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ABSTRACT

X-ray micro-computed tomography (p-CT) can be used to provide both qualitative and quantitative information on the structure of three-dimensional (3D) bioactive
scaffolds. When performed in a dry state, u-CT accurately reflects the structure of collagen-based scaffolds, but imaging in a wet state offers challenges with
radiolucency. Here we have used phosphotungstic acid (PTA) as a contrast agent to visualise fully hydrated collagen scaffolds in a physiologically relevant envi-
ronment. A systematic investigation was performed to understand the effects of PTA on the results of p-CT imaging by varying sample processing variables such as
crosslinking density, hydration medium and staining duration.

Immersing samples in 0.3% PTA solution overnight completely stained the samples and the treatment provided a successful route for p-CT analysis of crosslinked
samples. However, significant structural artefacts were observed for samples which were either non-crosslinked or had low levels of crosslinking, which had a
heterogeneous interior architecture with collapsed pores at the scaffold periphery. This work highlights the importance of optimising the choice of processing and

staining conditions to ensure accurate visualisation for hydrated 3D collagen scaffolds in an aqueous medium.

1. Introduction

Collagen is one of the most abundant proteins in the human body,
forming a structural network to support cells in vivo [1]. This makes
collagen the material of choice for three-dimensional (3D) scaffolds. 3D
collagen scaffolds have been utilised in a wide range of potential ap-
plications including tissue regeneration [2,3], as a bioreactor substrate
for the generation of blood platelets [4], as a 3D model for human tissues
[5], and as a drug delivery vehicle [6]. The architecture of 3D collagen
scaffolds is of great importance since structural characteristics such as
mean pore size and construct porosity have been reported to signifi-
cantly affect cellular activity [7,8], and mechanical [9] and fluid
transport [10] properties. Hence, it is important to develop visualisation
techniques that accurately represent the internal structure.

X-ray micro-computed tomography (p-CT) is used extensively to
characterise and analyse the internal structure of 3D scaffolds, but it is
often performed in the dry state. However, collagen scaffolds become
hydrated after implantation and therefore results obtained from dry
samples do not necessarily give a true reflection of the structure in vitro
or in vivo. Analysis of fully hydrated samples in aqueous conditions
would provide more physiologically relevant data.

Although collagen scaffolds can provide good x-ray contrast in the
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dry state, a fully hydrated scaffold immersed in water cannot be
visualised using p-CT. This is because, as an organic material, collagen is
mainly composed of low atomic number elements such as carbon,
hydrogen and oxygen, which have comparable x-ray attenuation levels
to water molecules. Treatments that add high atomic number elements
are required to differentiate between the hydrated collagen and sur-
rounding water.

Many researchers have utilised contrast agents that contain high
atomic number elements such as osmium, tungsten and iodine, to
improve x-ray attenuation of soft tissues in biological specimens. Ex-
amples include osmium tetroxide (OsO4) and phosphomolybdic acid
(PMA) to visualise mouse embryos and molluscan soft tissue [11,12],
iodinated contrast agent like Hypaque® 76 and Lugol’s iodine solution
(IoKI) to view mouse and rabbit brains as well as the alligator head of a
post-hatchling [13,14], and phosphotungstic acid (PTA) to observe
paddlefish heads and fly pupae [15]. The use of PTA has also been re-
ported in the visualisation of hearts, lungs and liver in embryonic,
postnatal and adult mice [16,17]. Collagen distribution in articular
cartilage of horse and human was also investigated using PTA [18].
Amongst these contrast agents, PTA and iodine solution are the most
commonly-used contrast agents due to their lower toxicity and greater
availability. Different contrast agents result in somewhat different
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patterns of x-ray attenuation, PTA being shown to bind preferentially to
connective tissues such as muscles, heart and lungs [11,15]. In addition,
PTA was found to stain albumin, poly-L-lysine, arginine, histidine and
serotonin but failed to react with polyglutamic acid, glycogen, DNA and
chondroitin sulfate A [19]. Quintarelli et al. [20] investigated the
“staining mechanism” of PTA through a series of histochemical experi-
ments and identified that PTA interacted primarily with organic cations
by means of a salt type linkage, i.e. the heavy metal polyanion selec-
tively binding to positively charged groups of the protein. The authors
raised awareness on the importance of the presence of positively
charged molecules in the substrates for PTA-binding to occur. Further-
more, the specific interaction between PTA and collagen was studied by
Nemetschek et al. [21] who examined PTA-treated rat tail tendons under
conventional and synchrotron X-ray radiation. The authors concluded
that two specific reaction steps existed between PTA and collagen: the
first step involving a firm intersubfibrillar binding of the polyanions
PW;2035 to easily accessible basic groups that occurred within 10 min
of processing. This was followed by the second step of less tight and
intrasubfibrillar binding to relaxed fibres. The findings from these
publications suggest suitability of PTA as a contrast agent to enhance the
poor x-ray contrast of hydrated collagen scaffolds.

