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Abstract

We demonstrate that x-ray nanotomography with Zernike phase contrast can be used for 3-D
imaging of cells grown on electrospun polymer scaffolds. The scaffold fibres and cells are
simultaneously imaged, enabling the influence of scaffold architecture on cell location and
morphology to be studied. The high resolution enables subcellular details to be revealed. The
x-ray imaging conditions were optimised to reduce scan times, making it feasible to scan
multiple regions of interest in relatively large samples. An image processing procedure is
presented which enables scaffold characteristics and cell location to be quantified. The
procedure is demonstrated by comparing the ingrowth of cells after culture for 3 days and 6
days.

1. Introduction

Tissue engineering aims to recover the function of damaged tissues and organs by combining
techniques from life sciences and engineering. A key strategy is to develop implantable 3-D
scaffolds onto which cells are seeded and grown. The scaffolds must provide analogous
functions to that of the extra-cellular matrix of the target tissue, which is achieved by
designing a structure with suitable architecture, mechanical properties, cyto-compatibility,
and bioactivity [1]. Scaffold architecture is important in achieving good cell adhesion and
hence high cell seeding efficiencies, with porosity and surface area to volume ratio being key
characteristics [2,3]. Pore space diameter and pore connectivity are important for tissue-
ingrowth and vascularisation [3].

Imaging plays an important role in assessing these characteristics and in the understanding
the growth of cells in scaffolds. 3-D quantitative information can be obtained on scaffold
architecture, including how it changes over time, and on cell infiltration and differentiation.
Appel et al. [4] reviewed 3-D imaging approaches for tissue engineering applications and
highlighted the need for further technique development to address all imaging requirements.
State of the art optical imaging techniques, such as multi-photon laser confocal fluorescence
microscopy (LSCM) and light sheet microscopy, are being increasingly used and can provide
3-D information at spatial resolutions down to ~0.2 um for relatively thick but translucent
specimens [5]. The information revealed however is sparse, in that only fluorescently labelled
structures are imaged, while the spatial resolution is typically not isotropic and the signal-to-
noise ratio decreases with depth. Furthermore, high light intensities are often required which
can lead to fluorophore bleaching and phototoxic effects [5]. At higher resolution, destructive
imaging techniques such as FIB-SEM can be used, which are particularly suited to analysing



cell interactions with nanostructured scaffolds [6-8]. However FIB-SEM has a limited field of
view and is suited to imaging near surface features.

High resolution x-ray tomography is a promising alternative for non-destructive 3-D imaging
at resolutions from tens of microns to tens of nanometres [9]. X-ray absorption provides
excellent contrast for hard tissues and microCT is being widely adopted for studying
osteogenesis in bone constructs [10-12]. However, absorption contrast is poor for soft tissues
and light materials such as polymer scaffolds. Contrast agents can be used to improve x-ray
absorption. For example, phosphotungstic acid and iodine based stains have been used to
visualise and characterise in-vitro engineered extracellular matrix [13], while osmium
tetroxide has been used to stain cells seeded on polymer scaffolds [14,15]. Zehbe et al. [16]
used a combined Au /Ag stain to image chondrocytes seeded on gelatine scaffolds, while
Thimm et al. [17] used targeted FeO particles to label endothelial cells in polyurethane
scaffolds. However it may be difficult to achieve uniform staining across a sample
(particularly for small pore scaffolds) [16,18] and non-specific staining can reduce
sensitivity. For example, Dorsey et al. [14] concluded that microCT was 5 times less
sensitive for detecting cells than a DNA assay and is hence limited to quantifying cell
densities greater than a million cells / ml.

Phase contrast imaging techniques can overcome these limitations of absorption contrast by
generating contrast from the real part of the object’s refractive index, which can be 1000
times greater at hard x-ray energies than the real part which gives rise to absorption [9].
There is a variety of x-ray phase imaging techniques being actively developed. At the micron
resolution scale, phase contrast imaging has been used to visualise the microstructure of
polymer and gelatine scaffolds [19-21] as well as their degradation after implantation [22].
Recently, Hagen et al. [23] compared different phase contrast techniques for imaging the
microstructure of decelluarlised tissues. At higher resolutions, Zernike phase contrast and
coherent diffraction imaging have been used to image single cells or clusters of cells with
sub-cellular detail [24-27].

