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of fabricating complex anatomical features of clinically relevant sizes.

Results 108 However, the construction of a scaffold to replicate the complex hierarchical

Discussion 110 structure of natural tissues remains challenging. This paper reports a
novel biofabrication method that is capable of creating intricately designed
structures of anatomically relevant dimensions. The beneficial properties of
the electrospun fibre meshes can finally be realised in 3D rather than the
current promising breakthroughs in two-dimensional (2D). The 3D model
was created from commercially available computer-aided design software
packages in order to slice the model down into many layers of slices, which
were arrayed. These 2D slices with each layer of a defined pattern were
laser cut, and then successfully assembled with varying thicknesses of 100
um or 200 um. It is demonstrated in this study that this new biofabrication
technique can be used to reproduce very complex computer-aided design
models into hierarchical constructs with micro and nano resolutions, where
the clinically relevant sizes ranging from a simple cube of 20 mm dimension,
to a more complex, 50 mm-tall human ears were created. In-vitro cell-
contact studies were also carried out to investigate the biocompatibility of
this hierarchal structure. The cell viability on a micromachined electrospun
polylactic-co-glycolic acid fibre mesh slice, where a range of hole diameters
from 200 um to 500 um were laser cut in an array where cell confluence
values of at least 85% were found at three weeks. Cells were also seeded onto
a simpler stacked construct, albeit made with micromachined poly fibre mesh,
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Bone and cartilage are examples of tissue that are
both capable of being distinctly and prominently
shaped whilst being prone to injury and damage.
Injuries and abnormalities to the bone and
cartilage such as microtia and anotia of the ear
and tumour removal are a prevalent problem
facing health services."® Taking anotia and
microtia (where the ear cartilage either does not

a global study covering the years 1988 to 2007,
the prevalence stands at approximately 2.06 cases
per 10,000 neonatal patients,” and the current
treatment of autografting a shaped costal cartilage
graft requires several invasive surgeries and a
risk of donor site morbidity.’® Additionally, over
500,000 bone graft surgeries were performed
annually in the USA." Current treatments for
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maxillofacial bone repair require either autografting pelvic
bone, an invasive surgery with the risk of donor site morbidity,
or metal plate implants, which are uncomfortable, prone to
wear or based on more costly titanium alloys.'* !

These current treatments can be improved upon greatly using
biomaterials and processes that are more compatible with
native tissue and development.” '*!¢ Electrospinning, where
fibre meshes are created by using a potential difference to draw
a polymer from a source — such as in a solvent solution - to a
collector, is one such technique regarded as producing a fine
nanofiber mesh."” ' Both natural and synthetic polymer fibre
meshes can be fabricated, and studies have shown that they
have advantageous properties with regards to cell viability,
response and differentiation due to their resemblance to
tissue extracellular membrane (ECM)."” However, the main
difficulty of electrospinning and bone and cartilage repair is to
scale up the process in three-dimensional (3D) and fabricate a
precise 3D structure with clinically relevant dimensions.?’ To
this end, melt electrowriting is one technique that combines
electrospinning with additive manufacturing and is capable of
producing 3D structures of fibre meshes with unprecedented
micro and nanoscale precision. The polymer filaments are
drawn from the molten polymer instead of a solvent dispersion,
and directly deposited on the substrate under the action of
electrostatic forces. Fabrication thickness is still limited to
achieve any clinically relevant sizes due to the deteriorated

electrical field for thicker constructs.?!-2*

The technique of 3D bioprinting, on the other hand, offers
a means of fabricating bespoke, clinically relevant sized,
hierarchal structures.?**° This technique involves the use of
cells and a specifically designed biomaterial scaffold to fabricate
a 3D hierarchal graft, which can be scaled to clinically relevant
sizes according to a patient’s specific anatomical structure.* *
However, the main challenge of 3D bioprinting is the ability
to print the scalable sizes that can be self-supportive whilst
using materials that resemble the ECM. Currently, it is difficult
to achieve a 3D bioprinted structure having both adequate
biological and mechanical function.*

In an attempt to overcome these problems, electrospun
fibre meshes have been proposed.**?** One recent approach
involves stacking two-dimensional (2D) layers of electrospun
mesh and 3D printed discs on top of each other to make a
3D shape.”” While the methodology implemented in these
studies has shown promising results in vitro, there is scope
for improvements to be made in order to biofabricate patient
specific constructs at scale and having clinically relevant
dimensions.