When collagen structures are created in the laboratory they do not
contain the same degree of crosslinking present in native tissue. As a
consequence, they exhibit limited structural stability and will degrade
rapidly in a physiological environment. To overcome this issue, a
chemical crosslinking step may be applied. For example, scaffolds can be
chemically crosslinked, often using N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride) (EDC) and N-hydroxy-succinimide
(NHS), which forms a zero-length amide bond between carboxylic acid
and amine groups in collagen. Collagen can be crosslinked at varying
degrees by varying molar ratio of EDC:NHS:COOH (on collagen). The
ratio of 5:2:1 is standard in the literature and is often referred by the
nominal term “100%-crosslinked”. The actual levels of crosslinking can
be quantified by measuring the free primary amine content in collagen
using 2,4,6-trinitrol-benzene-sulfonic acid (TNBS) or ninhydrin assay.
The nominal degrees of crosslinking from 0% to 100% were reported to
crosslink collagen at actual levels from 0% to 67% on average [2,22,23].

This EDC/NHS crosslinking has been shown to thermally stabilise
collagen structures. An increase in shrinkage temperature from 56 °C to
86 °C was reported by Olde Damink et al. [24] when 100%-crosslinking
dermal sheep collagen. Similarly, Lee et al. [25] crosslinked bovine
pericardium with EDC:NHS at a 2:1 ratio, and noted an increase of
denaturation temperature from 70 °C to 86 °C. Moreover, the EDC/NHS
crosslinking was reported to enhance the mechanical stability of
collagen scaffolds. For example, Davidenko et al. [22] found that the
compressive Young’s modulus of hydrated collagen scaffolds increased
from 1.2 kPa to 6.2 kPa with increasing EDC/NHS crosslinking density
(0.1%-100%). These thermal and mechanical improvements, however,
come at the cost of cellular adhesion through ablation of
cation-dependent integrin mediated cell attachment [22,26]. This
means that, to maintain cell activity, crosslinking should be reduced to
the minimum level required for a particular application. However, the
effects of PTA staining on the structure of collagen scaffolds with varying
degrees of EDC/NHS crosslinking are unknown.

In this paper, we report a systematic investigation of a range of
sample processing variables to further understand the effects of PTA on
p-CT imaging of hydrated collagen scaffolds.

2. Materials

Insoluble microfibrillar bovine dermal Type I collagen powder was
purchased from Devro Pty Ltd, Australia.

N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride)
(EDC), N-hydroxy-succinimide (NHS), sterile-filtered Phosphate Buff-
ered Saline (PBS) and phosphotungstic acid hydrate (PTA) were pur-
chased from Sigma, UK.
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3. Methods
3.1. Scaffold production

Collagen powder was swollen in 0.05 M acetic acid in a fridge at 4 °C
for 72 h, to produce a 1% (w/v) collagen suspension. The swollen
collagen was blended to make 1% (w/v) collagen slurry then vacuum
degassed to remove any air bubbles that might have formed during the
blending. The collagen slurry was pipetted into 6-well tissue culture
plates (34.8 mm in diameter), with 8 mL added to each well. The slurry
was then processed in a VirTis AdVantage freeze-drier (Biopharma
Process Systems, UK). The slurry was frozen at —30 °C by cooling at
0.83 °C/min from 20 °C then the ice phase was sublimed under vacuum
(80 mTorr) at 0 °C.

The fabricated collagen scaffolds were chemically crosslinked using
EDC/NHS in ethanol/water (95% v/v) solvent at varying degrees (0%-—
100%), following the protocol by Olde Damink et al. [24] The
100%-crosslinking (100%-XL) was defined as crosslinking the collagen
carboxylic acid groups (COOH) at molar ratios of EDC:NHS:COOH =
5:2:1. The crosslinking reaction was performed under ambient condi-
tions for 2 h under gentle stirring, followed by washing in deionised
water (DIW) for 75 min (five washes at 15 min each). The washed
scaffolds were once again freeze-dried as described above.

Samples for immersion studies were prepared by first removing the
top skin layer from the ~30 mm diameter freeze-dried collagen disc
using a scalpel, then 8 mm-diameter and approximately 6 mm-thickness
cylindrical samples were cut using an 8 mm-diameter biopsy punch.

