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Abstract



Advanced imaging is useful for understanding the 3D growth of cells. X-ray tomography
serves as a powerful noninvasive, nondestructive technique that can fulfill these purposes by
providing information of cell growth within 3D platforms. There are a limited number of
studies taking advantage of synchrotron X-rays that provides a large field of view and
suitable resolution to image cells within specific biomaterials. In this study X-ray
synchrotron radiation microtomography at Diamond Light Source and advanced image
processing were used to investigate cellular infiltration of HeLa cells within poly-L-lactide
(PLLA) scaffolds. This study demonstrates that synchrotron X-rays using phase contrast is a
useful method to understand 3D growth of cells in PLLA electrospun scaffolds giving a
large field of view. Two different fiber diameter (2 and 4 um) scaffolds with different pore
sizes, grown over 2, 5 and 8 days in vitro were examined for infiltration and cell
connectivity. After performing visualization by segmentation of the cells from the fibers, the
results clearly show deeper cell growth and higher cellular interconnectivity in the 4 pm fiber

diameter scaffold.

This indicates the potential for using such 3D technology to study cell/scaffold interactions to

understand disease and for future medical use.

Introduction

Tissue engineering is an expanding interdisciplinary field combining life, material and
bioengineering sciences, aiming to restore damaged tissue and organs [1, 2]. The goal is to
produce a three-dimensional (3D) construct(s) that uses live cells supported by a scaffold that
replicates in vivo conditions for successful tissue/organ replacement. These 3D scaffolds provide
support and allow cellular growth processes, such as cell adhesion, migration, proliferation and
differentiation to take place [3, 4], maintaining tissue homeostasis in vitro [5]. Scaffoldsserve as
suitable in vitro models gor cell growth in which in vitro cancer cell behavior can be investigated
[6, 7, 8].. Before designing any experiment the type and design of scaffold , growth factors, the
extracellular matrix (ECM) and cells of choice [9] need to be selected carefully for the required

application.



A number of different biomaterials have been developed for tissue engineering applications. This
includes naturally both derived and synthetic polymers. [10]. Using electrospinning technology,
highly porous scaffolds with interconnected pores or random fiber networks can be produced
[11-12]. Materials for scaffolds includes poly(L-lactic acid) (PLLA) that have received approval
from US Food and Drug Administration (FDA) for human clinical use [13, 14], making it a
material of interest. Furthermore it can be easily processed, can degrade to natural metabolites,
and has mechanical properties that can be adjusted to specific requirements needs [15]. Scaffold
fiber diameter can range from nano- to microscale [16, 17, 18] and should ideally resemble the

extracellular matrix dimensions.

To understand scaffold characteristics such as architecture, cell infiltration and growth of cells,
imaging serves as a useful tool [19]. As scaffolds can have varied structure in the depth
dimension, certain characteristics are not observable using standard 2D imaging methods. For
example, scanning electron microscopy (SEM) has been routinely used to image the surface of

scaffolds seeded with cells [20, 21].

The microscopy technique selected is usually dependent on the thickness of the scaffold and it is
clear that new imaging approaches for tissue engineering applications need to be further explored
and developed [22]. Imaging of cells grown in scaffolds using standard light microscopy poses
several problems as the 3D structure cannot be fully characterized mainly due to the thickness of
the scaffold and the light diffracting [23]. Fluorescent labeled adherent live cells can be imaged
using confocal microscopy can scan samples with a greater depth of up to 350 um but this
depends on the property of the sample [24, 25]. Higher resolution can be obtained using
multiphoton fluorescence microscopy that allows simultaneous excitation at multiple long
wavelengths results in fluorescence [26]. These techniques are useful but require fluorescent
labelling of the sample and give sparse information. Furthermore, high light intensities often lead
to fluorophore bleaching and phototoxic effects [27]. Both fluorescence and confocal microscopy
cannot see the interior of the ‘opaque’ scaffold. To understand complete cell behavior within the
scaffold, 3D rendering of sections imaged using confocal after cryofixing fluorescent cells has
been done [28]. Furthermore, obtaining 2D sections and performing 3D reconstructions either by
confocal [29] or focused ion beam (FIB-SEM) [30] is a disruptive, tedious and can be destructive

due to the need for sectioning or staining.



