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Abstract

For healing of bone defects and as matrix for tissues engineering, porous scaffolds are required that can be easily pre-seeded with cells in the lab
and invaded by tissue after implantation. We have developed porous 3D scaffolds consisting of mineralised collagen type I—a nanocomposite, which
mimics the composition of extracellular matrix of healthy bone tissue. The steps of material processing as well as the physico-chemical, structural
and mechanical properties of this biomaterial are described in detail. The technology of differential scanning calorimetry, which provides an excellent
possibility to investigate collagen-based materials, was used to characterise the final scaffold and all its intermediates in sifu. Furthermore, the
interconnecting porosity of the scaffolds with pore diameters of about 200 m has been shown to be highly suitable for homogenous cell seeding,

demonstrated with human marrow stromal cells.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Up to now autologous bone graft is still seen as the “gold
standard” for the treatment of critical size bone defects [1]. Due
to risks and morbidity of the harvesting procedure and the lim-
ited available amount, many attempts have been undertaken to
develop synthetic bone replacement materials, which overcome
the limitations of autologous bone graft—but are as effective
concerning their healing capacity. One promising route is the
use of materials, which mimic composition and structure of the
extracellular matrix (ECM) of bone tissue, consisting mainly
of collagen type I and the mineral phase hydroxyapatite (HAP)
[2]. Bone (or better: the ECM of bone) can be interpreted as
a highly organised composite material. Several different types
of bone like compact (cortical), cancellous (spongy, trabecu-
lar) and woven bone are known which differ concerning their
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hierarchical organization, but all types consist at the nanometer
scale of a nanocomposite made of collagen type I and HAP [3].
The most organised type is compact bone, in which the miner-
alised collagen fibres are forming osteons—cylindrical motifs
in which the fibrils are aligned parallel to each other in lamellas
[4]. Osteons are a consequence of the continuous remodeling
of bone tissue; they are generated by osteoblasts, synthesis-
ing layer-by-layer new mineralised ECM in the channel-like
resorption tunnels, made by the osteoclasts. The structure of
the mineralised collagen fibrils on the nanometer level is still
not totally clear and subject of intensive research [5]. Known
is, mostly from TEM investigations, that (at least for bone
of human adults) the HAP crystals are plate-shaped and very
small (about 2—4 nm x 25 nm x 50 nm) and mostly located in
the gap regions of the collagen fibrils because the typical band-
ing pattern with 67 nm periodicity can be observed in TEM
micrographs of unstained bone or mineralised tendon samples
[3].

Whereas compact bone has pores only in the micrometer
(Haversian channels) or sub-micron level (canaliculi), trabecular
bone is a highly porous material in which the orientation and
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size of the trabecules are perfectly adapted to the mechanical
requirements [6].

An artificial ECM of bone tissue neither has to meet the
outstanding mechanical properties of bone, nor to mimic the
porosity of (trabecular) bone. Due to the fast resorption of
collagen-based materials in vivo, such a scaffold first and fore-
most must be able to act as a suitable matrix for cell seeding and
it should be remodelled in vivo like natural ECM.

We have developed such biomaterials based on an organ-
ised nanocomposite material (“mineralised collagen”) in which
nanoscopical HAP crystals are deposited on the biopolymer
phase during collagen fibril reassembly [7]. First, we synthesised
flat, membrane-like “tapes” out of this artificial extracellular
bone matrix [8] and studied the growth and osteogenic differen-
tiation of human marrow stromal cells (hMSC) on this material
[9]. In addition, we used the tapes to establish an in vitro model
for bone remodeling by co-cultivation of osteoblasts and osteo-
clasts, and could show that the latter resorb the mineralised
collagen nanocomposite similar to degradation of bone matrix
in vivo [10].

For the treatment of bone defects, three-dimensional bio-
materials are necessary. A fast healing can only occur if
the material has pores, suitable for cell and blood capillary
ingrowth. Such porous materials can either directly be used
as implants or fillers — or, following the tissue engineering
approach — as scaffolds for pre-seeding with autologous cells.
Using our mineralised collagen nanocomposite and applying
controlled freeze drying, followed by chemical cross-linking,
we have developed such a porous biomaterial, mimicking struc-
ture and composition of the extracellular matrix of healthy
bone tissue [11]. In the present study, we describe the prepa-
ration protocol, which leads to an interconnecting porous
system suitable for homogenous cell seeding in vitro. In other
publications [12,13], we already have demonstrated that this
type of scaffold also enables fast tissue ingrowth in vivo.
We have characterised all intermediates of the preparation
process with the method of differential scanning calorime-
try (DSC) and discuss the micro- and nanostructure of the
nanocomposite. Finally, some variants of the material are pre-
sented.

2. Experimental
2.1. Materials

Prerequisite for formation of the defined mineralised col-
lagen nanocomposite is the use of a collagen type I, soluble
in diluted hydrochloric acid. For the scaffold preparation and
the subsequent measurements described here, two different
collagen sources were used: collagen, isolated from bovine
tendon and post-digested with pepsin (kindly provided by Syn-
tacoll, Saal/Donau, Germany—abbr. “tendon”) and collagen,
isolated from calf skin without pepsin treatment (Collaplex
1.0, GfN, Wald-Michelbach, Germany—abbr. “skin”). If not
explicitly mentioned, collagen from bovine tendon was used.
HCI, KH>PO4 and K;HPO4 were purchased from Merck,
CaCl; and tris-hydroxymethyl aminomethane (TRIS) from Roth

and N-(3-dimethylaminopropyl)-N -ethylcarbodiimide (EDC)
hydrochloride from Fluka (all Germany).