3.2. Immersion studies

A series of immersion studies was performed as described below. The
workflow of each immersion study is shown in Fig. 1.

3.2.1. Immersion study I

This study was carried out to investigate the effect of PTA-staining on
hydrated collagen scaffolds with varying degrees of crosslinking (XL). A
fully supplemented cell culture medium (CCM) was chosen to simulate
in vitro test conditions. CCM was prepared by adding 10% foetal bovine
serum and 1% penicillin and streptomycin into Dulbecco’s Modified
Eagle’s medium (DMEM, Sigma).

Collagen scaffold samples of varying degrees of XL (0%-XL, 1%-XL,
5%-XL, 10%-XL, 30%-XL and 100%-XL) were placed individually in
each well of a 24-well tissue culture plate, containing 2 mL of CCM. The
samples were kept in an incubator at 37 °C for 24 h. After incubation, the
samples were prepared for p-CT in DIW as described in Section 3.3.

3.2.2. Immersion study IT

The collagen scaffold samples of 0%-XL and 10%-XL were chosen to
investigate the effect of immersion medium prior to PTA-staining.

Each collagen scaffold sample was immersed in 2 mL of CCM, PBS or
DIW and kept in an incubator at 37 °C for 24 h. After incubation, the
samples were prepared for p-CT in DIW and SEM as described in Section
3.3 and Section 3.4, respectively.

Control samples were immersed in 0.3% PTA-solution and kept at
room temperature (22.0 + 0.6 °C) for 24 h. The samples were placed
onto Rotamax 120 shaker (Heidolph Instruments, Germany) under a
constant speed of 150 rpm to homogeneously distribute PTA-solution.
After immersion, two samples were scanned in DIW using p-CT, and
two were freeze-dried and examined by SEM.

3.2.3. Immersion study III

Additional experiments were conducted with 0%-XL collagen scaf-
folds samples to investigate the effect of varying sample preparation
methods for p-CT in DIW (Fig. 1c).
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Immersion at room temperature for 24 h

0.3% PTA staining at room
temperature for 24h

Fig. 1. A series of immersion studies with their workflow (a) Immersion study I to investigate the effect of phosphotungstic acid (PTA)-staining on hydrated collagen
scaffolds with varying crosslinking degrees (b) Immersion study II to examine the effect of different immersion medium prior to PTA-staining (c) Immersion study IIT
to assess the effect of varying sample preparation methods for p-CT in DIW. Notes: CCM = cell culture medium, PBS = phosphate buffered saline, DIW = deionised

water, * in (b) is to note that SEM was only performed for 0%-XL scaffolds.
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3.2.3.1. Effect of washing to remove salt residue. After incubation in CCM
at 37 °C for 24 h, the samples were washed in DIW with six changes of
DIW every 5 min prior to 0.3% PTA-staining for 24 h under a shaking
speed of 150 rpm.

3.2.3.2. Effect of duration of PTA-staining. Samples were kept in the
PTA-solution for 0.25 h, 1 h, or 5 h. In addition, the effect of PTA-
solution concentration was assessed by staining the samples with 0.1%
PTA-solution for 24 h under a shaking speed of 150 rpm.

3.2.3.3. Effect of CCM temperature. The collagen samples were
immersed in CCM at room temperature (22.0 + 0.6 °C) for 24 h followed
by 0.3% PTA-staining for 24 h under a shaking speed of 150 rpm.

3.3. u-CT scanning

To perform p-CT in DIW, a 0.3% (w/v) PTA-solution was prepared in
DIW.

After 24 h-immersion in the respective media, each sample was
removed and placed in 2 mL of the staining solution. PTA-staining was
carried out at room temperature (22.0 & 0.6 °C) for 24 h with shaking at
a speed of 150 rpm. After staining, the sample was washed in 30 mL of
DIW for 45 min (nine washes at 5 min each), then placed in an Eppen-
dorf tube containing DIW. The sample was sandwiched between sponges
to avoid any sample movement during scanning and the lid of the tube
was kept tightly closed throughout scanning to prevent any water
evaporation.

The Eppendorf tube, containing the stained sample in DIW, was
placed on a sample holder in a p-CT SkyScan 1172 (Bruker, Kontich,
Belgium) and scanned using the following parameters: source voltage
60 kV, source current 167 pA, pixel size 5 pm, Al filter 0.5 mm, 180°
rotation around the vertical axis of the sample with 2 average frames at
every 0.2° angle step.