In this paper, we demonstrate that laboratory x-ray phase contrast nanotomography can be
used to image cells, with subcellular detail, seeded on polymer scaffolds whilst also
providing key information on both cell location and scaffold architecture. The linking
together of 3-D information on both cells and scaffolds has the potential to provide new
insights into cyto-compatibility and bioactivity. The x-ray imaging conditions were optimised
to enable lower dose, higher throughput region-of-interest scanning of relatively large
specimens. An image processing procedure has been developed to enable scaffold
characteristics and cell location to be quantified. The procedure is demonstrated by
comparing cell infiltration into polymer scaffolds after culture for 3 days and 6 days.

2. Materials and methods
2.1. Sample preparation

Samples were prepared using the protocols described in [28,29]. Briefly, electrospun
poly(lactide-co-glycolide) (PLGA) scaffolds with fibre diameter of ~4 um and thickness of
~70 um were obtained from the Electrospinning Company, UK. Cell culture using human
fibroblast cells was carried out for 3 days and 6 days. Scaffolds containing cells were then
fixed using 2.5% (vol/vol) glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 2 hours.
Samples were then washed three times with 0.1 M cacodylate buffer (pH 7.2), dehydrated



using a series of ethanol solutions (70%, 85%, and 100%), and finally dried using
Hexamethyldisilazane (HMDS) (Sigma Aldrich, UK) for 5 min.

2.2. X-ray nanotomography

Sections of the scaffolds of ~200-500 um in width were prepared mechanically and placed
within 1 mm diameter kapton tubing for x-ray scanning. The samples were scanned using a
Zeiss Xradia Ultra-810 system using the 150 nm resolution optics with Zernike phase
contrast [30]. The system is a zone plate transmission x-ray microscope with a 65 pm field of
view and uses quasi-monochromatic x-rays with energy of 5.4 keV. A schematic diagram of
the system is shown is Figure 1. The scaffolds were however found to be sensitive to x-ray
dose, with long scans (~8 hours) leading with damage of the fibres. The scan settings were
therefore optimised to reduce dose while maintaining an acceptable contrast to noise ratio.
The exposure time was set to 10 s per radiograph and 541 radiographs were taken over 180°,
giving a scan time of ~1 hour 37 minutes. Volumetric data was reconstructed with a voxel
size of 127 nm using filtered-back projection.

Two overlapping scans were taken at each region-of-interest (ROIs) to image the full
thickness of the scaffold and the volumetric data stitched together after reconstruction.
Further details are given in the image analysis section.

Scans were taken at 3 regions-of-interest (ROIs) for 2 scaffold sections prepared from the
same sample at each time point, giving 6 ROIs in total for each of the 3 day and 6 day time
points. The total scaffold volume sampled per time point was ~2.5 x 10° pm?.

2.3. Image analysis

A semi-automatic image processing procedure was developed to aid visualisation and enable
quantification of scaffold characterisation as well as the infiltration of the cells into the
scaffold. The procedure comprised the following 6 stages:

1. Stitching of data sets

The two overlapping scans per ROI were stitched together by first aligning the data
automatically using the image processing toolbox in Matlab 2014a (Mathworks, Natick,
MA). The grey levels of the two volumes in the overlap region were matched prior to
stitching by finding the linear transform of the data in one scan which led to the best
agreement between the grey level cumulative density functions. The data from the two scans
in the overlap region were then averaged, as shown in Figure 2(a).

