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Abstract

The common characteristics that make scaffolds suitable for human tissue
substitutes include high porosity, microscale features, and pores interconnectivity.
Too often, however, these characteristics are limiting factors for the scalability of
different fabrication approaches, particularly in bioprinting techniques, in which
either poor resolution, small areas, or slow processes hinder practical use in certain
applications. An excellent example is bioengineered scaffolds for wound dressings,
in which microscale pores in large surface-to-volume ratio scaffolds must be
manufactured - ideally fast, precise, and cheap, and where conventional printing
methods do not readily meet both ends. In this work, we propose an alternative
vat photopolymerization technique to fabricate centimeter-scale scaffolds without
losing resolution. We used laser beam shaping to first modify the profile of the voxels
in 3D printing, resulting in a technology we refer to as light sheet stereolithography
(LS-SLA). For proof of concept, we developed a system from commercially available
off-the-shelf components to demonstrate strut thicknesses up to 12.8 =+ 1.8 um,
tunable pore sizes ranging from 36 um to 150 um, and scaffold areas up to
21.4 mm x 20.6 mm printed in a short time. Furthermore, the potential to fabricate
more complex and three-dimensional scaffolds was demonstrated with a structure
composed of six layers, each rotated by 45° with respect to the previous. Besides
the demonstrated high resolution and achievable large scaffold sizes, we found that
LS-SLA has great potential for scaling-up of applied oriented technology for tissue
engineering applications.

Keywords: Scaffolds; Wound dressing; Bioprinting; Stereolithography; Light sheet; Tissue
engineering

1. Introduction

Artificial scaffolds have been proposed as pillars to provide structural stability and a
suitable environment for bone, organ, and tissue regeneration. Although scaffolds
are engineered for very different anatomical structures, they typically have physical
and functional properties in common that make them highly relevant for multiple
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medical applications?. For instance, scaffolds are
highly porous structures as they consist of void spaces
within the material. Due to their high porosity, scaffolds
exhibit high permeability, which allows blood vessel
ingrowth, nutrient diffusion, oxygen transport, and waste
removal®®. In addition, the properly selected fabrication
materials’®®l, pore size, and distribution promote the
adhesion, proliferation, and differentiation of cells®!
and influence the mechanical properties of scaffolds for
its target applications*>!!. Their structural properties and
fabrication technologies are of great research interest in
today’s tissue engineering.

Bioengineered wound dressing is one of the applications
where scaffolds have been widely implemented in research
and industry!*'. Wound dressings are used to protect the
tissue injury site from further mechanical and microbial
stress, and maintain proper moisture and temperature at
the wound bed!"). In medical field, the benefits introduced
by bioengineered wound dressings have contributed
to an accelerated and improved healing process of the
injured tissue'®, including optimal management and cost
reduction of wound treatments in the health system(1¢1),
However, the large surface-to-volume ratio characteristics
of wound tissues make the fabrication of engineered
scaffolds a complex technological challenge®??. The first
reason is the need of large size wound dressings. In daily
cases, the wounds, for example, ulcers and burns, can
extend from a few millimeters up to a great extension of the
human body. Particularly, investigations on burn wound
dressings reported a minimum average area of 872 cm? of
a functionalized wound dressing used in a sample group
of 50 patients®’), requiring multiple applications of wound
dressing substitute. Furthermore, medical specialists have
pointed out the importance of large size wound dressings
by quoting that a wound dressing size between 50 x 50 mm?>
to 400 x 400 mm” is preferred by medical practitioners?4,
suggesting that new fabrication approaches must be
developed to reduce the cost of such large bioengineered
wound dressings. The second reason lies in the fine struts
that provide the scaffold’s structure with the properties to
closely mimic the native tissue microenvironment. The
pores within the scaffold consist of void space within the
material, and its physical characteristics, such as size,
geometry, or interconnectivity, are determined by choosing
the strut position and orientation (in other works, the
word “filament” or “fiber”™®! is used to refer to strut, the
structuring element of the scaffold). Many studies have
shown that the pores in a scaffold not only promote the
migration of nutrients, oxygen, and cells but also influence
the physical properties of the scaffolds, such as mechanical
properties®), absorption®, and permeability®®*. Thus, in
terms of fabrication, the pores in an engineered scaffold