All p-CT scanning was performed in duplicate.

3.4. u-CT analysis

The raw scanned data were reconstructed using the NRecon software
provided by Bruker. During reconstruction, the value of ring artefacts
reduction was set to 20% and the value of beam-hardening correction
was set to 30% for the PTA-stained samples. For the unstained control
samples, the value of ring artefacts reduction was set to 10% and the
value of beam-hardening correction was set to 0%.

The samples were viewed using the DataViewer software (Bruker)
and a further 3D visualisation was obtained using the CTVox software
(Bruker). For the latter, a volume of interest (VOI) of 1 mm-thick in the
middle of each sample was selected by defining top and bottom surfaces
and conducting a shrink-wrap procedure to automatically define the
periphery of each sample in the CTAn software (Bruker). 3D analysis was
performed to obtain pore sizes within the VOI. Subsequently, the VOI
was visualised with colour-coded pore size distribution using CTVox
(Bruker).

3.5. Scanning electron microscopy (SEM)

The surface morphology of scaffold samples before and after PTA-
staining was examined using a SEM. The SEM samples were prepared
by freeze-drying after immersing in respective medium. The freeze-
drying protocol was as described in Section 3.1. The freeze-dried sam-
ples were sectioned in half, parallel to the top surface, using a scalpel,
and then mounted on aluminium stubs with carbon tape and imaged at
x 2000 magnification with a Phenom Pro 10 SEM, operating at 10 kV by
backscattered electrons. No conductive coating was needed since a
charge-reduction sample holder was used.

The overview of the sectioned scaffold samples was imaged at x 20
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magnification using a FEI Nova NanoSEM, operating at 15 kV in sec-
ondary electron mode after sputter-coating the samples with a thin layer
of palladium for 2 min at 20 mA.

4. Results
4.1. Immersion study I

Fig. 2a and b shows the p-CT images of PTA-stained, fully hydrated
collagen scaffolds scanned in DIW viewed in different orientations. The
internal structure of scaffolds was visualised and the pore sizes were
evaluated. The pores in each scaffold were viewed as a volume rendered
model of the scaffold structure superimposed with a colour-coded pore
size distribution (Fig. 2c). The mean pore size and pore size distribution
for both dry and fully hydrated scaffolds are also shown (Fig. 2d—e).

The hydrated scaffolds were scanned in duplicate and found to have
highly porous interconnected porosity. The pore sizes appeared to be
relatively homogenous throughout the bulk of scaffolds crosslinked with
5-100% EDC/NHS as shown by the unimodal pore size distribution (red
lines in Fig. 2e). A densified region at the scaffold periphery was
observed for 0%-XL and 1%-XL samples, consequently resulting in a
change in shape of the pore size distribution. For these samples, the
unimodal distribution (green lines in Fig. 2e) broadly changed towards a
more bimodal distribution (red lines in Fig. 2e) after hydration with
significant increase in the proportion of smaller pores in the total scaf-
fold volume. As shown in the images with colour-coded pore sizes, this
densified region comprised 10-20 pm diameter (red) pores.

4.2. Immersion study II

Fig. 3 shows the volume rendered models of hydrated collagen
scaffolds (0%-XL and 10%-XL) superimposed with colour-coded pore
size distributions. The hydration was performed either in CCM, PBS or
DIW for 24 h followed by 0.3% PTA-staining.

The 10%-XL samples showed a homogeneous structure irrespective
of hydration media, while the 0%-XL samples had a heterogeneous
structure, with smaller pores at the periphery of the scaffold. This
collagen densification at the edge was more apparent for the samples
immersed in CCM or PBS prior to staining than those immersed in DIW
prior to staining, resulting in a more bimodal pore size distribution for
the former samples.

Regardless of the crosslinking density, a homogeneous structure was
seen for the control samples, which had been 0.3%-PTA stained alone.

As 0%-XL scaffolds showed extensive densification, further structural
assessment was conducted of these samples using SEM. To isolate the
effect of PTA-staining, the scaffolds that had been immersed in various
media were examined before and after PTA-staining (Fig. 4).

The overview SEM images of the stained samples (Fig. 4j and m)
agreed well with the p-CT results, showing a densified region with
collapsed pores at the edge of the scaffolds. This occurred to varying
degrees with more apparent densification for the stained sample
following immersion in CCM than in DIW. The surface morphology for
these samples appeared to be roughened and fibrous (Fig. 4k-1 and
Fig. 4n—o for immersion in CCM and DIW, respectively). Moreover, some
precipitates were observed on the surface of the stained sample
following immersion in CCM (Fig. 4k-1). As seen in the p-CT images, a
homogeneous structure was observed for the PTA-stained only sample
(Fig. 4p). Unlike the other hydrated, stained samples, this showed a
smooth surface morphology (Fig. 4g-r).

