prepared with entrapped
solvent crystals. These crystals were extracted after photo-crosslinking
of the PTMC/nHA matrix, resulting in an additional micro-scale
porosity (less than 20 pm) in the struts of the structure. The rationale
behind these structures is that the macro-scale porosity allows for tissue
infiltration following implantation, whereas the microporosity is too
small for infiltration and functions as conduit for waste removal and
nutrient supply.

The micro-scale porosity may have a profound effect on the surface
structure of the struts and on cell-material interaction, however. In this
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work we therefore use a 2D model of these composites possessing a
micro-scale porosity generated by TIPS. By varying the concentration of
EC in the resins of photo-crosslinkable PTMC and nHA, we are able to
adjust porosity, surface topography and mechanical properties of the
resulting composites while keeping the nHA content (40 wt%) more or
less constant. We furthermore show the effect of the porosity on calcium
release and protein adhesion as these factors may play an important role
in bone restoration[44,46,47] and the various porous composites are
subjected to adhesion, proliferation and osteogenic differentiation as-
says with human bone marrow mesenchymal stem cells (hBMSCs) as
indicators of cell-material interaction.

The fabrication method described here can be used to optimize
composite materials for bone tissue engineering as it allows for direct
attuning of the porosity and mechanical properties by only controlling
the solvent concentration and fabrication temperatures during com-
posite preparation.

2. Materials & methods
2.1. Materials

Hiuzhou ForYou Medical Devices Ltd. provided the trimethylene
carbonate (TMC) used. Tin(II) 2-ethylhexanoate (Sn(Oct)2), 1,1,1-tris
(hydroxymethyl)propane (TMP), hydroquinone (HQ), methacrylic an-
hydride, triethylamine, ethylene carbonate, formic acid (>95.5%), so-
dium hydrogen carbonate, ascorbic acid, glycerol-2-phosphate
(disodium salt hydrate), dexamethasone, phosphatase substrate, alka-
line buffer solution (1.5 M, pH 10.3), Live/Dead® staining reagents,
alizarin red staining (ARS, 40 mM) solution, bovine serum albumin and
a calcium colorimetric assay kit (MAK022) were acquired from Sigma
Aldrich. Omnirad TPO-L photo-initiator was obtained from IMG Resins
BV. Kuros Biosciences BV provided nHA in the form of a powder with
aggregates (@ = 15 pm) of needle-like hydroxyapatite crystals of 200 to
400 nm long and 20 to 50 nm wide.

Tris(hydroxymethyl) aminomethane hydrochloride salt (Tris-HCL, >
99%), diethanolamine and hexamethyldisilazane (HMDS) were ob-
tained from Carl Roth GmbH. Dulbecco’s modified eagle medium
(DMEM, low glucose, pyruvate) powder, minimum essential medium o
(a-MEM) and penicilin streptomycin (10,000 U/ml) were from Gibco.
SeraPlus serum was acquired from Milan Analytica AG. A Quick Start™
Bradford Protein Assay was from Bio-Rad. A CellTiter-Blue® assay was
acquired from Promega and a CyQuant™ cell proliferation assay kit was
used from Invitrogen. Nunc™ Thermanox™ coverslips were obtained
from Thermofisher.

Dichloromethane was from VWR International and was dried over
calcium hydride and subsequently distilled under a dry N5 atmosphere.
Other materials were used as received unless stated otherwise. Water
used for this work was either deionized (DI) water or ultrapure (UP)
water purified by a MilliQ® Reference system. Phosphate buffered saline
(PBS) used in this work was a 0.01 M phosphate buffer at pH 7.4.

2.2. Synthesis of photo-crosslinkable PTMC

Three-armed methacrylate end-group functionalized poly(tri-
methylene carbonate) (PTMC-MA) was synthesized as previously
described[48]. Briefly, a three-armed TMC oligomer was prepared by
ring-opening polymerization of TMC initiated by TMP using Sn(Oct)
(0.13 wt%) as a catalyst (molar ratio TMC/TMP = 96.2). The poly-
merization reaction was conducted for three days at 130 °C under Ny
atmosphere. Thereafter the oligomer was dissolved in dry dichloro-
methane under Nj. To this solution HQ at 0.1 wt% relative to TMC
oligomer, triethylamine (9 mol/mol TMC oligomer) and methacrylic
anhydride (9 mol/mol TMC oligomer) was subsequently added under
stirring to functionalize the oligomer with methacrylate end-groups. The
functionalization was left to proceed for 5 days at room temperature
under Ny atmosphere. The resulting solution was precipitated in ice-
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cooled methanol and the precipitate was additionally extracted in ice-
cooled methanol for 2 h. It was thereafter dried in vacuo at room tem-
perature until constant weight. The resulting macromer was analysed by
14 NMR (Bruker Ascend 400/Avance III 400 MHz NMR spectrometer) to
determine the molar mass and degree of functionalization as was
described previously[49]. Deuterated chloroform was used as a solvent
for 'H NMR.