2. Removal of the phase contrast artefacts

The Zernike method of phase contrast imaging typically gives rise to halo artefacts at the
edges of features [30]. While these artefacts aid feature detection, they can make
segmentation more difficult. Therefore, an image filter was developed to remove the phase
contrast artefacts inspired by the model of Zernike phase contrast for optical microscopes by
Yin et al. [31]. In this model the artefacts in the 2-D optical images are given by a
convolution kernel applied to artefact-free images, where the kernel involves an obscured
Airy function (difference between Bessel’s functions). We propose the following simpler 3-D
convolution kernel which gives rise to the artefacts in the tomographic reconstructed slices:



F(r)=A46(r)+BDoG(r,0,,0,) (1)

where r is position, J is the delta function and DoG is the difference between two 3-D
Gaussians with mean zero and isotropic standard deviations, o; and 0,. Deconvolution with
the above kernel then gives volumetric data with the artefacts removed or reduced. Total
variation regularisation was used for the deconvolution, via the approach of Chan et al. [32],
in order to reduce the effects of noise.

Suitable values of the standard deviations (o) and 0,) and constants (4 and B) were obtained
via an optimization approach. An ROI containing a single scaffold fibre was selected and the
fibre segmented. The segmentation was convolved with the proposed filter (which was
evaluated on a 7 x 7 x 7 grid) to simulate data with Zernike artefacts. The parameters were
then optimised so that the simulated artefact data was in good agreement (in terms of least
squared difference) with the acquired tomographic data for that ROI.

For the total variation (TV) deconvolution, the amount of regularisation was controlled by a
single parameter, whose values was chosen as a compromise between artefact removal and
noise propagation, and was kept constant for all data sets. Examples of reconstructed slices
before and after artefact reduction are shown in Figure 2.

3. Segmentation of the scaffold fibres

Segmentation of the fibres was based on identifying structures with a local thickness similar
in value to the known fibre diameter of ~4 um. First a grey level threshold was applied to
segment both cells and fibres, with opening and closing morphological operations applied to
remove small islands. The 3-D local thickness was then calculated using ImageJ [33] and
hysteresis thresholding was applied to the thickness data to preferentially select the fibres. An
example slice through the local thickness data is given in Figure 3(a). Manual adjustment was
carried out as necessary to remove any remaining regions corresponding to cells or
background.

4. Segmentation of the cells

2-D region growing was applied slice by slice to segment the cells in the regions from step 3
identified as not corresponding to fibres. For quantification of cell infiltration, this procedure
was carried out on every 10" slice in order to reduce processing time.

5. Quantifying the distance of cells from the upper scaffold surface

The upper surface of the scaffold (the surface on which cells were seeded) was determined by
fitting a 2-D plane to the upper most voxels of the fibre segmentation. The volumetric data
were split into a 5 x 5 grid along the 2 axes that were approximately parallel to the scaffold
surface, and the fibre voxel in each grid with the minimum z coordinate (along the scaffold
depth direction) was identified. A plane was then fitted to the coordinates of these 25 voxels
using the RANSAC algorithm, wusing the Matlab code available from
http://www.peterkovesi.com/matlabfns/index.html. An example of a fitted plane is given in
Figure 3(b). The depth of each cell voxel was then calculated as the perpendicular distance
away from the upper plane. The same procedure was adapted to find the lower scaffold
surface and the mean distance between planes was used as a measure of scaffold thickness.



However, the number of voxels, N(d), sampled as a function of distance, d, from the scaffold
surface is non-uniform as the stitched data comprises two overlapping cylinders (see Figure
2). Therefore, when calculating the histograms of cell volume as a function of distance, the
distribution for each ROI was weighted by Npmax/N(d), where Ny, 1s the maximum value of N
over all d and all ROIs. This weighting also accounts for any differences between the total
volume scanned for the 3 day and 6 day time points.

6. Quantifying scaffold and cell characteristics

Scaffold architecture was characterised in terms of porosity, pore size and fibre diameter
from sub-regions within each ROI. Pore size was determined using the local thickness
measure [34], while fibre diameter was determined by first skeletonising the fibre
segmentation, using the autoskeleton module in Avizo 9 (FEI VSG, Burlington, MA), and
then calculating the modal diameter measure given in [35]. The modal diameter is calculated
for every point on the skeleton as the diameter about the skeleton position, and in a plane
perpendicular to the local skeleton direction, at which the number of edge voxels is
maximised.