Prior to PTA-staining all samples exhibited smooth surfaces with
uniformly distributed interconnected pores throughout their cross-
sections regardless of immersion media. As such, the densified edge
was not detected before PTA-staining (Fig. 4a and d). Some salt pre-
cipitates were seen on the smooth surface of the samples after immersion
in CCM (Fig. 4b-c) but not DIW (Fig. 4e-f).
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Fig. 2. p-CT images of collagen scaffolds with varying EDC/NHS crosslinking degrees (a) in coronal view (b) in trans-axial view (c) as volume rendered model of the
scaffold structure superimposed with colour-coded pore-size distribution, (d) mean pore size and (e) pore size distribution of both dry and fully hydrated scaffolds.
Scale bar in (a) and (b) represents 1 mm.
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Fig. 3. Mean pore size, pore size distribution and volume rendered models of 0%-XL and 10%-XL collagen scaffolds superimposed with colour-coded pore size
distribution after immersing them in (a) cell culture medium (CCM) followed by 0.3% PTA staining (b) phosphate buffered solution (PBS) followed by 0.3% PTA
staining (c) deionised water (DIW) followed by 0.3% PTA staining (d) 0.3% PTA staining alone. The immersion was for 24 h at 37 °C while the 0.3% PTA staining was

for 24 h at ambient conditions.
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Immersion Before 0.3%-PTA staining After 0.3%-PTA staining
medium Overview Centre Overview Edge Centre
CCM
DIW
AIR

Fig. 4. SEM images of 0%-XL collagen scaffolds before (a-i) and after 0.3%-PTA staining (j—r) for 24 h at ambient conditions. Prior to PTA-staining, the scaffolds
were immersed in various media: cell culture medium (CCM: a-c, j-1) or deionised water (DIW: d-f, m-o) for 24 h at 37 °C, or kept in ambient conditions (g-i). Scale
bar represents 1 mm for the overview images and 15 pm for the rest of images.

4.3. Immersion study IIT

Fig. 5 shows p-CT and SEM images of 0%-XL scaffolds after various
treatments. The percentage volume shrinkage of the scaffolds was
evaluated and shown in Fig. 5.

4.3.1. Varying the staining duration

The use of 0.3% PTA-staining for 15 min after scaffold immersion in
CCM visualised only the outer boundary of the scaffold by p-CT (Fig. 5¢).
The visible portion of the scaffold was found to increase with increasing
staining duration (Fig. 5d—e). However, less than half of the sample was
visible even after staining for 5 h (Fig. 5e), with a central core remaining
unstained. The SEM images of these samples showed an increasing
number of collapsed collagen layers at the edge with increasing staining
time with no collapsed layer after 0.25 h-staining, 1-2 layers collapsed
after 1 h-staining and approximately 5 layers of collagen pores collapsed
after 5 h-staining. Regional variation in the surface morphology of these
samples was also observed. While the centre of the samples had a
smooth surface, the edge of the samples had textured and fibrous sur-
face. About 52-74% volume shrinkage was observed with no clear trend
between the staining duration and the level of volume shrinkage.

4.3.2. Varying the sample preparation method for u-CT in DIW

Different staining procedures were applied after immersion in CCM.
The samples were either washed in DIW for 30 min prior to 0.3%-PTA
staining or stained in 0.1%-PTA solution (Fig. 5b and f, respectively).
These samples all exhibited similar structural alteration with a charac-
teristic densified collagen region at the outer edges of the sample and
collapsed pores observed in both p-CT and SEM images. Moreover, the
collagen struts exhibited a textured and fibrous surface in both cases
throughout the scaffolds. It was noted that washing in DIW appeared to
remove the precipitates seen in the stained sample after immersion in
CCM (Fig. 5a vs. 5b). Increased volume shrinkage was observed when
the DIW-washing step was introduced prior to PTA-staining and also
when the concentration of PTA-solution was reduced from 0.3% to
0.1%.

However, unlike all the other samples investigated in Immersion
study III, a homogeneous structure was seen for the PTA-stained sample
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following the immersion in CCM at 22 °C (Fig. 5g). There was no
densified collagen region and the surface was smooth throughout the
scaffold. Much lower volume shrinkage was observed than for the
sample immersed at 37 °C.