To date, there it has been challenging to mimic faithfully
the 3D hierarchical structures that make up complex human
tissue.*® Any novel fabrication method must take into account
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the macro scale to match the clinically relevant size of the tissue
being replaced, the microscale precision for the anatomic shape
and to allow cell migration and accurate ECM formation, and
nanoscale precision for the morphological resemblance to
ECM to maximise native cell viability and performance.**

In this paper, we report a novel method for 3D biofabricate
tissue scaffolds with microscale precision from nanofibrous
materials. The method involves stacking 2D nanofibre meshes
that have been laser cut into distinct cross-sectional shapes in
a prescribed sequence, the position and orientation of each
slice being specified to achieve an accurate representation of
the anatomical feature. The stacked nanofibrous meshes alone
would not allow cell migration through each slice, something
that would be an issue for the potential success of any graft
where cells are required to be uniformly dispersed, due to the
lack of microporosity within the nanofiber meshes; this also
hinders nutrient diffusion to cells within the construct and the
potential for vascularisation, vital for ensuring cell survival
and thus the success of the graft. Using a nanosecond laser
cutter to micromachine arrays of circular voids of different
diameters into fibre meshes have already been shown to
support cell growth and proliferation.*" ** Equally important
is the length scale and interconnectivity of the voids, to ensure
that cells are uniformly dispersed through the structure at the
time of seeding, and that once attached those cells are able
to proliferate throughout the structure and deposit ECM,
thereby consolidating the tissue scaffold and ensuring effective
engraftment to the surrounding host tissue.” Using this novel
method various designs were successfully fabricated with good
accuracy and with application relevant sizes and cosmetics,
ranging from some simple shapes up to realistic, anatomically
relevant body parts such as a human ear.

The aim of the present study is to explore further the potential
of micromachining techniques to optimise the microporosity
and performance of such 3D constructs in vitro.

Methods

Scaffold fabrication

The polycaprolactone (PCL) nanofiber mesh from which
the cell scaffolds were fabricated was produced in sheet form
using a bespoke electrospinning apparatus at the University of
Strathclyde.* PCL pellets (molecular weight = 80,000; Sigma-
Aldrich, Gillingham, UK) were dissolved in a 9:1 mixture of
acetone and dimethyl formamide (DMF; both from Sigma-
Aldrich) to a final concentration of 17 wt%. The polymer
dispersion was delivered from a 5 mL syringe (Sigma-Aldrich)
fitted with a 20G gauge needle (Vicson, UK) at a flow rate of
2 mL/h. The electrostatic potential was set at 15 kV. The
polylactic-co-glycolic acid (PLGA) nanofibre mesh was kindly
donated by The Electrospinning Company Ltd. (Oxfordshire,
UK).

*Corresponding author: Wenmiao Shu, will.shu@strath.ac.uk.
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Design and three-dimensional construction of scaffold
In order to ensure an accurate 3D reconstruction, stacking
method was devised to facilitate the layer-by-layer assembly of
each slice in the correct sequence. This method can be described
as using a square, acrylic base with four tall steel pins in each
corner, each 3 mm in diameter, to guide the alignment of each
slice (a sheet that has been cut using a CO, laser, a square that is
the same dimensions as the base, and with a 3 mm hole in each
corner orientated exactly in line with the pins). In this way,
having successfully positioned the individual sections, one on
top of the other, the full 3D reconstruction may be realised.