2.2. Scaffold preparation

The process, leading to synchronous mineralisation and fib-
ril reassembly of collagen type I, has been described in detail
earlier [7]. Capital letters in brackets refer to samples tested
in DSC studies described below. To summarise, acid soluble
collagen I was dissolved in 10 mM hydrochloric acid (A) and
mixed with a 0.1 M calcium chloride solution. The pH was
adjusted to 7 by addition of 0.5M TRIS and 0.5M Sgrensen
phosphate buffer (both with a pH of 7.4) and the mixture was
warmed up to 37 °C for 12 h. Under these conditions, the col-
lagen fibril reassembly and the formation of nanocrystalline
HAP occur simultaneously. The reaction was performed under
air whereby the formation of carbonated HAP was not pre-
vented. Under standard conditions the calcium-to-phosphate
ratio of the reaction mixture was 1.67 and therefore, similar
to that in HAP. For the scaffold preparation normally 1 g colla-
gen is used for the mineralisation and fibril reassembly process
in a total volume of 21. The product — homogenously miner-
alised collagen fibrils — was collected by centrifugation as a
wax-like, colourless material. To prepare the porous scaffolds
described in this study, the mineralised collagen was mixed with
mother liquor and stirred up until a just castable suspension was
formed (C) which was filled in the cavities of 24 or 48 well
polystyrene culture dishes and frozen at —25 °C. The samples
were freeze-dried (D) and then cross-linked with a 1% (wt.%)
solution of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
(EDC) hydrochloride in 80% (vol.%) ethanol for 1 h (E). After-
wards, the scaffolds were rinsed thoroughly in distilled water,
1% glycine solution, once again in water and finally freeze-dried
(F). The samples for use in the cell seeding experiment were
sterilised using y-irradiation (dose 30-35 kGy) (G). Cylindrical
samples with a diameter of 13 mm and a height of 8 mm were
produced for mechanical testing. For DSC measurements, as an
additional sample reconstituted, fibrillar, but non-mineralised
collagen (isolated from bovine tendon) [7] was prepared (B).
Long term storage at room temperature of freeze-dried sample
(D) for two years resulted in sample (H) and storage of sample
(E) for 4 years is described as (I).

2.3. High performance liquid chromatography (HPLC)

HPLC-based amino acid analysis of mineralised collagen
scaffolds has been accomplished as described by Sperling et al.
[14]. The carriers were subjected to vapour phase hydrolysis with
6N HCl + 1% Phenol (both from Fluka, Deisenhofen, Germany),
at 110 °C for 24 h under reduced pressure. Following hydrolysis
the generated primary amines of the amino acids formed deriva-
tives with ortho-phthalaldehyde (OPA). Subsequent amino acid
analysis of the hydrolysates was performed with a HPLC sys-
tem (Series 1100, Agilent Technologies, Boblingen, Germany)
equipped with fluorescence detector. Hydrolysates and amino
acid standards were separated on a reversed phase HPLC column
(ZORBAX, Agilent Technologies). Quantification was carried
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out using fluorescence detection at 455 nm with excitation at
335 nm comparing the results to a standard amino acid solution
as reference.

2.4. FT-IR spectroscopy and thermogravimetry

A pulverised, freeze-dried sample of the porous 3D scaf-
fold, embedded in KBr, was studied by FT-IR spectroscopy with
a Perkin-Elmer FTS 2000 (Norwalk, USA). Thermogravime-
try (TG) was carried out with a STA 409 instrument (Netzsch
Geritebau GmbH, Selb, Germany). The sample was heated in
air at a constant rate of 3 K min~! up to a final temperature of
1300°C.

2.5. Scanning electron and transmission electron
microscopy (SEM and TEM)

SEM was performed with a DSM 982 Gemini electron micro-
scope (Zeiss, Germany, Fig. 10) or a Philips XL 30/ESEM
with FEG (field emission gun), operating in SEM mode
(Figs. 3 and 15). The samples were mounted on aluminium pins
and carbon or gold coated. For SEM of the cell seeded scaf-
fold the specimen was washed twice with warm PBS, fixed for
30 min with 3.7% formaldehyde in PBS, washed with distilled
water and dehydrated using a gradation series of ethanol/distilled
water solutions. Critical point drying was performed with a CPD
030 apparatus (BAL-TEC AG, Liechtenstein).

For TEM, samples were embedded in epoxide resin. Ultra-
thin sections of the samples with a thickness of approximately
100 nm were prepared using an ultramicrotome (Reichert, Ultra-
cut, Germany, operated at room temperature) with a diamond
knife (DiATOME, USA). The thin sections were deposited on
Cu-grids coated with holey carbon foils of Quantifoil with a
hole diameter of 3.5 um. The film size amounted to about
0.2 mm x 0.2 mm. The specimens were investigated by means of
a Philips CM200 FEG\ST-Lorentz transmission electron micro-
scope equipped with a field emission gun (FEG), operated at
an acceleration voltage of 200 kV. Micrographs were recorded
with a 1k x 1k CCD-camera (multi scan, Gatan, USA), and fed
to a computer for on-line image processing (Digital Micrograph
3.3.1.,, Gatan).

2.6. Porosity measurements

The pore size was measured microscopically using thin sec-
tions of the scaffolds. For this, the material was embedded in
paraffin and thin sections of about 20 wm thickness were pre-
pared with a RM2155 microtome (Leica, Wetzlar, Germany).
For better material contrast, staining with hematoxilin and
eosin (HE) was done. Porosity was also determined with the
method of Hg intrusion porosimetry on an AutoPore IV 9500
machine at low and high pressure (Micromeritics, Germany).
Additionally, the quantification of meso- and microporosity
according the Brunauer—Emmett—Teller (BET) method (adsorp-
tion of nitrogen) was carried out using the device AUTOSORB-1
(Quantachrome, USA) at 77.4K. Samples (N=3 per scaf-
fold state made of different collagen sources) were prepared

24h in advance at room temperature by drying under vac-
uum.