5. Discussion
5.1. Effect of XL density

Staining fully hydrated collagen scaffolds in 0.3% PTA-solution
allowed the visualisation of their internal structures in physiologically
relevant environments, permitting subsequent structural analysis and
predictions of cell infiltration into the scaffolds in vitro or in vivo.
However, two different microstructures were observed by p-CT (Fig. 2):
a heterogeneous structure for non- and very weakly crosslinked scaffolds
(0%-XL and 1%-XL) and a homogeneous structure for the others (>5%-
XL). The heterogeneous structure arose due to collapsed pores at the
edge of the samples, thereby increasing the collagen density in this re-
gion and resulting in a broadly bimodal pore size distribution rather
than a unimodal distribution.

During EDC/NHS crosslinking the carboxyl groups of aspartic (Asp)
and glutamic (Glu) acid residues in collagen react with free amine
groups of lysine (Lys), forming “zero-length” amide bonds between the
collagen molecules [24]. This chemical crosslinking was reported to not
only enhance the thermal stability of collagen by increasing the triple
helix-to-random coil transition temperature (denaturation temperature)
[24,25,27], but also to increase the structural stability by increasing
elastic modulus with increasing XL density [22]. Our p-CT results indi-
cate that crosslinking collagen scaffolds (>5%-XL) seems to provide
sufficient thermal and mechanical strength to resist the structural
alteration observed for the non- and very weakly crosslinked scaffolds
(0%-XL and 1%-XL). Therefore, the crosslinking density is a crucial
factor to consider during the sample preparation of hydrated scaffolds
for p-CT in aqueous environments.

5.2. Effect of immersion medium and PTA-staining

In searching for the possible reasons why such structural alteration
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Fig. 5. p-CT and SEM images of 0%-XL collagen scaffolds after various sample preparation methods with respective volume shrinkage evaluated after PTA-staining
(a) Immersion in CCM at 37 °C followed by 0.3%-PTA staining for 24 h (b) Immersion in CCM at 37 °C followed by washing in DIW for 30 min and 0.3%-PTA staining
for 24 h (c) Immersion in CCM at 37 °C followed by 0.3%-PTA staining for 0.25 h (d) Immersion in CCM at 37 °C followed by 0.3%-PTA staining for 1 h (e) Immersion
in CCM at 37 °C followed by 0.3%-PTA staining for 5 h (f) Immersion in CCM at 37 °C followed by 0.1%-PTA staining for 24 h (g) Immersion in CCM at 22 °C
followed by 0.3%-PTA staining for 24 h. Scale bar represents 1 mm for the first two columns and 15 pm for the third and fourth columns.
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was observed for non-crosslinked and very weakly crosslinked scaffolds,
0%-XL and 10%-XL scaffolds were selected to represent the heteroge-
neous structure and homogeneous structure, respectively. They were
immersed in various media prior to PTA-staining. When the scaffolds
were viewed as volume rendered models superimposed with colour-
coded pore size distributions all of the samples showed a homoge-
neous structure except for the stained 0%-XL scaffolds following the
immersion in CCM, PBS or DIW (Fig. 3a—c). It is worth noting that
staining a 0%-XL scaffold in the PTA-solution alone resulted in a ho-
mogeneous structure with uniformly distributed pore sizes (Fig. 3d).

Further structural assessment was conducted for these 0%-XL sam-
ples using SEM (Fig. 4). Comparing the overview images of each scaffold
before and after PTA-staining suggests that the densified collagen region
around the edge of 0%- and 1%-XL scaffolds is likely to be an PTA-
staining artefact because the densified collagen region was observed
only after PTA-staining (Fig. 4j and m). No such structural alteration was
detected for the freeze-dried scaffolds after immersing in aqueous media
alone (Fig. 4a and d).

The mechanism of PTA-staining was reported by Silverman and Glick
[19] who found that PTA primarily binds to positively charged protein
groups such as poly-L-lysine, arginine and histidine. In addition, Zhu
et al. [28] reported that PTA in solutions decomposed in a stepwise
manner with increasing pH from 1 to 8.3. The pH of 0.3%-PTA solution
was measured to be 2.51 + 0.09, implying that our staining solution are
likely to contain [PW1204¢] 3 [P2W21071]6' and [PW11039]7' ions based
on Zhu et al.’s results [28]. EDC/NHS crosslinking consumes Lys, which
means that crosslinked collagen scaffolds would have less positively
charged groups available to react with the PTA anions. This loss of
charged side chains, in addition to increased thermal and mechanical
strength, could explain why the crosslinked collagen scaffolds (>5%-XL)
did not develop the staining artefact.