Nondestructive 3D imaging at high resolution can be achieved using X-ray tomography [31] of
large samples that are up to a few cm’, with high resolutions of sub-pum and allows quantitative
measurements [32]. Microcomputed tomography (microCT) has been used widely for biological
sample imaging that allows deep penetration into the sample [32, 33]. The method uses 2D X-ray
images at different angles around the sample (usually 180° or 360°). After 3D reconstruction,
sophisticated analysis can be done using different software tools [34]. This technology has been
used for imaging scaffolds containing cells using lab based X-ray systems by phase contrast [11,
35, 36]. Even though the X-rays can penetrate through the sample and provide high resolution
(150 nm) the main disadvantage is the limited field of view [16]. Better phase contrast can be
achieved using microCT systems generated in a synchrotron to image cells, as synchrotron
source generates high spatial coherence and high flux [37]. In addition the use of heavy metal
staining can be eliminated when performing in phase contrast imaging which is advantageous to

keep structural details intact [46].

In this study non-toxic and FDA approved electrospun PLLA scaffolds were used. Our study
focused on evaluation and comparison of 2 different fiber diameter scaffolds. An immortal HeLa
cancer cell line was selected as it is the most widely used model cell line that has contributed
towards many medical science discoveries. They grow fast with a doubling time of 24
hours, making them ideal for developing protocols [45].This paper demonstrates the use
of synchrotron X-ray microCT for imaging cells grown in electrospun PLLA scaffolds giving a
large field of view. Also, the effect of different scaffold fiber/pore sizes on cancer cell growth
and infiltration was tested. Unstained cells were seeded and measured at three different time

points in two different fiber/pore sized scaffolds.

Material and Method
Sample Preparation

“The scaffold material was purchased from the Electrospinning Company, UK.
https://www.electrospinning.co.uk/. The selected electrospun scaffolds were made of PLLA and
have 2 pm and 4 pm diameter fibers with random orientations. The pore sizes are 14.8 + 4.3 pm
and 22.7 + 8.1 pm for the 2 um and 4 pm diameter fiber scaffolds, respectively. The scaffolds
were in the form of 2 cm diameter disks with a thickness of around 50 um. HeLa cells were
obtained from Prof Stanley Botchway (Central Laser Facility, Science and Technology Facilities




council, UK). These cells were grown in the scaffold material following previously published
protocols [16, 21]. Briefly, HeLa cells were grown in electrospun porous poly(L-
lactide);(PLLA) scaffolds for 2, 5 and 8 days. The scaffolds containing cells were then fixed
using 2.5% (vol/vol) glutaraldehyde (Sigma Aldrich, UK) in 0.1 M cacodylate buffer Sigma
Aldrich, UK); (pH 7.2) for 2 h. Fixing the samples was done to preserve samples at room
temperature. Cell samples were not stained with any heavy metals. After the samples were
washed three times with 0.1 M cacodylate buffer (pH 7.2), followed by a dehydration using a
series of ethanol solutions (70%, 85%, and 100%). The samples were finally dried at room
temperature using hexamethyldisilazane (Sigma-Aldrich, UK) for 5 min. for Before X-ray
scanning, scaffolds were prepared into thin strips by cutting the scaffold material using a sharp
blade or scissors. Once the strips were made the scaffold material was carefully placed within
1.8 mm diameter kapton tubing (Goodfellow, UK) ensuring there was no folds. Mounting of the
sample in the kapton tubing for the microCT was done as described previously [16] by gluing the
kapton tubing onto a pin holder that then attached onto the rotation stage.”’

Beamline I13-2 at Diamond Light source for X-Ray tomography

The in-line phase contrast microtomography on I13-2 beamline was used at high resolution
(circa 1 um), using pink beam (5-35 keV) to obtain phase contrast on the samples [38, 39, 40].
Tomography scans with the pco.edge 5.5 detector at 8x total magnification was performed. The
field of view was 2.1mm x 1.8mm with an effective pixel size of 0.81 pm. The high flux of the
X-ray beam allowed tomography datasets to be recorded rapidly. The exposure time was set to
20 ms per radiograph with a 0.045 degree step size, obtaining 4001 projections per data set. A
filtered back projection algorithm with dark- and flat- field correction reconstructed 3D volumes

from the projections using Diamond Light Source (DLS) software DAWN (41).