2.7. Synchrotron microcomputed tomography (SRu-CT)

For SRu-CT investigation of the porous 3D scaffold one
cylindrical sample with a diameter of 6 mm was embedded in
polymethylmetacrylate (PMMA). The specimen was evaluated
at the BAMline (BESSY II) at the Federal Institute of Materi-
als Research (BAM, Berlin, Germany). For the specimen, 720
X-ray attenuation projections with a local resolution of 3.6 pm
were acquired using a X-ray energy of 12 keV. The visualisation
and analysis of the reconstructed data was done with a volume
rendering software (VGStudio, Volume Graphics, Germany).

2.8. Mechanical measurements

Uniaxial cyclic loading experiments were carried out with
the use of an electromechanical Instron 5566 testing machine
(Instron Wolpert GmbH, Darmstadt, Germany). The cylindrical
samples used had a diameter of 13 mm and a height of 8 mm.
They were compressed with a chart speed of 0.3mms™! 50
times to half of their original height after swelling in distilled
water for 24 h [11]. For non-cyclic measurements, wet samples
of the same geometry were compressed up to a load of 50N with

a chart speed of 0.1 mms~!.

2.9. Differential scanning calorimetry (DSC)

Differential scanning calorimetry was utilised in order to
detect collagen denaturation. The measurements were carried
out with a Setaram micro-DSC III heat conduction scanning
microcalorimeter (Setaram, France). The liquid or solid col-
lagen preparations were placed into the 1-ml measurement
ampoule (Hastelloy C). 490 ul of the acidic collagen solu-
tion A (corresponding 2.9 mg collagen) and 680-740 .l of the
liquid preparations B and C were used. The collagen scaf-
folds (ca. 28 mg) were immersed in MilliQ water or PBS
(730 1) to keep the collagen fibres in a fully hydrated con-
dition (swollen state) at all time. Absorbed or released heat
was recorded relative to the 1-ml reference ampoule filled
with an appropriate blank sample (HCI, MilliQ water or PBS).
The ampoules were allowed to stabilise at 20°C/25°C for
60 min prior to the initiation of the scanning experiment. The
temperature program for the collagen starting material was:
20°C/25°C — 65°C — 20°C/25°C (and rescanning); for the
collagen dispersions 25 °C — 80 °C — 25 °C (and rescanning);
for the swollen collagen matrices 25 °C — 110 °C — 25 °C (and
rescanning). The heating rate was 1.0 Kmin~! for all experi-
ments. All measurements were repeated at least once.

We focus the attention principally on the evaluation of the
denaturation temperature, which is an intensive parameter, i.e. it
does not depend on the actual content of collagen in the sample
considered. The denaturation temperature 7y is defined as the
temperature at which the local maximum occurs in the excess
heat capacity. A higher Tq would reflect an increased stability
of the molecules, while a broad shape of the peak and/or the



M. Gelinsky et al. / Chemical Engineering Journal 137 (2008) 84-96 87

presence of shoulders would correspond to an increased disper-
sion in terms of stability of the fibres. For very broad peaks, the
temperature range of the transition is given.

2.10. Cell seeding experiments

Human marrow stromal cells (hMSC), isolated from bone
marrow aspirate of a healthy donor, were expanded in Dul-
becco’s Modified Eagles Medium (DMEM) low glucose
(Biochrom, Berlin, Germany), containing 10% fetal calf serum
(Biochrom), 10U/ml penicillin and 100 pg/ml streptomycin
(Biochrom) at 37 °C in a humidified, 7% C0O,/93% air incubator.

Prior to cell seeding scaffolds from mineralised collagen
(10 mm diameter, 7 mm height) were pre-incubated with cell
culture medium for 24h. Thereafter, equilibration medium
was removed and samples were placed on a sterile filter
paper to remove excess liquid from the pores. Samples were
placed in 24-well polystyrene culture dishes and 2 x 10° cells
were given within 350 ul of medium to the top of each
cylindrical sample. After 1h of initial adhesion, 1 ml cell cul-
ture medium was added to each sample. After cultivation
of the cell-seeded scaffolds for 2 and 14 days, the cultures
were supplemented with 1.2 mM 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Sigma, Taufkirchen,
Germany) followed by further incubation at 37 °C for 4 h. The
formation of dark blue formazane dye converted from MTT by
mitochondrial dehydrogenases of living cells was documented
photographically.

3. Results and discussion

Freeze drying of mineralised collagen suspensions, filled in
appropriate moulds, leads to porous three-dimensional scaf-
folds, mimicking the extracellular matrix of bone tissue.
Samples can be produced in any size or shape (Fig. 1). Syn-

Fig. 1. Porous scaffolds, made from mineralised collagen, in different size and
shape (the scale shows centimetres).

thesis and properties of this biomaterial will be described
below.

3.1. Synthesis

The synchronous collagen biomineralisation process, devel-
oped in our lab [7], yields a homogenous nanocomposite
consisting of reconstituted collagen fibrils and nanoscopical
HAP crystals. The growing collagen fibrils act as a template
for mineral formation; their presence prevents the precipitation
of calcium phosphate particles unconnected to the biopolymer
phase. The reaction conditions try to mimic those in physio-
logical systems which include diluted solutions with a typical
physiological ionic strength (0.15mol/l) at pH 5.5-7.5 and
T <40°C [15]. The synchronous collagen biomineralisation
process is initiated by the precipitation of an amorphous calcium
phosphate phase, while the collagen fibril reassembly is start-
ing. During the next few hours, the amorphous mineral phase is
slowly transformed to nanocrystalline HAP, which precipitates
solely on the collagen template.