Staining dry collagen scaffolds did not result in significant structural
changes even for 0%-XL samples: there was no densified region at the
edge of the scaffold, both 0%-XL and 10%-XL scaffolds exhibiting almost
the same unimodal pore size distribution (Fig. 3d). In addition, the
surface remained smooth throughout the scaffold after the staining
(Fig. 4q-r). However, staining a hydrated 0%-XL scaffold generated the
staining artefact manifested by collapsed pores around the edge of the
scaffold (Fig. 4j and m). Moreover, while the surface of the hydrated
scaffold was smooth (Fig. 4b—c, 4e-f) it became textured and fibrous
upon PTA-staining (Fig. 4k-1, 4n-0). Hydration and subsequent PTA-
staining clearly led to the physical change. Upon further investigation,
the choice of immersion medium showed a significant effect on the
extent of the PTA-staining artefact. Greater densification of collagen was
seen at the edge of the 0%-XL samples immersed in CCM or PBS than in
DIW (Fig. 3a-b vs. Fig. 3c). This result suggests that the presence of salt
in the medium weakens the collagen stability, thereby generating a more
pronounced heterogeneous structure after PTA-staining. This agrees
well with the findings by Privalov and Tiktopulo [29] who investigated
the denaturation temperature of white rat skin tropocollagen. A
decrease of the peak denaturation temperature from 40.5 °C to 37 °C
was shown when these authors added 0.1 M NaCl into the collagen so-
lution. This approximately equates to the 100 mM NaCl content of CCM
and 150 mM NacCl content of PBS used here.

5.3. Methods for u-CT scanning in DIW

In order to further investigate the effect of PTA-staining, various
immersion and staining methods were applied to 0%-XL scaffolds
(Fig. 1c), and the samples were characterised by p-CT and SEM (Fig. 5).

Firstly, increasing the staining duration (Fig. 5c-e) demonstrated
that staining occurs from the sample periphery towards the centre. This
is as reported by Nemetschek et al. [21] who observed that rat tail
tendon reacted with PTA from its periphery to the centre. These results
indicate that PTA-collagen binding proceeds by the diffusion of PTA
anions towards the scaffold centre.
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Five hours was insufficient to completely stain a 5-6 mm thick
scaffold with about 5 mm diameter (8 mm-diameter biopsied samples
shrank after immersion in CCM). While no pore collapse was observed
for the first 15 min of staining, with increasing staining duration,
increasing numbers of pores collapsed at the scaffold edge, progressively
increasing the collagen density. Furthermore, while the (yet unstained)
centre of the scaffold had a smooth surface, the edge of the scaffold
(PTA-stained) showed a textured and fibrous surface, suggesting an ef-
fect of PTA-staining on the surface morphology. Although no clear trend
in volume shrinkage with staining duration was observed, about
50-75% volume shrinkage was seen during the staining.

Secondly, neither reducing the concentration of PTA solution nor
introducing a washing step in DIW prior to staining removed the effect.
The artefact associated with PTA-staining (collapsed pores at the edge of
a scaffold) was seen for both cases (Fig. 5b and f). The washing step in
DIW, however, removed the precipitation on the collagen surface
(Fig. 5b vs. 5a). The precipitation on the stained collagen surface
following immersion in CCM is attributed to the reaction between PTA
anions and positively charged amino acids present in residual CCM. The
PTA-staining was carried out by directly transferring the hydrated
sample in CCM to PTA-solution. Hence, it is likely that the highly porous
sample retained some residual CCM, which contains components
including L-arginine, L-histidine and L-lysine which can subsequently
react with the PTA. Washing in DIW for 30 min prior to PTA-staining
removes these residual CCM molecules, thereby preventing precipita-
tion on the collagen surface (Fig. 5b).

The PTA-staining artefact was not detected for the 0%-XL scaffold
which had been immersed in CCM at room temperature prior to the
staining (Fig. 5g). Unlike the other PTA-stained scaffolds seen in Fig. 5, a
homogeneous structure with no densified collagen region at the edge
was seen for this sample. In addition, it had smooth surface throughout
the structure with the least volume shrinkage (<10%). This result was
somewhat surprising because the washed sample in DIW prior to the
staining still exhibited heterogeneity with a roughened surface (Fig. 5b).
Washing in DIW was performed at room temperature so there would
have been no thermal gradient at the start of PTA-staining like the hy-
drated sample at room temperature. Nevertheless, the former resulted in
a heterogeneous structure with roughened surface while the latter
showed homogeneous structure with smooth surface. These results
suggest that the hydration temperature prior to PTA-staining, in
conjunction with crosslinking density, is a crucial factor for the forma-
tion of a densified region at the scaffold periphery. Regardless of the
hydration medium, all of the 0%-XL scaffolds which had been hydrated
at body temperature (37 °C) resulted in a heterogeneous structure with
roughened surface after PTA-staining. This observation suggests that
hydrating a 0%-XL scaffold at body temperature appears to cause an
irreversible change in the steric arrangement, making the sample more
susceptible to PTA-staining artefact (Fig. 5b).