2.3. Preparation of resins and composite films

Resins to produce porous composite films were prepared by adding
nHA and PTMC-MA into chloroform at a weight ratio of 0.67 (nHA/
PTMC-MA). The concentration of PTMC-MA was 0.1 g/ml. This mixture
was stirred overnight in the dark to dissolve the PTMC-MA. The resulting
dispersion was co-precipitated in ice-cooled methanol and the collected
precipitate was dried in vacuo until constant weight. After drying, the
precipitate was mixed with a calculated amount of EC at 50 °C for two
days in the dark. This mixture was sonicated at 50 °C for 30 min and HQ
at 0.1 wt% relative to PTMC-MA and Omnirad TPO-L at 5 wt% relative
to PTMC-MA were mixed-in directly after.

Three different concentrations of EC (35, 60 and 85 vol% of the total
resin composition) were used in order to prepare resins for the pro-
duction of films with 35, 60 and 85% porosity (LowEC, MidEC and
HighEC respectively). The final concentration of all components in these
three resins is depicted in table 1.

Porous composite films were prepared by casting resins at a thickness
of 0.5 mm on a heated glass plate. The glass plate was then cooled for 2 h
in a refrigerator or freezer to induce a phase separation. The casting and
cooling temperatures applied are given in table 2. As the concentration
of EC in the resins influenced the rate of EC crystallization and the size of
EC crystals, these temperatures were adjusted to control the cooling
rate. Films were then photo-crosslinked in a UV-crosslinking box at 365
nm and 11 mW/cm? under N, atmosphere for 30 min at room temper-
ature. The EC was thereafter extracted in deionized water for 24 h and
subsequently in a mixture of ethanol and propylene carbonate (1/1 v/v)
which was exchanged to pure ethanol stepwise. The films were subse-
quently dried under ambient conditions for 3 days. The thickness of the
dried films was between 0.30 and 0.45 mm.

2.4. Characterization of resins and porous composite films

Melting- and crystallization temperatures of the resins were deter-
mined by differential scanning calorimetry (DSC) using a Perkin Elmer
Pyris 1 differential scanning calorimeter. Samples (n = 3) were heated
from —45 to 75 °C under N, atmosphere using a heating rate of 5 °C/
minute. Subsequently the samples were kept at 75 °C for 30 min after
which they were cooled to —45 °C at a rate of 5 °C/minute. The samples
were kept at —45 °C for 30 min after which a second, identical heating
and cooling cycle was performed. The melting temperature of the resins
was determined as the peak temperature of the first heating cycle,
whereas the crystallization temperature was determined as the peak
temperature in the second cooling cycle.

The viscosity of the resins was determined by rheology on an Anton
Paar Physica MCR-201 rheometer equipped with PP25 measurement
probe with a 25 mm diameter. Measurements were performed at the

Table 1

Composition of resins used for this work.
Component Resins

LowEC MidEC HighEC

PTMC-MA (wt.%) 41.5 28.1 11.1
nHA (wt.%) 27.7 18.7 7.4
EC (wt.%) 28.7 51.8 81.0
Omnirad TPO-L (wt.%) 2.1 1.4 0.5
HQ (wt.%) 410 310 1-10
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Table 2
Temperatures applied for resin casting and for cooling.
Applied temperature Resins
LowEC MidEC HighEC
Casting (°C) 50 50 40
Cooling (°C) -25 4 4

casting temperatures of the resins and a measurement gap of 0.3 mm.
Preliminary experiments demonstrated the resins to be shear thinning
with a sharp drop in viscosity at shear rates from 0.01 to 10s~*. To avoid
reorientation of nHA particles and its possible aggregates causing fluc-
tuations in the measured viscosity, samples were equilibrated in the low
viscosity region of the resins by a pre-shear of 10 s~! for 5 min and were
thereafter equilibrated at 0.01 s~! for 2 min to match the initial mea-
surements conditions. The shear rate was thereafter increased from 0.01
to 100 s~! at 30 points per decade and 6 s in-between measuring points.

The surface and cross-sections of freeze-fractured films were visu-
alized using a Zeiss Merlin high resolution scanning electron microscope
(HR-SEM) equipped with a high efficiency scanning electron detector at
1.4 to 5 kV. Pore width was determined from the SEM images by ImageJ.
At least 300 randomly selected pores per film were analysed and for each
pore, widths were measured at 3 locations along its length. A Welch’s
two-tailed t-test was used to assess significant differences in the pore size
distributions, setting the minimum significance level to 0.1

The surface of the films was further characterized by atomic force
microscopy (AFM) using a Multi Mode atomic force microscope from
Veeco. Images were acquired at ambient conditions on dry, 1x1 cm?
samples in tapping mode at 1.01 Hz and a scan angle of 90°. The mean
roughness (R,, the average deviation of the sample surface height from
its mean height) as well as the root mean square roughness (Rq, the
standard deviation of the sample surface height, which is more sensitive
to large variations in sample surface height) were calculated as defined
in literature[50].

The nHA content of the composite films was determined by ther-
mogravimetric analysis (TGA) using a Perkin Elmer TGA 7. Samples (n
= 3) were heated under N; flow from 50 to 600 °C at a heating rate of
20 °C/minute. The nHA content was determined from the residual mass
of the sample at 600 °C.