After collection of the mineralised collagen fibrils by cen-
trifugation, the porous 3D scaffolds are produced applying a
freeze-drying process. For this, a just castable suspension of the
nanocomposite is filled in appropriate moulds. Freezing at tem-
peratures between —20 and —25 °C leads to an interconnecting
porous system with pore diameters of approximately 200 pm
which could be shown to be suitable for homogenous cell seed-
ing (see Section 3.6). Freezing at much lower temperatures led
to pores with much smaller diameters, not applicable for cell
seeding [11]. Detailed information on the porosity will be given
in Section 3.4.

Different methods have been utilised to investigate the exact
composition of the mineralised collagen scaffolds. Thermo-
gravimetry of the freeze-dried material (graph not shown)
showed that the scaffold contains still about 5% water, which
seems to be bound by the collagen phase. At about 200 °C,
carbonisation of the organic component starts which is com-
pletely burned out at about 500 °C. The collagen content was
found to be 28-30%, and the remaining 65-67% consist of the
calcium phosphate (HAP) phase. This was also verified by ele-
mental analysis (data not shown) [11]. In addition, composition
of the mineralised collagen nanocomposite was investigated by
HPLC. With this method, it could be confirmed that the colla-
gen content of the composite is about 30% and the HAP mineral
phase makes up 70% (Fig. 2), which is in good agreement with
the composition of extracellular matrix of healthy bone tissue
[3.16].

Due to the reaction conditions (pH 7, 37°C, calcium-
to-phosphate-ratio=1.67), HAP should be the only calcium
phosphate phase to be formed, which could be verified with
several methods [7]. As mentioned earlier, the growing colla-
gen fibrils act as template for the crystallisation of the mineral
phase and at the end of the reaction time no unbound crystals can
be detected in the reaction mixture (the solution is clear beside
the cloudy mineralised collagen precipitation and no powdery
precipitate can be found on the bottom of the flask). The FT-
IR spectrum (not shown) of the freeze-dried and cross-linked
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storage of 3D-mineralised collagen-scaffolds

amount of collagen | / %

0 s & g e i : i o
total collagen content 4°C-5d 4°C-7d

Fig. 2. Determination of the amount of collagen I (source, tendon) of the 3D
scaffolds after preparation (total collagen content) and after storage in PBS buffer
at different temperatures (4 and 37 °C) after different time ranges (5 and 7 days)
by means of the HPLC method.

3D scaffold is rather similar to those of the starting material,
mineralised collagen type I [7]. The main absorption bands
refer to those of HAP (1028 cm™') and amide groups of col-
lagen (1673, 1652 and 1558 cm™1). The OH-stretching band
of HAP at about 3600 cm™! is concealed by the strong water
absorption. No severe band shifts could be detected between
the spectra of native collagen type I and that of the mineralised
and cross-linked scaffold material (data not shown) which is a
strong indication that no denaturation occurs during the whole
preparation process. A more detailed discussion of this question
based on DSC data is given in Section 3.3. The nature of the
calcium phosphate phase was also investigated with HRTEM
(see Section 3.4, Fig. 12).

For stabilisation of the open porous structure under wet condi-
tions, chemical cross-linking is necessary. Due to its low toxicity
and good solubility, we are using EDC in 80% ethanol for this
procedure [17]. The EDC treatment is followed by a washing
step with a 1% glycine solution in order to deactivate the excess
of activated carboxy groups, which did not interact in terms of
cross-linking reaction.

The stability of the mineralised collagen-scaffolds in solution
has been studied using HPLC. This evaluation showed that less
than 1% of the scaffold material was degraded at 4 °C over a

period of 7 days in PBS. The part of dissolved collagen from
the mineralised matrix in PBS increased with the storage tem-
perature. We have performed cell culture experiments with the
porous scaffolds for up to 8 weeks both under static and perfu-
sion conditions without any problems concerning stability of the
material [18]. Nevertheless, in terms of applying the mineralised
collagen nanocomposite in the sense of tissue engineering the
scaffolds have to degrade after a certain time interval [19]. Ani-
mal experiments confirmed a fast degradation in vivo; 8 weeks
after implantation of the scaffold without pre-seeded cells most
of the material was resorbed by osteoclasts when implanted in
a bone cavity in rat femur [12].

3.2. Post-mineralisation in simulated body fluid (SBF)

Among the experiments for investigating in vitro degrada-
tion of the material, the so-called post-mineralisation process
has been studied additionally. The incubation of the scaffolds
has been carried out in 1.5-fold concentrated SBF [20,21] for
different time periods and temperatures. The samples have been
washed intensively in distilled water after incubation in SBF in
order to remove the excess of salts before they have been used
for further investigations. After incubation for 1 month at 4 °C,
no morphological changes could be observed, while the storage
at 37 °C over 2 days has shown obviously some alteration in the
surface morphology. Hereby, the open macroporous structure
has been maintained completely, while the meso- and microp-
ores have been modified, as illustrated in Fig. 3. The original
and the newly formed mineral phase could be visualised and
distinguished by comparison of the SEM images of the scaffold
without and after post-mineralisation in SBF. Both dissolution
and re-precipitation processes could occur simultaneously in the
applied 1.5-fold SBF. However, the elastic properties of the min-
eralised collagen scaffold were not reduced. Mechanical tests
have demonstrated similar results compared to those for the stan-
dard material after storage in water for 24 h (see Section 3.5 and
Table 2). In contrast, changing the mineral-to-collagen ratio by
decreasing or increasing the calcium and phosphate concentra-
tions in the reaction mixture, leading to the mineralised collagen
nanocomposite, is impossible. The synchronous collagen fibril
reassembly and mineralisation process is running properly only
in a small range of concentrations which was already shown
previously [7].