A computer model of the desired shape (for the purpose of
proving the concept of a cube, a hemisphere, a pyramid and
an ear, all of varying sizes) was constructed in computer aided
design (CAD) software (Inventor® Version 2018, Autodesk,
Dublin, Ireland), to which four 3 mm cylinders (corresponding
to the pins) and an enclosure (corresponding to the base) were
added. A 1-mm thick support structure was added to locate the
shape of the surrounding enclosure. A rendered view of the
final 3D model is shown in Figure 1A. This model was saved
as a stereolithography (stl) file and opened in Slicer (Version
1.3.0 GNU Affero), a slicing software often utilised for 3D
printing (additive manufacturing). Thereafter, the file was
exported in the open standard scalable vector graphic (svg) file
format, in which the layer thickness is specified by the user
and the model is sliced horizontally into layers, each having
this well-defined thickness. The model was then imported into
Inkscape (version 0.92 GNU General Public Licence), in which
the model was further processed to yield an array of slices
having the appropriate dimensions (a sample of an ‘ungrouped’
and arrayed svg is shown in Figure 1B). Each slice was then
numbered (to help with the construction process later) and
saved as a drawing exchange format (dxf) file for laser cutting
bya TMX65 50 W CO, laser (CTR Lasers, Northampton, UK).
Figure 1C shows an example of the electrospun polymer sheet
after processing by the laser, complete with 3-mm diameter
alignment holes at each corner, while Figure 1D shows an
example of the layers from which the part is to be constructed.

In order to ensure an accurate 3D reconstruction of the laser
cut-outs, a stacking method was devised to facilitate the layer-
by-layer assembly of each slice in the correct sequence on a
custom-made jig. The jig was fabricated in acrylic from a block
55 mm x 55 mm in size and fitted with four stainless steel
pins, each 3 mm in diameter (Figure 1E). In this way, having
successfully positioned the individual sections, one on top
of the other, the full, 3D reconstruction of the desired shape
could be realised.

For the purpose of demonstrating the technique, two grades
of filter paper (Cat 50 and Cat 40, respectively; GE Whatman,
Buckinghamshire, UK) were used. The former had a nominal
thickness of 100 um and the latter 200 um.

Once the shapes had been cut out of the material by the laser,
they were assembled as described above and bound together
with a 4% aqueous solution of sodium alginate (Sigma-Aldrich).
In Figure 1E, step 1, the correctly numbered laser cut slice is
slotted onto the alignment base. Step 2 shows the application
of the alginate via a needle and syringe (alternatively, the
solution was dispensed from a bioprinting nozzle). In step 3
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the corresponding construct slice is adhered to the preceding
construct slice in the correct position and orientation as
dictated by the alignment slice. Steps 4 and 5 show how the
process repeats itself until all the slices have been laid onto
the structure. Thereafter, the 3D construct was immersed in a
calcium chloride solution (100 mM) to cross-link the alginate
and strengthen the structure. Finally, the alignment slices were
removed carefully from the alignment base, leaving only the
desired structure standing on the base. In a further experiment,
above steps were repeated with collagen instead of alginate
in step 2 of Figure 1E and thermally cross-linking in a 37°C
incubator for 1 hour.

Morphological analysis of the polycaprolactone
nanofibre mesh

A scanning electron microscope (SEM) image was taken of a
typical PCL electrospun fibre mesh using a Hitachi TM-1000
Desktop SEM Machine (Chiyoda, Japan). From this image, the
diameters of ten random fibres were measured using Image]
(version 1.53e; National Institutes of Health, Bethesda, MD,
USA), and an average was taken. Ten randomly selected pores
were then measured (also with Image]) for their area and the
length at their narrowest point. This is to determine if there is
a possibility for cell mobility through the nanofiber mesh.

In vitro studies

Cell-contact studies: cell viability

Murine adipose derived stem cells (ADSCs) were kindly
donated by researchers at the University of Glasgow, UK. Cells
were cultured using minimal essential media (MEM; Gibco,
Thermofisher Scientific, Inchinnan, UK) containing 10% fetal
bovine serum (Gibco, Thermofisher Scientific) and and 1%
penicillin/streptomycin (Corning, Thermofisher Scientific),
in an incubator set at 37°C and 5% CO, atmosphere.

Micromachined two-dimensional slice

An in-vitro cell-contact study was performed on individual
micromachined PLGA sheets in order to understand whether
the application of an appropriate cell type, in this case, ADSCs,
which have the potential to differentiate into osteoblasts after
they have become attached to and proliferated on such a 2D
construct. Here, a V2-1-100-20-20 nanosecond laser (IPG
Photonics, Coventry, UK) was used to cut an array of holes
of varying sizes in the range 200, 300, 400, and 500 pm. The
diameter of the holes that were made in the PLGA sheets was
verified by direct measurement using a Brunel SP50 light
microscope (Chippenham, UK). Image] was used to measure
the average diameter of each hole sampled by taking three
measurements for each hole and taking an average. Three
holes for each sample were then measured and the average
hole diameter for that array was calculated.