To calculate the porosity of the composite films, samples (n = 3, ¢ =
6 mm) were die-cut from the films and their weight (mg) and thickness
was determined. The volumetric porosity (P) in % was thereafter
calculated using (1), where fprmc and fyga are the weight fractions of
PTMC and nHA respectively as was determined by TGA. The densities of
PTMC-MA (1.31 g/cm3) and nHA (3.162 g/cm3) are pprvc and ppHa
respectively and V; is the overall volume of the sample in cm® as was
determined from its diameter and thickness.

my
(frrmc™Pprac + Foria*Pua) Vs

P=1 *100% (€8]

The mechanical properties of the composite films were determined in
tensile tests on a Zwick Z020 tensile tester equipped with a 500 N load
cell. Film samples (at least n = 5) were die-cut into 100x5 mm? strips. An
initial grip-to-grip separation of 50 mm and a crosshead speed of 50
mm/minute were applied during sample elongation at ambient condi-
tions. Engineering stress—strain curves were obtained and the E-modulus
was determined between 0 and 2% strain. Furthermore, the yield point,
ultimate strength and ultimate strain were determined. Additionally, the
toughness was determined from the area under the stress—strain curves.

Calcium release from the porous composite films was determined
using square samples (n = 3) of 1x1 ecm?. These were incubated in an
acidic formic acid buffer containing 133 mM NaCl (pH = 4.5 + 0.05) at
37 °C for an accelerated release. At selected time points the release
medium was completely replaced by fresh medium. To determine the
calcium content in the removed medium, a calcium colorimetric assay
kit was used according to the supplier’s protocol. After treatment by the
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assay kit, calcium ion concentration was determined by absorbance at
560 nm.

Protein adsorption on the porous composite films was investigated
by incubation of film samples (n = 4, ¢ = 1.1 cm) in PBS containing 10%
(v/v) SeraPlus and 0.02% (w/v) sodium azide at 37 °C for 5 days.
Samples were thereafter washed with DI water and mixed with 0.05%
(v/v) Triton™ X-100 in UP water for 30 min at room temperature. The
resulting supernatant was diluted 5x with DI water to reduce the
Triton™ X-100 concentration to 0.01% (v/v). Subsequent analysis was
performed using a Quick Start™ Bradford Protein Assay according to the
supplier’s protocol. Protein concentration was quantified by absorbance
at 595 nm after treatment by the assay kit, using bovine serum albumin
as a reference to construct a standard curve of protein concentration
versus absorbance.

Absorbance was recorded on a Viktor® microplate reader of Perkin-
Elmer for calcium and protein assays.

2.5. Invitro culture and differentiation of hBMSCs

The hBMSCs used for this work were obtained from vertebral body
bone aspirates of two separate donors (undergoing spinal fusion; ob-
tained with informed consent and full ethical approval [KEK Bern 126/
03]) as described previously[44,51]. Before seeding, hBMSCs of both
donors were expanded separately in a-MEM medium containing 10% (v/
v) of SeraPlus.

Disk-shaped composite film samples covering the bottom of wells-
plates (96 wells, § = 6.4 mm) were used in cell culture experiments.
The film samples were sterilized using a cold ethylene oxide gas treat-
ment (pre-conditioning at 70% relative humidity overnight, followed by
vacuum for 3 h and subsequent application of an ethylene oxide/CO; gas
mixture containing 90% ethylene oxide for 6 h; all stages at 45 °C) and
were thereafter kept under vacuum for 5 days until use. Tissue culture
polystyrene (TCPS) and Thermanox™ coverslips were used as positive
controls in some experiments (24 wells, § = 16 mm were used for the
Thermanox™ coverslips). Before seeding the hBMSCs, a pre-incubation
of the samples and controls was performed overnight in full osteogenic
medium (OM) consisting of a solution of DMEM powder (1 g/ml), so-
dium hydrogen carbonate (4 mg/ml), penicilin streptomycin (1% [v/
v]), SeraPlus (10% [v/v]), ascorbic acid (50 pg/ml), dexamethasone (10
nM) and glycerol-2-phosphate (5 mM) in UP water.

Pre-incubation and the culture of cells of both donors in OM were
performed at 37 °C, 5% CO5 and 90% relative humidity. The cells of both
donors were seeded separately at a density of 21-10% cells/cm? unless
stated otherwise. Medium was exchanged twice per week.

An adhesion assay of hBMSCs on film samples (n = 3) was performed
by seeding hBMSCs at a density of 135-10° cells/cm? in 30 pl of OM.
Samples were then incubated for 15, 30 and 60 min under cell culture
conditions without further addition of medium. The cells were there-
after lysed by incubation at 4 °C for 2.5 h in cell lysis buffer consisting of
Triton™ X-100 at 0.1% (v/v) and Tris-HCI at 10 mM (pH 7.4) in DI
water. Cell lysates were stored at —80 °C and analysed after thawing,
using a CyQuant™ cell proliferation kit according to the supplier’s
protocol.

The metabolic activity of the hBMSCs was monitored using a Cell-
Titer-Blue® assay. At designated time points, seeded samples were
washed and incubated in a CellTiter-Blue® solution in OM at 20% (v/v)
for 3 h under cell culture conditions. The incubated CellTiter-Blue®
solution was thereafter analysed according to the supplier’s
recommendations.