The length and diameter of selected cells was measured after first calculating the skeleton,
using the autoskeleton module in Avizo 9 (FEI VSG, Burlington, MA), and then applying the
post-processing techniques described in [35]. The longest-shorted path between skeleton
nodes was used to determine cell length, with the length of this path calculated using the
multi-seed sphere-network technique [35]. The cell diameter was calculated on planes
perpendicular to this path using the modal diameter measure as described above.

3. Results and discussion

The reconstructed slices in Figure 2 show that x-ray nanotomography with Zernike phase
contrast can reveal both cell morphology and scaffold structure. Subcellular detail is visible
even in these short (~1 hour 37 minutes) scans, in which dose was reduced to avoid the
damage occurring to fibres as found for longer scans times (~8 hours). The stitching together
of two scans allows the full thickness of the scaffolds to be imaged at 150 nm resolution.
However Zernike phase contrast gives rise to halo artefacts around features, which makes
image segmentation more difficult. These artefacts were almost all removed by
deconvolution with the image filter given in Equation 1. Examples of reconstructed slices
before and after phase artefact reduction are shown in Figures 2 (a)-(d). Recently, Kumar e¢
al. [36] developed a full model of Zernike phase contrast for Fresnel zone plate x-ray
microscopes, allowing the Zernike artefacts to be removed by a similar deconvolution
approach. However their model is complex to implement, and regularisation for the
deconvolution step requires 8 user-defined parameters to be optimised. In comparison, the
approach developed in this paper is simpler and more practical, requiring only one parameter
to be optimised.

Segmentation of the cells and fibres facilitates 3-D visualisation of the data as well as
quantitative analysis. A 3-D rendering of a scaffold with cells grown for 3 days is given in
Figure 4, showing that the majority of the cells are at or close to the upper scaffold surface.
Subcellular detail is clearly visible, including the nucleus (see also Figures 2 and 5) and a



texture which may be associated with the cytoskeleton and other organelles. The interplay
between cell morphology and fibre arrangement is shown in greater detail in Figure 5 for a
single cell at a depth of ~43 um after culture for 6 days. The fibre arrangement has
constricted the growth of the cell such that it takes a tortuous path between fibres, with the
cell length being 41.5 um in comparison to the Euclidean distance across the cell (from
skeleton path start and end points, see Section 2.3) being 24.9 um. The diameter of the cell
has also been restricted, with the modal diameter taking values in the range 0.6 to 3.2 um,
with the median value being 1.6 pm.

Surface imaging of cells grown in electrospun scaffolds using SEM has previously been
reported [28]. In this study we show that cell migration has occurred across the full
thicknesses of the scaffolds, with the thicknesses measured to be in the range 68 to 88 pum.
The distribution of cell volume with distance is shown for a single ROI in Figures 6 and
overall ROIs in Figure 7. The shape of the histogram is essentially unaffected by segmenting
the cells on every 10" slice in comparison to a full segmentation, as shown in Figure 6. The
overall distributions provide evidence for greater migration of the cells into the scaffold after
6 days. For example, the proportion of cell volume at a depth of 40 um or greater increased
on average (over the ROIs) from 3.8% to 8.5% (the weighted proportion increased from 3.6%
to 7.7%) between 3 days and 6 days. This proportion was significantly greater for 6 days in
69% of pairwise comparisons (p<0.024 for unweighted and p<0.0001 for weighted volumes)
between ROIs at the two time points. There is also evident of an increase in cell volume
(averaged over the ROIs) by 42 % (t-test, p<0.095), or 53% (t-test, p<0.095) for the weighted
volume, between 3 and 6 days. The scaffold architecture was very similar for the ROIs at the
two times points, including the porosity (77 = 5 % for 3 days and 77 + 3 % for 6 days), the
pore space diameter (see Figure 8) and the average fibre diameter, which was measured to be
3.8 £ 0.2 um for both time points. This suggests that the differences in cell volume and
distribution are due to culture time.

However the relatively low cell density for these samples means that the results might not be
representative of the scaffolds as a whole. The technique is therefore more suitable for
analysing higher cell densities. However, the analysis volume per ROI could be increased by
~60% by stitching together radiographs prior to reconstruction (so that each projection has
around twice the field of view along the axis perpendicular to the rotation axis) rather than
stitching volumes after reconstruction as was the case in this study.