Fig. 3. Observation and comparison of the post-mineralisation after storing the 3D scaffolds of mineralised collagen I at 37 °C in 1.5-fold concentrated SBF solution;
here SEM images taken after a storage period of 2 days (B, magnification 250 and C, magnification 4000x) compared with the standard (A, not stored in SBF

solution; magnification 195x) are shown.
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3.3. Diffential scanning calorimetry (DSC)

DSC experiments can provide information about the tem-
perature Tq of the denaturation process and thus about the
thermal stability of the collagen, i.e. the resistance of the pro-
tein molecule to unfolding as a result of heat treatment. Thermal
denaturation of collagen samples was previously shown to cause
the destruction of the triple helix and the unfolding of the sepa-
rated single peptide strains into random coils [22-24]. The first
step of this helix-to-coil-transition involves disruption of water
bridges (hydrogen bonds) among the three polypeptide chains
of the tropocollagen molecules, while the second step involves
the disruption of interhelical hydrogen bonds of a-chains [25].

On the way from the raw material to the scaffolds, several
intermediate states were analyzed concerning their thermal sta-
bility. The capital letters used for identification are explained in
Section 2.2. Furthermore, the effect of sterilisation and storage
on thermal denaturation of the collagen triple helix into a ran-
dom chain was investigated. The data of the scaffolds refer to
their swollen states.

Fig. 4 shows an endothermic DSC peak (denaturation) for the
acidic tropocollagen dispersion (A) with a maximum at 40.5 °C
(shoulder at 35.5 °C). During the subsequent cooling and second
heating of the sample, no corresponding peak was detected. The
denaturation therefore appears to be complete and irreversible
under these experimental conditions. Preparation at room tem-
perature and deeper should preserve the triple helical structure
of the starting material. Mu et al. [26] got similar results for the
denaturation of collagen solutions in acetic acid and suggested
that the shoulder transition and the major transition arise from
the defibrillation and denaturation of collagen, respectively. For
the mineralised collagen dispersion (C), the denaturation peak
is shifted to higher temperatures (7q =46.3 °C). This indicates
changes in interaction forces due to fibril assembly and miner-
alisation; aggregation of the collagen (B, caused by a pH and a
temperature increase) only increases the denaturation tempera-
ture by 2.5 °C (T4 =43.0 °C). The presence of mineral addition-
ally stabilises the collagen fibres (C). This agrees with several
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Fig. 4. DSC plots of acidic tropocollagen dispersion (A), fibrillar collagen
dispersion (B), mineralised collagen dispersion (C), and freeze-dried collagen
scaffold swollen in MilliQ water (D). The horizontal arrows show which scale
is related to the respective curve (same in Figs. 5 and 6).

experimental evidences in literature; collagen molecules embed-
ded within the lattice of a fibre are substantially more stable than
the same molecules in dilute solution [27-29]. Mineralisation
increases the thermal stability of the collagen molecules and
the temperature of the transition depends on the degree of min-
eralisation [30-34]. As the sample (B) shows a high viscosity,
sometimes air bubbles are captured in the liquid that are difficult
toremove. The heating of the sample above the denaturation tem-
perature results in a release of these bubbles that consequently
caused disturbing signals in the baseline after the DSC peak.
The freeze-drying step after mineralisation as a shaping pro-
cess has no significant influence on the collagen properties
(swollen state), as can be deduced from Fig. 4(D) (T4 =46.1 °C).
A major change in collagen properties results from the
cross-linking with EDC (Fig. 5). The cross-linked mineralised
collagen in the swollen state (E) is thermally more stable than
the non-cross-linked product (D), as can be concluded from the
large increase in denaturation temperature (temperature range of
denaturation, 60—105 °C). These data indicate stronger associa-
tion of the collagen fibre structures and support the DSC results
of several other authors, who found an increase in denaturation
temperature of collagen after cross-linking with various meth-
ods [35,36]. Miles et al. [37] stated that cross-linking causes
dehydration of the fibres by drawing the collagen molecules
closer together and that it is the reduced hydration that causes
the increased thermal stability. The width of a DSC peak is an
indication of the sharpness of the thermal transition and there-
fore, the distribution of the collagen population with distinct
thermal stability. The broad denaturation peak of (E) may be
due to the heterogeneous nature of cross-linking [36] and thus
an increased dispersion in terms of thermal stability of the fibres.
The finishing treatment of the scaffolds with glycine (F) does
not affect the temperature range of denaturation significantly.
Denaturation of the final product (F) takes place far above nor-
mal storage temperature and also body temperature, even in the
swollen state.
The use of raw materials from different collagen batches
results in cross-linked final products with equal thermal sta-
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Fig. 5. DSC plots of freeze-dried collagen scaffold swollen in MilliQ water (D),
EDC cross-linked collagen scaffold (E), EDC cross-linked collagen scaffold
treated with glycine = final product (F), final product y-sterilised (G); all samples
swollen in MilliQ water; grey plots, second heating.
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bility. Furthermore, the use of PBS instead of MilliQ water to
immerse the final cross-linked collagen scaffold does not have
any influence on the DSC curves.

Sterilisation of the final product (F) by +y-irradiation leads
to a broadening of the DSC peak (Fig. 5(G)). The denatura-
tion process already starts at lower temperatures (around 37 °C).
These findings support the studies of some other authors; Bai-
ley [38] found a decrease in thermal stability of tropocollagen
solutions with increasing doses of ionizing radiation (°°Co). In
addition to the thermally labile molecules, the presence of a por-
tion of undamaged molecules could be demonstrated at doses
below 300 Gy. At higher doses intermolecular cross-linking of
the collagen molecules occurred. Kubisz et al. [34] reported that
v-irradiation with a high dose (1 MGy) leads to deep structural
changes of the bone collagen. Irradiation decreased the hydration
level in the bone and its denaturation temperature. The results of
the authors showed the domination of the scission of the collagen
macromolecules and the degradation process during irradiation.
There are also some studies on the effect of UV radiation on the
properties of the collagen molecule, in solution or in its aggre-
gated fibrillar form. It has been reported that cross-linking and
degradation occur on exposure to UV, the relative proportion
depending on the presence of oxygen, pH of solution, type of
collagen, wavelength of the UV and irradiation time [39-41].