A Live/Dead® staining was performed after 1 and 28 days of culture.
Seeded film samples (n = 2) were incubated for 1 h under cell culture
conditions in OM containing Live/Dead® staining reagents (calcein
acetoxymethyl ester and ethidium homodimer at 10 and 1 pg/ml
respectively). Stained cells were thereafter imaged using a Zeiss Axio-
vert 200 m fluorescent confocal microscope equipped with an Axiocam
HRc.
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After 28 days of culture, cells on samples (n = 2) were visualized by
SEM. Cells were fixated overnight using a 4% (w/v) buffered para-
formaldehyde solution at 4 °C. The samples were subsequently dehy-
drated by ethanol/DI water mixtures which were slowly exchanged to
100% ethanol. Thereafter samples were treated by mixtures of ethanol/
HMDS which were exchanged to 100% HMDS. Following the HMDS
treatment the samples were dried under ambient conditions for 3 days,
sputter-coated with a gold—palladium layer and imaged using a Hitachi
S4700 FESEM at 3 kV.

The ALP activity of hBMSCs was determined after incubation of
seeded samples (n = 3) in cell lysis buffer (v.s.). Cell lysates were stored
at —80 °C and after thawing the lysates were mixed with DI water,
alkaline buffer solution and a phosphatase substrate buffer (25 mg/ml in
1 M diethanolamine buffer with 0.5 mM magnesium chloride in DI
water, final pH 9.8). The resulting mixtures were incubated at 37 °C for
exactly 15 min and thereafter diluted two-fold with a 0.1 M NaOH so-
lution. Reference solutions of 0 to 700 uM p-nitrophenol in cell lysis
buffer were identically treated as reference. The resulting solutions were
analyzed by absorbance at 405 nm. Another part of the cell lysates was
used for DNA quantification by CyQuant® as described (v.s.). ALP ac-
tivity was expressed as enzyme activity in mol per minute of incubation
time per g of DNA content.

Calcium production by the cells was quantified by ARS. Cells on
samples (n = 3) were fixated with a 4% (w/v) formaldehyde solution at
room temperature for 15 min. The samples were thereafter incubated
with ARS solution at pH 4.2 for 1 h at room temperature. Samples were
subsequently washed with DI water for 5 days to remove unbound ARS.
The remaining staining was extracted using a 10% (v/v) solution of
acetic acid for 30 min at room temperature. The supernatant was heated
to 85 °C for 10 min and subsequently cooled on ice. After centrifugation
the supernatant was treated by ammonium hydroxide to a pH of 4.1-4.5.
Absorbance of the resulting solutions was recorded at 405 nm. ARS
concentrations were determined using reference solutions of 0-2000
mM ARS in an acetic acid and ammonium hydroxide buffer at pH 4.3.
Negative control samples without cells were treated identically and their
ARS content was subtracted from the ARS content of seeded samples.

For all assays the absorbance or fluorescence was measured on a
Viktor® microplate reader of Perkin-Elmer. All results of cell culture and
differentiation experiments are expressed as a pooled average + stan-
dard deviation of both donors. A Welch’s two-tailed t-test (n = 3) was
used to assess significance, setting the significance level to 0.1.

3. Results & discussion
3.1. Resins and porous composites

Composite resins were prepared from mixtures of PTMC-MA, nHA
and EC. Using 'H NMR (supplementary information, figure SI1) it was
determined that the PTMC-MA macromer had a number averaged molar
mass of 10.6-10° g/mol and a degree of functionalization of > 99%.

The viscosity of the resins was determined in rheology experiments
(supplementary information, figure SI2). Between a shear rate of 0.01
and 100 s~! the viscosity of the LowEC, MidEC and HighEC resins was
between 42-10° and 60 Pa-s, 7-10° and 4.5 Pa-s and 7.9 and 0.08 Pa-s
respectively. Although the increasing EC content decreased resin vis-
cosity, all resins were shear thinning.

The melting and crystallization temperatures of the resins were
determined in DSC experiments (supplementary information, figure
SI3). The melting temperature of the LowEC, MidEC and HighEC resins
was 23.7 + 0.3 °C, 34.8 + 1.0 °C and 41.7 + 0.3 °C, respectively. The
crystallization temperature of the MidEC and HighEC resins was 12.9 +
7.5 °C and 26.7 + 2.6 °C. No crystallization peak was found for the
LowEC resin in DSC experiments. To ensure that the resins could be
readily cast, temperatures were applied at or well above their melting
temperatures depending on their viscosity. The resins were thereafter
cooled to temperatures below their crystallization temperature to ensure
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the formation of EC crystals. In case of the LowEC resin a cooling tem-
perature of —25 °C was applied for 2 h. Crystallization of EC was
thereafter confirmed by a transition in appearance of the resin from
glistening to matte.