The samples were sterilised in a 70% ethanol solution for 1 hour,
and washed three times with phosphate buffered saline (Gibco,
Thermofisher Scientific), after which 200,000 ADSCs were
seeded onto each array. For live/dead staining, the samples were
stained with fluorescein and propidium iodide at day 21 to assess
cell growth and viability, and then viewed under an inverted
epifluorescent microscope (Nikon Eclipse TE300 Epifluorescent
inverted microscope, Minato city, Tokyo, Japan).
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STEP 1

STEP 2

STEP 3
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STEP 4 STEP 5

Figure 1. Design and assembly process for fabricating a 3D construct. (A) CAD model with 3D construction and

surrounding box and cylinders. (B) Section of the array in InkScape showing different 2D slice shapes used to construct

the pyramid. (C) Laser cut alignment slices with an appropriate number designating order. (D) Shape slices on the
bulk material to be cross-referenced with alignment slice and placed accordingly on the construct. (E) Schematic of
the steps involved in the assembly process, where accurate 3D reconstructions can be created from the 2D slices: Step
1 - placement of alignment slice 29 on the rig using the four holes; Step 2 — Deposition of a couple of drops of alginate
solution using a syringe; Steps 3 and 4 — placement of the appropriate shape slice corresponding with alignment slice 29;

Step 5 - starting the process again with alignment slice 28. This process continues until all slices are placed. 2D: two-
dimensional; 3D: three-dimensional; CAD: computer-aided design. Created with Inventor® Vension 2018.

Prior to this, a 7-day cytotoxicity study was performed using
the same number of ADSCs on a 500 pm micromachined
PLGA mesh. This sample was stained with fluorescein and
propidium iodide and imaged using a Zoe Microscope (Bio-
Rad, Hertfordshire, UK).

Micromachined three-dimensional construct

A direct cell-contact study was also conducted in order to
determine the cell viability, migration and proliferation
throughout a structure according to the methods detailed as
above. The cells used in this experiment were ADSCs. The
structures in this case are to be far simpler than those made
with the paper, with a micromachined electrospun PCL fibre
mesh to be used instead and will be a short cylinder using
three stacked 14 mm diameter discs. This is so that they can
fit neatly into a 24-well plate well. Before assembly the discs
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were micromachined using the nanosecond laser, to produce
circular voids 500 pm in diameter, with a 1 mm pitch. This
void size, which is comparable to that of cancellous bone, has
been found previously in this study (Section ‘Morphological
assessment of micromachined fibre meshes) to promote
good cell viability. The average pore diameter was calculated
by taking three diameter measurements and calculating the
average, to be compared with the intended diameter of 500 pum.

The discs were sterilised using a solution of 70% ethanol, dried
sufficiently and washed three times with PBS. Each structure
was made using three discs, adhered together using 4% sodium
alginate crosslinked by calcium chloride, then placed in a 24-
well plate well. They were stacked (and this is consistent with
all experimentation in the same manner) randomly on top of
each other. ADSCs were then seeded onto the structure at a
density of 1 x 10°, then submerged in culture media.
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The discs were stained with fluorescein and propidium iodide
at two time points (1 and 7 days; n = 2) to assess cell growth
and viability. In order to test the perfusion of the cells each
of the layers were delaminated and viewed under an inverted
epifluorescent microscope.

The above methodology was repeated using collagen as the
binding agent instead of alginate. Type 1 collagen (rat tail, ,
3 mg/mL, Sigma-Aldrich) was prepared of which 0.5 mL was
used to prepare each stack, comprising three layers, which
were left for 1 hour in an incubator to gel (cross link). The cells
were seeded at a density of 3 x 10° cells per sample stack. Cell
viability was assessed at days 1 and 4 (n = 2).