Data Analysis: Data was analysed using powerful dedicated graphic workstations at 113-2
(DLS) [38, 41]. After reconstruction, the 3D dataset were converted from 32-bit tiff images into
8-bit images using Image J/Fiji software. The kapton tubing artifacts that were seen around the
scaffold material were cropped out reduceding the size of the data. A region of interest was
created from the full data set and had dimensions of 722 x 522 x 667 voxels. A 2D slice or plane
in XZ was aligned with the surface and used to determine visually the apparent growth of cells
within the scaffold as a first inspection, This was done for all the 2 uM fiber and 4 pM fiber
diameter scaffold samples and the different days (2, 5 and 8 days).



Image processing

The image processing was performed using Thermo Scientific Amira-Avizo 9.5 software. The
3D dataset were filtered using a non-local means algorithm to de-noise the images while
preserving the boundaries between the scaffold fibers and the cells. The scaffold and the cells
were separately segmented using a 3D region growing algorithm. A euclidean distance map was
computed from a binary mask that includes both scaffold fibers and pores. A python script was
then developed to quantify the volume of cells as a function of the distance from the two
opposite scaffold edges. At a given depth, the volume fraction of cells defined as the volume of
cells divided by the volume of both, fibers and pores, was also calculated. The script was
adjusted to quantify the volume of cells from the upper scaffold surface where the cells have

grown.

Results and Discussion

The X-ray scans gave a large field of view (2.1 mm x 1.8 mm) with cells clearly visible on the

surface of the scaffold after aligning the tomograms (Figure 1A).

100 pm

250 pm

Figure 1. 3D X-ray image of cells grown in electrospun scaffolds. A) A full field of view 2.1 mm x 1.8 mm
showing a 3D PLLA scaffold image with cells (white) distributed on the surface of the scaffold. Scale bar 250
pm. B) Subvolume of A showing an enlarged section with cellular detail on the surface of the scaffold visible

including individual scaffold fibers. Scale bar 100 pm.



Obtaining a large field of view is important as cells can grow in different orientations according
to the scaffold architecture. The subvolumes show clear distribution of cells on the seeded
surface with reduced contrast difference between the scaffold and cells observed for all the
samples used in the study. Figure 1B and Supplementary 1A-F shows tomograms of 2 pm and 4
um fiber diameter scaffolds with cells grown for different durations (2, 5 and 8 days). It is also
important to examine growth inside the scaffolds. To visualize cell distribution within the two
scaffold types (2 um and 4 um fiber diameter) over the different days (2, 5 and 8 days), the
volume fraction of cells as a function of the distance from the scaffold surface was measured.
The 4 um fiber diameter scaffold, 2 days was not included as there was very few cells to segment
so was excluded from the analysis (Supplementary Figure 1D). Each voxel (0.81pm) was
measured from the surface where the cells migrated deeper into the scaffold over time after cell
seeding. Figure 2A shows cells in the 2 pm fiber diameter scaffold migrate to a depth of
approximately 10 um after 2 days to 16 pm after 5 days and 15.2 pm after 8 days. In comparison
cells in the 4 um fiber diameter scaffold showed a depth of 43.2 um and 48.8 um after 8 days
(Figure 2B). Connected cells in the entire scaffold have been displayed in 3D using different
colors to identify clusters (Fig 2C, 2D and Supplementary Figure 2A-C). The 4 pum fiber
diameter scaffold at 8 days has 1 color (in blue) because all the cells are interconnected (Fig 2D)
whereas the other cells are clustered in multiple colors (Fig 2C, Supplementary Fig 2A-C). These
clusters show that the cell density is increasing 5 with growth of cells from 2
days to 8 days. Supplementary Figure 3 shows cells on the surface of the 2

um fiber diameter scaffold.
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Figure 2. Volume fraction of cell voxels as a function of the distance from the scaffold surface. a) graph
showing comparison between cells grown for 2, 5 and 8 days for the 2 um fiber diameter scaffold b) graph
comparison between cells grown for 5 and 8 days for the 4 um fiber diameter scaffold.