The effective crystallization of EC in all resins after cooling was
further confirmed by the porosity of the resulting photo-crosslinked
composite films after EC extraction. The porosity was determined
gravimetrically and was 27 + 3%, 52 + 4% and 71 + 5% for films
prepared from LowEC, MidEC and HighEC resins respectively. Clearly,
the porosity of the composites increased with increasing EC concentra-
tion in the resins, although porosities were lower than intended
(equaling the 35, 60 and 85 vol% of EC in the LowEC, MidEC and
HighEC resin, respectively). This may be caused by partial collapse of
the pores after EC extraction.

Fig. 1 depicts SEM and AFM images of the surface of the composites
as well as SEM images of the cross-section, depicting the presence of
pores in the composites.

In Fig. 1a and d it is apparent that the composites with 27% porosity
possessed a relatively low amount of pores and several shallow craters
on its surface. In the cross-section only very small, isolated pores with a
width of less than 0.5 um could be found in high magnification images
(insert Fig. 1d). Composites with 52% and 71% porosity possessed a
rougher surface morphology due to the larger amount of pores on the
surface, as can be seen in Fig. 1b and c. Furthermore, the cross-sections
of these composites contained pores throughout as is shown in Fig. le
and f. The orientation of the pores in these composites was heteroge-
neous through the cross-section as well as on the surface.

From SEM images, the pore width of pores on the composite film
surfaces and in the cross-sections was determined. Table 3 gives an

0.0 Height

500um 0.0

Height
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Table 3
Pore width distribution on the surface and in the cross-section of porous com-
posite films.

Porosity
Location Pore width 27% 52% 71%
Surface Average (um) 8.6 4.7 8.5
Minimum (um) 2.4 0.3 0.9
Maximum (um) 44.8 24.5 105
Cross-section Average (um) 0.11 12.4 19.7
Minimum (um) 0.02 1.8 0.3
Maximum (um) 0.47 54.9 120

overview of the pore width distribution of the composite films.

From the pore width distributions given in table 3 it can be seen that
the average pore widths on the surface of the films are close although the
distribution is different. Composites with 52% porosity possess the most
confined distribution between 0.3 and 24.5 um, whereas composites
with 71% porosity possess the widest distribution with some pores
exceeding 100 ym in width. Nonetheless, the majority of the pores
(>90% by number) on all films were smaller than 20 pm in width and no
significant differences between the size distributions were found. These
values indicate that the majority of pores at the surface of all films allow
only for a limited cell infiltration and cells will mainly interact with the
composites at their outer surface[4,5], sensing similar pore sizes. In the
cross-section of the composite films, the pore width increases and the
size distribution increases with increasing porosity (and thus with the
amount of EC used during preparation). The content of EC, along with
the applied cooling rate, influences the nucleation and crystal growth
rate of EC crystals upon cooling of the composite resins. This directly
affects the size of the resulting EC crystals[52]. The differences in pore

50.0 ym

Fig. 1. SEM images of the surface (a, b, ¢) and cross-section (d, e, f) of composite films with 27% (a, d), 52% (b, €) and 71% (c, f) porosity and AFM images of
composite films with 27% (g) and 52% (h) porosity. The surface of composites with 71% porosity could not be analysed by AFM due to large height differences.
Composites with 27%, 52% and 71% porosity were prepared from LowEC, MidEC and HighEC resin respectively. Scale bars a, b, ¢ = 50 um; scale bars d, e, f = 10 um;

scale bar insert d = 1 pm.
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width distribution in the resulting photo-crosslinked composites may
therefore be minimized by controlling the cooling rate of the resins
carefully.

In Fig. 1g and 1 h AFM images of composites with 27% and 52%
porosity are shown and it was observed that roughness increased with
increasing porosity. From the AFM images an R, of 82 & 11 nm and Rq of
107 + 21 nm were determined for composites with 27% porosity. The R,
of composites with 52% porosity was 213 & 49 nm and the Ry value was
279 + 60 nm. These results suggest that with increasing porosity not
only nano-scale height features increase on the surface (R,), but also the
height differences between them (Rg); implying more irregular surfaces
on the nano-scale are present on the higher porosity composites.

The porous composite films were further characterized in terms of
their nHA content and their mechanical properties. An overview of these
characteristics is given in table 4.

The nHA content in the composites was determined to be between 40
and 50 wt% by TGA (supplementary information figure SI4). Differences
observed in the nHA content did not correlate to the EC contents in the
resins, indicating that it did not significantly affect nHA incorporation or
distribution.

From tensile mechanical properties in table 4 it is clear that the
composites become less stiff as their porosity is increased. Composites
with 27% porosity possess a relatively high stiffness, ultimate tensile
strength and toughness. Composites with 71% porosity possess an
almost twenty-fold lower stiffness and ultimate tensile strength and
hundred-fold lower toughness. As cells will mainly interact at the sur-
face of our composites due to the small pore sizes and the possibility for
cells to span these pores[53], we hypothesize that these changes in
tensile stiffness can be perceived by cells seeded on the composites[54].

A calcium release experiment was performed in a formic acid buffer
(pH = 4.5) to obtain an indication of the effect of the different porosities
on the calcium release. Fig. 2 shows the determined calcium release
profile.