Results
Construction of three-dimensional demonstrators
Using the method, 3D constructs of the following shapes
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were created: a simple cube, with dimensions 20 mm in each
direction (Figure 2A); a pyramid made from 77 slices with
a 20 mm square base and 21.6 mm tall (Figure 2B); and a
hemisphere 15 mm in diameter (Figure 2C). The latter shape
was fabricated in different sizes to verify the dimensional
accuracy of the construction process and with a view to
producing more complex anatomic structures, in this case, a
life size model of the human ear (Figure 2D).

Finally, a life-sized model of the human ear was fabricated
(approximately 50 mm in height) but the paper used was 100
pm, half the thickness of the layer height of the previous ears
and shapes constructed. The intention of using thinner layers
of paper was to produce a smoother structure, where smaller
features can be more pronounced and accurately represented.
The result reflected the intention behind this move, where the
ear looks better and is shown in Figure 2E.

P ——"

Figure 2. Examples of 3D demonstrators assembled according to the novel fabrication method. (A) Camera image of
a pyramid. (B) Camera image of a successfully printed cube. (C) Camera image of a successfully printed hemisphere.
(D) Three scale models of a human ear (200 pm slices) of three different sizes. (E) The corresponding ear with greater
resolution (100 um slices), which has excellent fidelity for anatomical size and accurately replicates the complex features

of the human ear. Scale bars: 10 mm (A-C, E), 50 mm (D).

Morphological assessment of micromachined fibre
meshes

Figure 3 shows the SEM image of a PCL electrospun nanofibre
mesh that would be used in coming studies. The clear nanofibre
formation shows the effectiveness of the electrospinning
process. The average fibre diameter was measured to be 1.801
+ 0.411 pm. The average pore area was found to be 28.612
+ 10.07 pm? where their corresponding ‘narrowest pore
diameter’ is 4.542 £ 1.159 pm.

The first micromachining test and the cytotoxicity test showed
excellent results. The micromachined hole is close to a circle
in shape and the hole is cut completely through the mesh, thus
showing the necessity of using the nanosecond laser (Figure
4A). The live/dead stain shows excellent cell viability on this
micromachined mesh (Figure 4B).

Figure 4C-F shows the light microscope images of the PLGA

nanofibre meshes post-micromachining, in order from 200 to
500 pm hole diameters respectively. The holes imaged have
good circularity and the difference in diameter can be seen
visually when comparing these images. Figure 4G-J shows
the live/dead staining images of the micromachined mesh
with the varying hole sizes at the time-point week 3, with alive
ADSCs shown as green. All samples have good cell viability,
with plenty of green cells and almost no dead cells to be seen.

Viability of cells seeded in polycaprolactone and
polylactic-co-glycolic acid three-dimensional scaffolds
Figure 4K-M shows the light microscope images of an array
of perforations on three different samples of PCL electrospun
mesh material, while Figure 5 details the diameter of each
hole. The stack samples for the in vitro experiment were
created successfully as per the methodology, and the cells were
seeded on the top of each stack.
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x1.5k 50 um

Figure 3. Desktop scanning electron microscope image of an electrospun polycaprolactone nanofibre mesh to be
micromachined and used in in vitro testing. An average nanofibre diameter was 1.801 pm (n = 10) was found. Scale bars:

50 pm.

Figure 4. Morphological assessment of the perforated micromachined fibre mesh. (A, B) First cytotoxicity test of the
500 pm micromachined PLGA mesh. (A) Light Microscopy image of the micromachined array showing good circularity.
(B) Live/dead image showing excellent cell viability and the holes clearly defined. (C-F) Light microscopy images of
the 200 (C), 300 (D), 400 (E), and 500 (F) pm hole arrays, which show good circularity and even distribution. (G-J)
Epifluorescent microscope images of live ADSCs on the micromachined fibre mesh with 200 (G), 300 (H), 400 (1), and
500 (J) um hole arrays, with excellent cell viability seen across all samples, and ‘bridging’ of cells across. (K-M) Light
microscope images of three selected micromachined electrospun PCL fibre mesh samples, all micromachined with the
same setting but with minor variances as a result of the non-uniform thickness of the PCL nanofibre mesh. Scale bars:
500 pm. PCL: polycaprolactone; PLGA: polylactic-co-glycolic acid.