Overall, it is clear that X-ray phase contrast nanotomography has advantages over 3-D optical
techniques, such as LSCM, as more complete information is obtained (rather than just
visualisation of labelled structures) and the image resolution and contrast are isotropic across
the field of view, which are conducive to quantitative analysis. The main disadvantage is the
limited field of view, even when multiple regions are scanned, which makes quantitative
analysis of cell infiltration appropriate only when cell densities are high. However, as the
technique is non-destructive, it can be combined with complimentary imaging techniques,
such microCT or LSCM, in a hierarchical correlative imaging approach to provide
information across length scales [9]. In particular X-ray nanotomography could provide a link
between optical imaging and much higher resolution destructive SEM imaging techniques, to
enable targeted imaging of preselected features [37]. Such a correlative imaging approach
would allow multiple growth stages to be studied and allow more in-depth information to be
gained on the influence of scaffold architecture, for example by varying porosity. 3-D



imaging of specific cells could be achieved by combining x-ray nanotomography with
targeted staining with heavy metals by for example the approach detailed in [16].

4. Conclusions

We have demonstrated that x-ray nanotomography with Zernike phase contrast can be used to
image cells in polymer scaffolds at a resolution of 150 nm. The high resolution enables
subcellular detail to be obtained whilst making the technique attractive for characterising
nano-fibre scaffolds [38]. The scan settings were optimised to reduce scan times and dose
while maintaining an acceptable image quality, making feasible the analysis of multiple
regions of interest in relatively large samples. An image processing procedure has been
developed to enable quantitative characterisation of scaffold architecture as well as
determination of cell location and morphology. A proportion of the cells is found to immerse
themselves 40um deep inside the scaffold and they clearly adhere to the polymer surface.
This scaffold material is thereby demonstrated to be a favourable growth environment for the
cells. The linking together of 3-D information on both cells and scaffold can provide new
insights into the interplay between scaffold architecture and cell morphology, cyto-
compatibility, seeding efficiency and bioactivity.
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Figure 1. Schematic diagram of a transmission x-ray microscope with Zernike phase contrast. The x-ray
paths are shown in grey and phase contrast is achieved via the phase ring placed in the back focal plane of
the zone plate objective.



Figure 2. (a) Reconstructed slice through a scaffold after stitching together 2 scans. The upper scaffold
surface is on the left hand side. Scale bar is 15 pm. (b) Enlarged section of a slice showing a cell

subcellular detail clearly visible. Scale bar is 15 um. The corresponding slices after phase artefact removal
are shown in (c) and (d).
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Figure 3. (a) Local thickness map used in step 3 of the segmentation process (see Section 2.3) shown
for the slice in Fig 2(a). Scale bar is 10 um. (b) 3-D rendering of the segmented data with fibres in
grey and cells in green. The 2-D plane fitted to the upper scaffold surface is shown in red. Scale bar is
20 pm.
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Figure 4. Distribution of the number of cell voxels as a function of distance for (a) full cell
segmentation and (b) segmentation on every 10t slice for a scaffold with cells grown for 3 days.



Figure 5. 3-D rendering showing cells distributed on and within the scaffold after being grown for 3
days. Subcelluar details is evident, including the nucleus (marked with an arrow and shown in red)
and texture associated with the cytoskeleton?! YUSUF — PLEASE CHECK (bottom arrow — is this
necessary?). Scale bar is 10 pm.



Figure 6. 3-D renderings of a cell located at ~43 um into a scaffold after culturing for 6 days. The
cell morphology is clearly influenced by the local distribution of fibres and their orientation. The
cell nucleus is shown in red. Scale bar is 3 pm.
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Figure 7. Net distribution over 6 ROIs of the number of cell voxels as a function of distance from
the upper scaffold surface for (a) 3 days and (b) 6 days. The distributions are shown before and after
weighting was applied to account for the non-uniform sampling as a function of distance (see
Section 2.3)
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Figure 8. Local thickness distribution of the scaffold pore space for 3 and 6 days.
The mean local thickness is 10.9 4.5 um and 11.5 £ 4.6 um for 3 and 6 days,

respectively.