In Fig. 2a it can be seen that calcium release from all porous com-
posites is similar. Over 30 days there was no significant difference in the
amount of calcium released. The amount of composite per unit volume
in samples with high porosity is much lower than in those with low
porosity however. Thus, when comparing the amount of calcium ions
released to the total initial nHA content in each composite film, it is clear
that the composite with 71% porosity more rapidly releases its calcium
content compared to the other composites. This is illustrated in Fig. 2b.
This may explain the similar overall release rates observed in Fig. 2a.
Given this similarity, it is unlikely that it will affect osteogenic differ-
entiation of hBMSCs.

The protein adsorption on the porous composites films was deter-
mined as well, and it was found that the porous composites with 27%,
52% and 71% porosity had a protein adhesion of 1.3 + 0.3, 8.6 = 1.4 and
15.6 + 2.2 pg/sample respectively. This can be expected as the surface
area of the composites increases with increasing porosity and it may be
beneficial for cell adherence and differentiation[44,46].

Table 4
Characteristics of the prepared porous composite films.
Porosity

Property 27% 52% 71%
nHA content (wt.%) 41.2 +£ 0.2 48.8 £ 2.2 40.3 £ 1.2
E modulus (MPa) 67.4 + 3.5 28.0 + 4.3 3.53 +1.37
Yield strength (N/mm?) 1.8 +0.1 0.8 £0.1 0.12 £ 0.04
Yield strain (%) 2.4 +£0.03 2.7 £ 0.07 3.2+ 04
Ultimate tensile strength (N/mm?) 53+1.2 1.9+£0.2 0.26 + 0.05
Strain at break (%) 66.8 + 23.8 241 +23 13.4 £4.2
Toughness (N/mm?) 263 + 134 31.2+5.2 2.18 £ 0.74
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3.2. Proliferation and osteogenic differentiation of hBMSCs on porous
composite films

An adhesion study of hBMSCs on the composite films was performed
to investigate the effect of the varying porosity and surface morphology
on the initial binding of cells on the composites. In Fig. 3a the amount of
DNA of adhering cells per composite film sample is shown. As a positive
control TCPS is shown as well. On all films cells were adhering well.
Although significant differences in adherence on the composites with
varying porosity were observed initially, these differences became non-
significant over prolonged adhesion times. After 60 min of incubation,
cells on all films showed similar adherence as on the TCPS control. Only
on composites with 27% porosity the adhesion is slightly lower than on
the other composites.

Continued cell proliferation was monitored by their metabolic ac-
tivity. It is shown in Fig. 3b, that the hBMSCs grow well as their meta-
bolic activity increases significantly over time up to 13 days of culture
(significant differences between time points were assessed by a two-
tailed Welch’s t-test; results are not indicated in figure). Thereafter a
decrease of the metabolic activity was observed on films with 27 and
52% porosity whereas the metabolic activity remained quasi constant on
films with 71% porosity and the TCPS control. This may be related to the
confluence as well as the differentiation of the cells[55]. The metabolic
activity was initially highest on the composite with 27% porosity and
was comparable to that of the TCPS control. After 28 days of culture the
lowest average metabolic activity was observed on this composite,
although no significance difference was found with the other porous
composites.

Good adhesion and proliferation of the hBMSCs on all composites
was furthermore shown by Live/Dead® staining and SEM images.
Fig. 4a, b and c show the Live/Dead® staining of cells after one day of
culture. On all porous composites the cells were mainly alive and only a
few dead cells were observed. After 28 days of culture all porous com-
posites were covered in live cells and few dead cells as shown in Fig. 4d,
e and f. This was confirmed by SEM images of the cell-covered films after
28 days of culture, which are shown in Fig. 4g, h and i. In high magni-
fication SEM images in Fig. 4j, k and 1, calcium phosphate deposits can
be observed which are evident of the osteogenic differentiation of the
hBMSCs[44,56]. Please note that we have refrained from attempting to
analyse calcium production from these images, as they do not provide
for an accurate quantification. ARS staining was used for this purpose
instead (v.i.).

Two distinguishing observations were made for the cells cultured on
composites with 71% porosity. In the Live/Dead® staining images after
1 day of culture it was seen that the cells tended to align along the length
of the pore channels parallel to the surface on these composites (in
subsequent days this could not be observed due to cell overgrowth
obscuring underlying pores). To a lesser extent this was also seen on the
composites with 52% porosity. Additionally, in the SEM images after 28
days of culture it was observed that cells were unable to traverse some of
the large pore channels present on the surface of the composites with
71% porosity. Similar behaviour has been observed for osteoblasts
grown on porous titanium[53], and was ascribed to the cells’ inability to
span large pores by elongation. In these cases cells tend to grow along
the edges of larger pores (>100 pm) or into the pores when sufficiently
large (>200 pym). This may have a profound implication for the differ-
entiation of the hBMSCs on the 71% porous composites reported here, as
the larger pores will affect the cell spreading and their morphology,
which plays a pivotal role in cell differentiation[7,13,14].

As was expected from the pore sizes measured at the surface of the
films (table 3), no evidence of cell infiltration into the porous films was
found during Live/Dead® imaging using fluorescent confocal micro-
scopy (data not shown).