Figure 6 shows the live/dead images obtained on the slices from
the alginate and the collagen stacks constructed. At two time
points (days 1 and 7) slices 1, 2 and 3 on the alginate stacks are
being compared with slices 1, 2 and 3 from the collagen stacks.
It can be seen from the alginate stacks (Figure 6A~F) that there
are surviving cells on the top slices at each time point (Figure
6A for day 1 and Figure 6D for day 7), but that there are no live
cells on slices 2 and 3 even after 14 days. The opposite however
can be said of the collagen stacks of which the live/dead images
are shown in Figure 6G-L), where even after 1 day live cells

Biomater Transl. 2023, 42), 104-114

can be seen on the lower stacks (Figure 6]).

This confirms the hypothesis that the alginate does not aid in
cell migration whereas the collagen does. Therefore, it can be
said that the collagen provides a better biological response to the
alginate as an adhesive. Cell counting analysis, which quantifies
the data from Figure 6 by showing the live number of cells on
each slice by using Image] software, also reinforces this data. It
can be seen that the number of cells on the lower slices on the
alginate stacks (blue columns) is far fewer than those on the
collagen stacks (red columns), regardless of the time point.
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Figure 5. The average diameter of the micromachined perforations in the electrospun fibre mesh samples. (A) The
actual average hole diameter of each array (n = 3 holes) compared to the intended hole diameter of the PLGA samples,
where the average diameter can be seen to be close to the intended diameter and a clear difference between each sample
type seen. (B) The average diameter of each hole (n = 3 holes) in three representative micromachined electrospun PCL
fibre mesh samples, with a wider variance of values around the intended 500 pm hole diameter due to using the same
laser settings on the non-uniform thickness of the PCL nanofibre mesh. 3D: three-dimensional; PCL: polycaprolactone;

PLGA: polylactic-co-glycolic acid.

Discussion
Construction of three-dimensional demonstrators
One of the first issues was that (apart from the cube which has
the same cross section throughout the structure) it is difficult
to ensure that the construct slice is placed with the correct
alignment slice. The way this issue was resolved by adding
a thin connection on the CAD model between the intended
construct and the outside alignment (Figure 1A). This is then
seen as a thin connection between the construct slice to the
extraneous parts of the paper sheet (as shown in Figure 1D).
This can be identified as associating with the correct numbered
alignment slice which has been completely cut away (Figure
C). The removal of the alignment slices from the construct

upon completion of the stacking process* was performed

carefully in order to prevent delamination and construct
deterioration.

It was expected that the process of using crosslinked alginate
would swell the construct in the z direction, so that the actual
height of the construct would be different from that of the
expected height (the number of slices multiplied by the height
of each slice).* Table 1 shows the ratio between the expected
height and the actual height for the cube, the pyramid and the
hemisphere. If an average of the three ratios are taken (found
to be 1.38) then the number of slices of future slices can be
adjusted to ensure that the height is accurate to that of the CAD
model and not swelled due to the alginate. This adjustment was
implemented when using a slicer (sliced to svg using 276 pm
layer height instead of 200 pm for example).

Table 1. Actual versus the predicted height of the cube, pyramid and hemisphere, along with the ratio of the

discrepancy

Shape Expected height (mm) Actual height (mm) Ratio
Cube 18.00 24.77 1.376
Hemisphere 12.60 16.87 1.350
Pyramid 15.40 21.62 1.404

Note: These values are fairly close together, and so can be used to determine that a swelling coefficient of 1.38 should be used for future

prints to ensure accurate z-axis fidelity.
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Figure 6. Live/dead staining of ADSCs on the alginate and collagen stacks. (A-F) Inverted epifluorescent microscope
images after live/dead staining of ADSCs on the alginate stacks. (A) Slice 1 (top slice) showing some good cell viability
on day 1. (B) Slice 2 (middle slice) showing very limited cell presence indicating no cell mobility through the construct
on day 1. (C) Slice 3 (bottom slice) showing no cells and thus no mobility through the cross-linked alginate on day 3. (D)
Slice 1 (top slice) showing good cell viability with some stain intake by the alginate on day 7. (E) Slice 2 (middle slice)
showing limited cell viability and thus mobility on day 7. (F) Slice 3 (bottom slice) showing no cell viability and thus no
mobility through the alginate even on day 7. (G-L) inverted epifluorescent microscope images after live/dead staining
of ADSCs on the collagen stacks. (G) Slice 1 (top slice) showing good cell viability on day 1. (H) Slice 2 (middle slice)
showing good cell viability and therefore cells must be able to travel through on day 1. (I) Slice 3 (bottom slice) showing
good cell viability and thus demonstrating the mobility of cells through the collagen and the micromachined fibre mesh
even after 1 day. (J) Slice 1 (top slice) showing good cell viability on day 4. (K) Slice 2 (middle slice) showing good cell
viability and therefore cells must be able to travel through on day 4. (L) Slice 3 (bottom slice) showing good cell viability
and thus demonstrating the mobility of cells through the collagen and the micromachined fibre mesh on day 4. Scale
bars: 500 pm. ADSC: adipose derived stem cell.