Cooling of the collagen samples to their initial conditions
and rescanning indicated that the collagen transition was not
reversible for all the samples studied. In Fig. 5, the second
heating curves are exemplarily shown for the EDC cross-linked
scaffold (E) and for the sterilised final product (G).

In addition, some experiments were performed to study the
storage stability of some samples in the dry state at room tem-
perature. The storage of non-cross-linked mineralised fibrillar
collagen (D) resulted in a change of the collagen properties. It
is clear from Fig. 6 that storage under these conditions leads
to an intermediate product (H) with higher thermal stability.
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Fig. 6. Storage stability of the non-cross-linked collagen scaffold: DSC plots
of a freshly prepared mineralised collagen scaffold swollen in MilliQ water
(D) and of a collagen scaffold after two years storage at room temperature (H);
and storage stability of the cross-linked collagen scaffold: DSC plots of a freshly
prepared collagen scaffold swollen in MilliQ water (E) and of a collagen scaffold
after four years storage at room temperature (I); grey plots, second heating; all
samples swollen in MilliQ water.

Probably, covalent bonds increase the size of cooperating units
through inter- and intramolecular cross-links and increase the
temperature of denaturation (about 20 °C after 2 years storage).
Similar processes also occur on natural aging. The nature of the
cross-linking might be rather homogeneous, as the width of the
peak compared to that of the freshly prepared sample did not
increase significantly. By artificial cross-linking of this altered
intermediate state with EDC a final product was obtained that
differs from (F). In contrast to this, for the cross-linked scaffold
(E) there was no significant influence of the storage time in the
dry state (up to 4 years) on the thermal behaviour of the swollen
scaffolds (Fig. 6 (I)). Thus, the EDC cross-linked scaffolds (E)
can be stored for several years, whereas the samples that have
not been cross-linked (e.g. D) alter with storage time.

The results presented in this study show that the DSC tech-
nique provides a suitable tool for the rapid determination of
changes in the protein structure of the different intermediate
states during collagen reassembly and mineralisation, scaffold
preparation and storage.

3.4. Micro- and nanostructural characterisation

For tissue engineering applications, the macropore diameter
of scaffolds seems to be not of great importance, but the inter-
connected pore diameter should be about 100 wm [42,43]. We
have applied several methods to investigate the porosity of the
material and its micro- and nanostructural properties. Micro-
computed tomography using synchrotron irradiation (SR-CT)
was carried out with a local resolution of 3.6 um. A 3D visualisa-
tion of the data set is shown in Fig. 7. The method revealed a total
porosity of 72%, a surface-to-volume ratio of 0.11 and a mean
pore wall thickness of 17.8 wm without many variations in the
three directions in space. The mean pore diameter was calculated
to be 180+ 12 wm. These values were confirmed by micro-
scopic evaluations of thin sections, applying methods known

Fig. 7. Result of a microcomputed tomography analysis (SR-pCT) of a porous
3D scaffold of 6 mm diameter (visualisation of the dataset). The porous structure
was cut virtually for better clarity.
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Fig. 8. Light microscopical image of a thin section through a porous min-
eralised collagen scaffold. For better contrast, the sample was stained with
hematoxilin/eosin.

from metallography. In Fig. 8, a light microscopical image of a
thin section of the porous mineralised collagen scaffold, stained
with hematoxilin/eosin, is presented.

Additionally, the porosity was investigated by intrusion of
mercury (Hg porosimetry). A typical graph of the pore size distri-
bution is given in Fig. 9. With this method, pores with diameters
of a few nm and up to about 250-300 m can be detected. In
contrast to the microscopical measurement and u-CT, for Hg
porosimetry, the size of pore interconnections counts more than
the diameter of the macropores. It is therefore not astonishing
that with this method the mean pore size was found to be only
84 4 3 wm. In the SEM image (Fig. 9) of the scaffold, the diam-
eter of the interconnections pores can be seen. For the total pore
area, a value of 48.5 &= 3 m? g_1 was calculated.

The maintenance of the open porous structure and the pore
size dimensions under cell culture conditions is a prerequisite
for successful cell distribution, adhesion, ingrowth and cultiva-
tion. Former experiments demonstrated that the swelling degree
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Fig. 9. Typical pore size distribution of a porous 3D scaffold, measured with
intrusion of mercury (Hg porosimetry). The mean pore diameter was 84 & 3 pm.

of the mineralised collagen scaffolds in solvents like distilled
water is relatively low in comparison to pure collagen or gela-
tine matrices [11,44]. The mineralisation of the reconstituted
collagen fibrils with nanoscopical HAP crystals therefore sta-
bilises the collagenous network, which is also reflected by the
mechanical properties of the mineralised scaffolds (see Section
3.5). For this reason, the pore size in the wet state remained
large enough for homogenous cell seeding which is discussed
further below (see Section 3.6). As already demonstrated by sev-
eral other groups, a fast initial freezing of the composite (before
lyophilisation) at very deep temperatures leads to much smaller
pores which are no longer usable for cell ingrowth [11]. We
found —25 °C to be the optimal freezing temperature for the fab-
rication of porous 3D scaffolds made of mineralised collagen.
Higher temperatures (which means slower freezing) resulted in
the formation of long, needle-like ice crystals, which are trans-
formed to pores of the same shape during lyophilisation, leading
to mechanical instability of the dried scaffold.