To investigate the extent of osteogenic differentiation of the hBMSCs
on the porous composites, the ALP ezyme activity and calcium pro-
duction of the cells was quantified. Both assessments are depicted in
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Fig. 2. Cumulative calcium release from porous composite films (a) and cumulative release relative to the total nHA content in the films (b) with 27% (dots), 52%

(crosses) and 71% (triangles) porosity. Lines in graphs are shown to guide the eye.

120
ED 60 //
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Incubation time
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Fig. 3. Cell adhesion expressed in DNA content of adhering cells per sample (a)
and the evolution of the metabolic activity of hBMSCs over time (b) on porous
composite films with 27% (black bars), 52% (grey bars) and 71% (white bars)
porosity and TCPS (bars with black shading). Numbers above bars indicate
significant differences in comparison with porous composite films with 27%
(1), 52% (2) and 71% (3) porosity and with TCPS (4) within each time point. An
absence of numbering indicates the lack of a significant difference in compar-
ison with any of the other samples.

Fig. 5.

The ALP activity shown in Fig. 5a is similar on all sample types and
between 15 and 23 days of culture, the ALP activity on all samples
including the TCPS control decreased significantly. It is known that
during the osteogenic differentiation of hBMSCs, the cells proliferate
after which an initial increase of ALP activity occurs during differenti-
ation. This is followed by a decrease as the differentiated cells excrete a
mineralized matrix[57]. During the peaking of ALP activity, the enzyme
hydrolyses organic phosphates to form pyrophosphates that promote
precipitation of calcium phosphates extracellularly[30,58]. This peak-
ing of ALP activity is thus an early marker for cell differentiation and
essential to subsequent mineralization. Moreover, the moment at which
the peak in ALP activity occurs, is indicative of the tendency of the cells
to either proliferate (late peaking) or differentiate (early peaking)[57].

C)

Fig. 4. Live/Dead® images after 1 day (a, b and c) and 28 days (d, e and f) of
culture, cell-covered composite film surfaces (g, h and i) imaged by SEM after
28 days of culture and high magnification SEM images of the cell surface after
28 days of culture (j, k and 1) on composites with 27% (a, d, g and j), 52% (b, e,
h and k) and 71% (c, f, i and 1) porosity. Arrows in j, k and | point out calcium
phosphate deposits. Scale bars g, h, i = 50 um; scale bars j, k, 1 = 1 ym. All
images depicted are from cells of a single donor.

In our experiments, the actual peak in ALP activity is not observed and
no significant differences between the cells on the different sample types
were found. However, the decrease of the ALP activity did coincide with
the observed decrease or levelling of the metabolic activity between 13
and 22 days of culture (Fig. 3b) which can be related to the lower
metabolic activity of cells in the osteogenic lineage compared to hBMSCs
[55]. This decrease or levelling of the metabolic activity was not
observed at earlier time points, implying that ALP activity may peak
between 7 and 22 days of culture. Since the ALP activity of the cells on
the various porous composites can peak at different time points within
this range, we are not able to directly relate it to differences in the
tendency for osteogenic differentiation of the cells[5,57]. Determination
of the ALP activity over multiple early time points in future experiments
may yield a kinetic description of the development of ALP activity. We
expect that this would show clear differences in its development
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Fig. 5. Quantification of the ALP activity of cells on porous composites (a) and
ARS concentration on composites (b) with 27% (black bars), 52% (grey bars)
and 71% (white bars) porosity, TCPS (bars with black shading) and Therma-
nox™ (bars with grey shading). Numbers above bars indicate significant dif-
ferences in comparison with porous composite films with 27% (1), 52% (2) and
71% (3) porosity and with TCPS (4) or Thermanox™ (5) within each time point.
An absence of numbering indicates the lack of a significant difference in
comparison with any of the other samples.

between the cells cultured on the different films. The finalization of ALP
peaking in concurrence with a decreasing metabolic activity nonetheless
serves as confirmation of the osteogenic differentiation of cells on the
porous composite films.

The ARS staining quantification given in Fig. 5b, shows that the cells
produce significant amounts of calcium on the porous composites
compared to the TCPS and Thermanox™ controls. The amount of cal-
cium produced decreased significantly with an increasing porosity and
between 21 and 28 days the amount of additional calcium produced by
cells on the porous composites was not significant. On day 28 of culture,
the amount of calcium produced by the cells is similar to the Therma-
nox™ control on composites with 52% and 71% porosity. On composites
with 27% porosity, the calcium production of the cells is significantly
higher. The enhanced calcium production on the 27% porosity com-
posites compared to those with higher porosity and the controls, in-
dicates the strong maturation of the hBMSCs into the osteogenic lineage
on the lower porosity composites.