The next stage was to create a structure that is geometrically likelihood of delamination when removing the alignment
more complex, and to demonstrate the applicability of slices. This challenge can only be overcome by careful removal
manufacturing technique for the purpose of creating scaffolds  and, like before, better targeting of the application of alginate.
for use in maxillofacial and other surgical cosmesis procedures.
At first, an ear with a height of approximately 50 mm was
created successfully, with the different complex features of the
ear prominent and clear. The next ear to be made was smaller
at 28 mm tall, more akin to the size of a neonatal ear, and a
third ear with a height of 38 mm was also constructed, both
made using 0.2 mm thick paper slice. These demonstrators
are shown in Figure 2D. One of the new challenges that came
with fabricating the ear shape was that of the introduction of
2 different construct slices within one alignment slice, and the
potential for loose sections that would be lost during the cutting
process or wrongly attached to the structure. This was solved Morphological assessment of micromachined fibre

by adding more webs during the CAD process. The other new meshes

challenge comes from the fact that the cross-sectional area From the SEM image of the electrospun nanofibre mesh, the
of ascending pieces increases in some parts of the construct. ~average nanofibre diameter was found to be 1.801 pm. One
This increases the likelihood of unwanted adherence between study found that undifferentiated murine ADSCs have a
the construct and the alignment slices, and also increases the —diameter of 14.9 um.47 Firstly, this is three times larger than

Using the thinner filter paper had the effect of reducing the
layer height, a common method of increasing the resolution
of a printed model. The ear in Figure 2E utilises filter paper
that is half the thickness of the previous models. This has
the effect of smoothing out the complex features of the ear.
This has the drawback of doubling the length of time taken
to fabricate the construct, which would have to be considered
when this method is used to biomanufacture cell-laden scaffold
constructs.
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the average ‘narrowest pore diameter’ within the nanofibre
mesh, indicating a need for micromachining to fulfill the desire
for cell mobility through the mesh (and thus the construct).
Secondly, it has been shown in literature that a mesh of
nanofibres with a diameter smaller than the size of the cell
has beneficial properties with respect to cell attachment and
thus viability.” The diameter of the nanofibres is considerably
smaller than the cells used, and such cell viability should be
preserved.

It can be found in the literature that the process of
micromachining holes into a fibre mesh can enhance the cell
viability of the mesh.*"*? It is important in tissue engineering
to have the construct mimic certain properties that are
found in natural tissue ECM. Nanofiber meshes have good
nanoporosity but further alterations are required in order
to make it a more suitable mimic to that of bone ECM, for
example. Micromachining is one such method used to achieve
a better microporous representation, and as such improve the
cell response within the scaffold.

Figure 4A-D clearly shows that the morphology of the
micromachined holes created is uniformly rounded in shape,
indicating a clean cut through from the nanosecond laser. This
justifies the use of a nanosecond laser which ablates the polymer
mesh through evaporation.® Analysis of the hole diameter also
shows that the settings of the laser can be controlled in such
a way as to accurately achieve the intended hole diameter.
Figure 5A plots the actual average hole diameter against the
intended diameter. It can be seen that the standard deviation
(i.e. how round the hole is) increases as the hole diameter
increases, suggesting that the round morphology is harder to
control with the higher energies required to machine such a
hole size.