Both pH and concentration of salt solution have been reported to
affect the thermal stability of collagen. Usha and Ramasami [30]
measured a decrease in the shrinkage temperature with rat tail tendon
collagen when pH decreased from 8 to 5. The greater equilibrium
swelling volume seen in more acidic environments was attributed to
reduced thermal stability [30-32]. The pH of salt-containing solutions
(CCM and PBS) with samples immersed was measured to be about 7
while that of DIW was about 4-5. This difference in pH in addition to the
presence of salt might be why significantly greater volume shrinkage
(about 50% vs. 10%) was observed for 0%-XL scaffolds (Fig. 3a-b vs.
Fig. 3c). However, pH does not seem to affect the generation of
PTA-staining artefacts because introducing an extra DIW-washing step
prior to staining did not alleviate the artefacts (Fig. 5a-b) although the
washing step would have reduced the pH of the solution that is retained
in the collagen scaffolds (pH 7 to 5) in the same way as in the samples
immersed in DIW prior to PTA-staining (Fig. 3c). Moreover,
Komsa-Penkova et al. [33] reported a decrease in denaturation tem-
perature in 5-450 mM NaCl solution and an increase in denaturation
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temperature in 450-1000 mM NacCl solution for acid-soluble calf skin
Type I collagen, demonstrating the “salting-in/salting-out” effect.
Although much greater volume shrinkage with more severe staining
artefacts were observed for 0%-XL scaffolds in salt-containing solutions
(Fig. 3a-b vs. Fig. 3c) no such artefact was observed for the samples
immersed in CCM at room temperature (Fig. 5g). These observations
further suggest that hydration temperature is much more critical than
pH or the presence of salt in the formation of the densified region at the
scaffold periphery.

When Privalov and Tiktopulo [29] took calorimetric measurements
of rat-skin tropocollagen while recording optical activity, they observed
a non-denaturation endothermic transition at around 33 °C as well as a
denaturation endothermic transition at around 37 °C. Since hydrogen
bond breaks endothermically, the 33 °C transition suggests the disrup-
tion of a fraction of H-bonds, but not to the extent of denaturation of the
triple helix-to-random coil. Furthermore, Leikina et al. [34] demon-
strated the potential for local microunfolding of collagen helices at
below- or close to-body temperature. In line with these findings, it is
possible that a non-denaturation thermal transition within 0%-XL scaf-
folds is occurring during hydration at 37 °C, exposing a greater number
of positively charged amino acids on collagen to the surrounding solu-
tion. These ‘temperature exposed’ amino acids of collagen can subse-
quently react with PTA anions, resulting in more pronounced reaction
than in the crosslinked samples. This may be linked to the surface
roughening after PTA-staining.

One explanation for the location of this PTA artefact, at the scaffold
periphery, is a potential PTA concentration gradient through the scaf-
fold depth. At the initial stage of staining, the ratio of PTA anions to
positively charged amino acids on collagen is high. However, PTA is lost
(due to staining reactions) from the staining solution as it diffuses
through the scaffold, resulting in a lower PTA anion to positively
charged amino acid ratio in the scaffold centre. Hence, the effects arising
from interaction with PTA would be greatest at the edge of the scaffold
where PTA is most concentrated and would decrease with penetration
depth through the scaffold due to a decreasing PTA concentration.

6. Conclusions

A simple method for staining hydrated collagen scaffolds has been
reported which allows the 3D visualisation of their internal structure in
aqueous medium using p-CT. This method is useful for providing
quantitative analysis under physiologically relevant conditions. How-
ever, this work has highlighted potential artefacts that can be created
when staining non-crosslinked or very weakly crosslinked scaffolds
(<5%-XL), associated with structural alterations at the periphery of the
scaffolds. These changes in structure create a heterogeneous micro-
structure, which could lead to incorrect quantification of pore sizes. The
optimisation of processing and staining conditions is therefore essential
to ensure accurate tomographic visualisation and pore size analysis of
3D collagen scaffolds when hydrated in an aqueous medium.
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