3D visualization of the whole cells with each color a group of cells that are connected. C) 8 days for the 2 pm
fiber thick scaffold b) 8 days for the 4 um fiber thick scaffold. Scale bar 200 pm.

The reconstructed images of cells cultured on fibrous scaffolds showed that they can grow within
both type of fibrous scaffolds used. Cells attached to the surface of the 2 um fiber diameter
scaffold and distributed mainly on the surface whereas the cells distributed on both the surface

and within (z) the 4 uM fiber diameter scaffold (Figure 3).
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Figure 3. 3D rendering of cells grown in electrospun scaffold material. Subvolume (130 um) of 2 uM

fiber diameter scaffold in grey and cells in orange after A) 5 days and B) § days of growth. Subvolume

(130 pM) of 4 um fiber diameter scaffold in grey and cells in orange after C) 5 days and D) 8 days of
growth. Scale bars for B and C are 20 pm.

The 2 pm fiber diameter scaffold was not suitable for cells to infiltrate into the pore between and
among fibers. However if cells were left in the 2 um diameter scaffold for longer then maybe the
cells would have migrated further inside the scaffold material. The 4 um diameter scaffold has a
larger pore size (15-30 um) than the 2 pm (5-10) fiber scaffold. It is already known that the 3D
matrix physical properties such as pore size and porosity and fiber diameter can affect cell
morphology, attachment and function [47, 48]. The scaffold acts as a structural support and
needs pores to allow cell attachment proliferation and migration. The cells should have access to
oxygen and nutrients to cells and will enable waste products removal. The scaffold should be

biocompatibale and appropriate mechanical properties [13].

The use of X-ray tomography together with sophisticated 3D analysis has been demonstrated
well in this study as well as recent studies investigating different polycaprolactone scaffolds for
bone tissue regeneration [49, 50] and after checking the effect of mineralisation behaviour of CaCOs
deposited on such scaffolds followed by 2 plasma treatment [51]. It is evident that the future will
involve using such methods not only for investigating scaffold characteristics but will combine
detailed cell analysis investigating cell adhesion, growth, viability morphology and
differentiation [51]. Nevertheless, X-ray microCT methodology is costly and involves having
access to a synchrotron facility but has advantages requiring no staining, high flux. As the large
field of view comes at the cost of spatial resolution, precise analysis of nanofibers cannot be achieved



(49). We are also now witnessing 3D imaging studies moving towards cryo imaging of cells to
understand understanding scaffolds-cell interactions. Cryo FIB-SEM has been used to evaluate
cryo prepared electrospun nanofibre scaffolds on which osteoblasts were grown [52]. Even
though cryo imaging using soft x-ray cryo microscopy of unstained cryofixed cells in the water
window range have been imaged it cannot be used to image scaffold-cells due to the thickness of
the samples [53].

Conclusion

Overall this study demonstrated that X-ray microtomography with inline phase contrast serves as
a suitable imaging method for the 3D observation of cell grown in electrospun scaffolds as it
allows high penetration through the sample, is nondestructive and does not require any staining.
The 3D scaffolds provide support to the cells and the cells show clear contact with one another.
Clear segmentations can be done in which cells can be separated from the scaffold, allowing us
to understand the growth of cells within different scaffold types. Comparisons of the two
scaffolds showed that HeLa cells in the 2 pm fiber diameter scaffold, with smaller pore sizes, did
not penetrate into the material and formed cell sheets on the scaffold surface. Conversely, cells
grown in the 4 pm scaffold fiber penetrated inside and grew within the scaffold. The results also
show that cells are more interconnected in the 4 um fiber diameters caffold after 8 days of
growth penetrating throughout the entire 50 pm scaffold. This study will allow us to identify
suitable platforms for cancer cell biology and metastasis, in which we will be able to understand
the complicated behavior of cells. Imaging the interior of scaffolds will also serve useful for

other applications such as tissue regeneration and stem cell generation [51].
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