3.3. General discussion

In this work, we have demonstrated that using TIPS with varying
amounts of a crystallisable solvent allows for the modification of micro-
scale porosity of photo-crosslinked PTMC and nHA composites. As a
result, these composites have different micro- and nano-topologies as
was demonstrated by SEM and AFM imaging. In previous works, shallow
micro-scale features in the size range of several microns to hundreds of
microns and roughness parameters in the micrometer range were shown
to drive cell aggregation and differentiation as opposed to proliferation
[23], and nano-scale roughness features were shown to allow for an
enhanced protein adhesion and circulation at material surfaces and
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enhance cell adhesion and their spreading[59,60]. In this work we
observed an enhanced nano-scale roughness on the microporous com-
posites as their porosity was increased. The increasing porosity and
higher surface roughness allowed for a higher protein adhesion, which
has been described in literature as beneficial for cell adhesion and their
differentiation[61]. Indeed, more cells initially adhered on the higher
porosity composites compared to the lower porosity ones. Changes in
nano-scale features need to be corroborated by beneficial changes in
micro-scale features for an effective enhancement of osteogenic differ-
entiation, however[8-10]. Changes in microscale features of our com-
posites (Fig. 1, table 3) may not be complementary to the enhanced
surface roughness on the nanoscale and ensuing protein adsorption. We
observed that with increasing porosity, the surfaces of the composites in
this work change topology from shallow craters to deep and densely
packed pore channels. A reduced differentiation potential of hBMSCs on
composites with pores in a size range of 1 to 50 ym and an increasing
porosity has been described in literature before[2,19]. It is thought that
this is caused by an enhanced cell proliferation and decreased aggre-
gation on materials with increasing porosity[2,18,19,62]. It is therefore
likely that such micro-scale topological changes on our composites with
increasing porosity outweigh the increasing nano-scale roughness
parameters.

Additionally, with increasing porosity a reduction in tensile stiffness
and toughness of our composites was observed. Although macroscopic
indicators of mechanical properties, the width of the majority of pores in
this work is sufficiently small for cells to span multiple pores[53].
Through the cells’ contractile forces applied on their substrate, the
changes in tensile mechanical properties could therefore be sensed by
the cells. The difference in tensile stiffness reported here (ranging from
3.5 to 67 MPa for a porosity of 71 to 27%, respectively) can be sufficient
to affect osteogenic differentiation. Indeed, in other works it has been
demonstrated that an increase in the tensile stiffness of randomly ori-
ented, fibrous collagen films from 10 MPa to 100 MPa may favour
osteogenic differentiation of mesenchymal stem cells cultured on their
surface[54].

The effect of these results is corroborated by the difference we
observed in mineralization on the composites. Although we were not
able to observe a peak in ALP activity, the high calcium production by
cells on lower porosity composites suggests an earlier or stronger
peaking (higher ALP concentrations) of ALP activity on these composites
compared to higher porosity ones[30]. These results can be directly
related to the differences in micro-scale morphology of the composites
and their reduced stiffness. As cells are adapting their morphology to
their substrate and while the cells probe its mechanical properties, their
cytoskeletal tension is modified accordingly[63]. For differentiation into
the osteogenic lineage, a relatively high tension is required which
cannot be achieved if cell spreading is impaired or when the substrate
for attachment is not sufficiently rigid. This, in turn will not activate
RUNX2, the first transcription factor necessary for osteoblastic differ-
entiation. Whether this is the case on our microporous composites will
need to be confirmed in future experiments that include gene expression
experiments.

Also in other works it has been shown that an increasing porosity
reduces osteogenic differentiation in vitro, but that it can still be bene-
ficial for bone restoration in vivo[18,19,64]. Therefore, in vivo experi-
ments are required to understand the effect of increasing micro-scale
porosity in photo-crosslinked PTMC and nHA composites on bone
restoration efficacy. Currently we have already prepared three-
dimensional implant structures with resins described here and a low
temperature extrusion-based additive manufacturing technique. A
description of these structures is given in the supplementary information
(Section SI2) of this work. These structures possess a designed porosity
on a macroscale (>300 um) in combination with the microscale porosity
reported here. As mentioned in the introduction of this work, the
macroscale porosity allows for infiltration of bone tissue throughout the
scaffolds whereas the microscale porosity can be beneficial for nutrient
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and waste transport whilst not infiltrated by cells and de novo tissue
[4,5,40]. We hypothesize that such a structure will enhance bone
ingrowth as the microscale porosity is increased. Although this seems
contradictory to the in vitro cell differentiation results presented in this
work, this effect has indeed been demonstrated in past publications[19].

4. Conclusions

In this work we have shown that resins based on PTMC-MA, nHA and
EC are suitable for the preparation of porous composites with varying
porosity. The resin viscosity and phase separation temperatures can be
adjusted by controlling the EC concentration. Using this phase separa-
tion and photo-crosslinking, the EC concentration can directly affect the
porosity, pore size and mechanical properties of the composites. An
increasing porosity affected the surface morphology and reduced the
stiffness of the porous composites. These modifications reduce the
ability of hBMSCs to differentiate into the osteogenic lineage as was
shown by the calcium deposition of the cells. This is in line with what
has been reported in literature before on the in vitro differentiation of
hBMSCs on porous materials. Reduced cell aggregation, inability to
adapt a favourable morphology for osteogenic differentiation and low
stiffness of the porous composite may be the cause for this effect. Im-
plantation experiments are required to assess the effect of porosity in
porous, photo-crosslinked PTMC-MA/nHA structures on the regenera-
tion of bony defects.
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