The porosity and surface area of porous solids can be
conveniently characterised by gas adsorption studies. For the
evaluation, nitrogen at 77 K is the most suitable adsorbate. An
understanding of the surface area and porosity of an adsorbent
can be achieved by the construction of an adsorption isotherm.
The quantity of adsorbate on a surface is measured over a wide
range of relative pressures at constant temperature. The adsorp-
tion isotherm is obtained point-by-point by admitting to the
adsorbent successive known volumes of nitrogen and measuring
the equilibrium pressure. The Brunauer—-Emmett—Teller (BET)
method is the most widely used procedure for the determination
of the surface area of solid materials and involves the use of
the BET equation [45]. The described method supplied infor-
mation about the pores of the mineralised collagen scaffolds
especially in the meso- and microscale (diameters below ca.
400 nm). Table 1 supplies the essential data about the specific
surface. In dependence on shape (2D membrane [8] or 3D-
scaffold) and collagen source (tendon or skin) a dramatically
difference in the value of the specific surface was observed. The
flat membrane (“tape”), prepared applying a vacuum filtration
process, showed with 88.6m? g~! the highest specific surface,
followed by the porous 3D scaffolds, prepared using collagen I
isolated from calf skin (63.3 m? g~!). The standard procedure,
described in this paper — formation of porous 3D scaffolds with
mineralised collagen from bovine tendon — leads to a material
with a specific surface of 30.9m? g~!. Due to the fact that the
flat membrane has only pores smaller than 10 wm [8], most of
the porosity contributes to the specific surface. In case of the
3D scaffolds most of the pores are in the range of 80-200 wm,
resulting in a lower specific surface. The result that with the BET

Table 1
BET specific surface of mineralised collagen samples in variable shapes and
made of collagen I from different sources

Material BET-specific surface (m? g~!)
2D-Membrane (collagen I, skin) 88.6
3D-Scaffold (collagen I, skin) 63.3
3D-Scaffold (collagen I, tendon) 30.9
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Fig. 10. SEM image of a section through a porous 3D scaffold made of
biomimetically mineralised collagen. The interconnectivity of the pores is
clearly visible.

method only pores with diameters below 400 nm are recorded
may also be the explanation for the differences between the val-
ues of specific surface and those of total pore area, achieved
with Hg porosimetry. The differences between the two collagen
sources may be caused by the different fibril length and diame-
ters; collagen from skin forms during reassembly much smaller
and shorter fibrils compared to that from (bovine) tendon. The
mineralised composite is therefore much stiffer if tendon colla-
gen is used, and during freezing less micro- and nanopores can
be formed.

Scanning electron microscopy confirms the open and inter-
connecting porosity of the mineralised collagen scaffolds.
Fig. 10 (and also Fig. 3A) show sections of a cylindrical sample
and the open porosity, necessary for homogeneous cell seeding
of the material, is clearly visible. A more detailed description of
SEM of the 3D scaffolds has been given in an earlier publication
[12].

TEM investigations of thin cuts of the 3D scaffold reveal
the mineralisation process of HAP on collagen type I on a
mesoscopic scale as well as on atomic level by means of high
resolution TEM (HRTEM). Thin cuts of the mineralised and
freeze-dried scaffold, embedded in an epoxy resin, were pre-
pared by ultramicrotomy without any staining. The collagen
fibrils are therefore not visible due to their low material con-
trast. As demonstrated in Fig. 11 (left), the collagen framework
is partially mineralised by hydroxyapatite. The collagen fibrils —
the brightly appearing, elongated structures — are decorated with
nanosized HAP crystals aligned along assumed fibril long axis
as indicated by zoomed area image (Fig. 11 right). However,
at the edges (outer regions) the HAP crystals are less oriented.
In Fig. 12 (left), needle or plate-shaped crystals with dimen-
sions between about 15 and 80 nm in length are visible. They are
mainly parallel oriented with respect to their long axis. The fibril
is bended (bending angle about 110°) and therefore, the crystals
on the bottom part of the micrograph show another orientation
than those at the top. HRTEM image of Fig. 12 (right) is display-
ing a HAP needle with a diameter of 3.5 nm. The (1 00) lattice
planes of about 8.3 A of hydroxyapatite are revealed which are
oriented along the long axis of the crystal. The inset on the right
top is displaying the Fast Fourier Transform (FFT) of the crystal;
the three most intensive reflexions are indexed. The appearance
of our scaffold material in the TEM shows obvious similarity
to those of human foetal woven bone [46]. In TEM images of
both materials, the calcium phosphate crystals mostly seem to
be located on the surface of the collagen fibres instead of being
inside the fibrils as in adult, lamellar bone tissue [3].

3.5. Mechanical properties

Due to the fact that biomaterials are exclusively used in the
wet state we performed mechanical testing of swollen scaf-
folds. Porous 3D scaffolds were compressed 50 times uniaxial

Fig. 11. (Left) Overview TEM image of thin cut of 3D scaffold of hydroxyapatite (HAP) decorated collagen scaffold. (Right) Zoomed area of left hand side
micrograph showing mineralised fibrils with nanosized HAP crystals aligned along assumed fibril axis.
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Fig. 12. (Left) Image showing individual needle-like nano Hap crystals with typical length between 15 and 80 nm. They are mainly parallel oriented with respect to
each other. (Right) High-resolution TEM micrograph of a HAP needle with a diameter of 3.5 nm diameter. The (10 0) lattice planes of about 8.3 A along the long
axis of the needle are clearly visible. The inset on the left top is displaying the Fast Fourier Transform (FFT) of the crystal. Reflections of 8.33 A (100), 2.75 A

(300) and 2.82 A (112) of the hexagonal HAP crystal lattice are indicated.
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Fig. 13. Cyclic compression test of mineralised 3D scaffold, swollen in dis-
tilled water for 24 h. Parameters: uniaxial compression, 50 cycles, chart speed
0.3mms~!, 50% compression. (A) Compression load vs. time and (B) com-
pression load vs. compression strain.