It can be seen that the cells are surviving well on the array even
well into the three-week time frame, and when left long enough
the cells will attempt to ‘bridge’ even very large holes; by week
3 most 500 um holes have been closed by the cells. Even with
the large area of the holes which would account for dead space
the confluence values are all calculated to be above 85%. This
effect has promise for potential cell growth within these holes
and vascularisation within the scaffold, a process that is vital
for its success in the application of tissue engineering.

Viability of cells seeded in polycaprolactone and
polylactic-co-glycolic acid three-dimensional scaffolds
It can be seen from Figures 4I-K and 5B that the hole size is
more difficult to control in the PCL electrospun fibre meshes
used compared to the PLGA fibre meshes. This could be a
result of the PCL fibre mesh having a more non-uniform
thickness than the PLGA fibre mesh, meaning that the same
parameters used for the micromachining process would
produce inconsistent holes.

Comparing the two different adhesive types (alginate and
collagen) showed that the stacks with cross linked alginate were
less prone to delamination, especially surviving over longer cell
culture conditions. The collagen samples, even though left for
a sufficient time to thermally cross-link, were far more likely
to break up and delaminate if not treated carefully. All samples
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maintained their shape by the end of the test.

As such, it can be said that the alginate adhesive provides better
mechanical properties than the collagen adhesive, something
to consider when potentially extrapolating this technique into
the application of a bone graft.

It was initially hypothesised that the alginate would provide a
barrier to any cell migration from the top of the stack through
to the bottom due to its bioinert and dense properties (one
reason why alginate is favoured in encapsulation applications
for example*). Collagen however, with its bioactive properties
was hypothesised to aid in cell migration through the stack. It
was also hoped that the micromachined mesh would also aid
cell migration.

The biofabricated construct is designed to be biomimetic
whereby the 3D hierarchal structure found in natural human
tissue such as bone and cartilage can be fabricated using this
new approach. At a macro level, the biofabrication method
is capable of creating anatomically accurate ear constructs of
clinically relevant size. At the micro level, micromachining
is implemented to enhance the microporosity properties to
both aid cell migration through the construct and also help to
replicate the natural porosity of bone ECM. At the nano level,
the electrospun fibre mesh has already been shown to aid cell
viability and proliferation due to its natural resemblance to
natural tissue ECM.

Any cartilage or bone graft that would be utilised would have to
be both mechanically and biologically sound, and biofabrication
has a key role to play in the final implementation of such a
successful, bespoke tissue engineered graft. The innovative
biofabricated construct that is created utilises a wide range of
techniques including electrospun nanofiber mesh, which is
micromachined prior to assembly in a novel 3D fabrication
method. This hierarchal construct can be described as having
the potential to be both cosmetically accurate and induce a
positive biological response. Different adhesives and cross-
linking methods can be investigated to try to marry these two
concepts. It is also important to broaden the cell types used
and properly characterise the structures, something that will
be achieved in future work.

Conclusion

This study has brought forth a novel and innovative way of
fabricating a 3D hierarchical scaffold graft with good macro,
micro and nanoscale precision, whilst also being able to
utilise materials that have already shown promise within this
application at the 2D level. At the macro level, the method
of stacking 2D sheets of fibre mesh allows for bespoke grafts
of clinically relevant sizes to be made, which would be of
biocompatible and aesthetical benefit to any individual patient.
At the micro level, it was found that the implementation of
micromachined laser cut holes into each 2D slice provided an
additional benefit to the graft by allowing for cell migration
through the structure, by improving the microporosity of the
fibre meshes. A replication of the nano level of the hierarchical
structure was achieved by utilising nanofibre polymer meshes
which have a similar morphology to the ECM of natural
tissue. This study has also provided an insight into the role
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of the adhesive used. Unsurprisingly, collagen proved to have
better cell attachment, viability and migration however the
stacks for which alginate was used as the binder provided
better mechanical properties where delamination and adhesive
degradation were less likely.

Further investigation is required into optimising the adhesive
used so that it can be both mechanically and biologically
suitable. The current adhesives used in this study both require
optimisation in this regard. The capacity to involve better
techniques of cell distribution using 3D bioprinting, the
potential for the introduction of automation, as well as the
wide range of model designs that can be achieved using such a
fabrication method (to expand on the range of applications such
as maxillofacial bone injury or nose/ear cartilage replacement)
only adds to the promise.
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