to half of their total height. The compression did not affect the
elastic behaviour of the swollen wet scaffolds. For the 50%
compression of the cylindrical sample (diameter 13 mm), a com-
pression load of maximal 3.6-3.7 N (resulting in about 28 kPa
compressive strength) has been measured. As Fig. 13 illus-
trates, the scaffold has been slightly deformed after the first
3—4 cycles of the measurement. However, for the following

Table 2

cycles no further inelastic deformation could be detected. The
mineralised cross-linked collagen scaffold was able to restore
its original shape easily after finishing the tests, which makes
cell cultivation under cyclic mechanical stimulation possible.
Similar porous scaffolds, made from non-mineralised collagen,
show much weaker mechanical properties. We measured under
identical conditions a compressive strength of only 2-3 kPa at
50% compression for a porous scaffold, consisting of a non-
mineralised collagen I (calf skin)/hyaluronic acid composite,
developed for cartilage tissue engineering [47]. Some com-
mercially available (non-mineralised) collagen sponges even
collapse spontaneously when wetted. The swelling conditions
(in distilled water or 1.5-fold SBF for 24 h both) did not influence
the mechanical properties significantly. We have determined in
non-cyclic measurements the strength at 20% and 40% com-
pression for both types of swelling conditions; the results are
summarised in Table 2.

3.6. Cell seeding and cell response

Cell viability as well as penetration of cells into the inner
parts of the scaffold was monitored using MTT staining. MTT
is incorporated by viable cells and is intracellularly converted
into an insoluble dark blue formazane dye. Therefore, the MTT
staining is applicable to visualise the distribution of viable cells
macroscopically, which also has been used by other researchers
[48,49]. MTT staining indicated the penetration of hMSC from

Comparison of the compressive strength for wet mineralised collagen scaffolds after swelling in different media; applied maximum compressive load 50 N (non-cyclic

measurement)

Mineralised collagen scaffold

Compressive strength (at 20% compression) (kPa)

Compression strength (at 40% compression) (kPa)

Swollen in distilled water
Swollen in 1.5x SBF

140 £ 0.3
11.5£0.2

235+ 0.6
20.7 £0.2
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Fig. 14. MTT staining of a mineralised collagen scaffold. (A) Scaffold seeded with 2 x 10° hMSC after 14 days of cultivation (left), compared to control scaffold
without cells (right) and (B) longitudinal section of a cell seeded MTT stained scaffold after 14 days of cultivation. The scale bars show centimetres.

the surface throughout the whole depth of the scaffold (Fig. 14A
represents a typical image). Analysing sections of formazan
stained scaffolds revealed somewhat lower cell densities in the
center of the scaffolds (Fig. 14B shows a longitudinal sec-
tion through a cell seeded and stained scaffold). However, cells
attached to the inner parts of the porous scaffolds retained viable
over a cultivation time of 14 days. Furthermore, the successful
seeding of the inner parts of the mineralised collagen scaffolds
was demonstrated by SEM (Fig. 15) [50] as well as cLSM
investigations [18]. The effectual penetration of cells into 3D
biomaterials seems to be somewhat problematic, even if pore
size is sufficient. Niemeyer et al. seeded hMSC to HAP coated
collagen I matrices with a pore size from 4 to 200 wm. Already
500 wm below the scaffold surface cells could only be detected in
3 of 10 samples [51]. Limitations with the statical seeding and
cultivation of three-dimensional scaffolds were also reported
by other groups, who found a restriction of cell ingrowth at
200-250 pm depth [52,53]. We suppose that our seeding method
deploying the capillary forces of the scaffolds and the open and
interconnecting porosity facilitates the deep penetration of cells.

Det WD — |
SE 7.0

Fig. 15. SEM image of a section through the lower part of cell seeded scaffold,
2 days after seeding.

To maintain cells viable inside such depths the application of per-
fusion culture seems to be advantageous, but not essential, since
we detected a big amount of viable cells inside the scaffolds
even after cultivation for several weeks under static conditions.

4. Conclusions

Synchronous mineralisation and fibril reassembly of collagen
type I lead to a homogenous nanocomposite material in which
the mineral phase HAP is tightly bound to the protein matrix. The
close interaction between the nanoscopical HAP crystals and the
reconstituted collagen fibrils could be demonstrated with TEM
investigations. The porous, three-dimensional scaffolds made
of that mineralised collagen type I mimic the composition of
extracellular matrix of bone tissue and can therefore be seen as
a biomimetic bone graft material. It has been fully characterised
concerning its physico-chemical, structural and mechanical
properties. The pore size (diameters of about 180 wm) and the
open and interconnecting porosity (interconnecting pore diam-
eters of about 80 wm) make deep and homogenous cell seeding
possible, which was also proven experimentally. The scaffolds
were already tested successfully in several in vitro and two in
vivo experiments. Their elasticity in the wet state enables cell
cultivation under cyclic mechanical stimulation. The material
and all of its intermediates were characterised by DSC measure-
ments, showing that the mineralisation, fibril reassembly and
cross-linking during the preparation process increase the ther-
mal stability of the collagen. y-Sterilisation of the final product
leads to structural changes of the collagen as expected, and part
of the molecules becomes damaged. On the other hand, storage
of the dry cross-linked and non-sterilised scaffolds over a period
of several years did not influence the properties of the protein
matrix significantly. This is important to know regarding the
application of the developed scaffolds as an implant material in
the future.

Due to its closeness to extracellular matrix of healthy bone
tissue, the biomimetic porous scaffolds made of mineralised
collagen, without or with pre-seeding of cells, can replace autol-
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ogous bone graft whose availability is strongly limited and
harvesting often connected with donor site morbidity.
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