require high-resolution capabilities, limiting the scaling-up
possibilities of technology. Investigations on the pore size
have shown a positive impact on cellular behavior for
pore size that ranges from = 20 um to 150 um*, from
which it was pointed out that an average pore size of 100
um may work as a promising size?’!. Although the ideas
of producing large size items with high precision have not
been integrated in the fabrication of bioengineered wound
dressing, the achieved progress in tissue engineering allows
for targeting specific scaffold’s designs and fabrication
strategies to pave the way on the fabrication of this type of
scaffolds as requested by medical specialists.

Many available commercial bioengineered wound
dressings result from technologies such as freeze-dry?*! and
electrospinning™®!. Both technologies allow for centimeter-
scale scaffold fabrication with highly porous characteristics.
However, these technologies are constrained in their
ability to control the pore size and distribution, leading
to limited pore distributions with large size deviations®”
(40 - 150 pm in the same fabrication process) and low pore
interconnectivity (tubular or superficial)*>2¢? The latter
is recognized as the key feature for the permeability and
migration properties of the scaffolds.

On the other hand, three-dimensional (3D) bioprinting
has emerged as a fabrication technique, which is highly
accepted, in the field of tissue engineering due to its free-
form 3D fabrication framework, high resolution, and
variety of biocompatible materials. Bioprinting allows
for complex pore patterning, high repeatability, and
interconnectivity in engineered scaffolds®*!~**l. At present,
extrusion®- and jetting®-based bioprinting play a
major role in tissue substitute fabrication because of their
capabilities to construct cell-laden scaffolds and control
cell density, location, and model geometries. Among
3D bioprinting methods, both material extrusion and
material jetting methods possess the most versatile and
low-cost configurations to construct cell-laden scaffolds
of multiple cells and soft materials (bioinks), making
these technologies attractive options to researchers?**.
Nevertheless, inability to fabricate sub-micron structures,
their dependence on nozzles, and mechanical translational
stages hinder bioprinting techniques in rapid fabricating
of large size substitutes with fine structures that mimic the
native tissue microenvironment.

Among the 3D bioprinting technologies, vat
photopolymerization (VP)-based bioprinting is currently
the only technique that can fabricate with the highest
resolution and precision®¥. VP techniques use light
radiation to harden a liquid material locally using
polymerization. By steering a laser beam or projecting a
two-dimensional (2D) image on the liquid material, a 3D
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object is realized in a layer-by-layer approach. One of the
most widely used technologies in 3D scaffold fabrication
is direct light processing (DLP)®L. Tts ability to expose a
photosensitive material to a full 2D image projection has
resulted in 3D structures with ultra-high resolution as well
as size and printing speed not possible to fabricate using
counterpart methods, such as stereolithography (SLA)
and two-photon polymerization (TPP)®. For example,
investigations on the optimization of the projection optics
of DLP devices led to 3D constructions with a lateral
resolution of 4.1 wm and an axial resolution of 2.5 wm in
acrylate-based resins against 75 um resolution in SLAMY.
In addition, at the highest resolution, the projection area
achieved with DLP was 6.4 x 4 mm?, against the tens
of micrometers typically found in TPP processes!*"*.
Losing some tens of microns in resolution to gain larger
area expositions have directed many DLP devices into the
fabrication of 3D constructs with lateral resolution that
ranges between 20 and 100 pum, achieving, for example,
a maximum projection area of 19.35 x 12.1 mm? at the
maximum lateral resolution'’!. The results achieved by DLP
set a benchmark in 3D bioprinting technologies and pave
the way toward rapid and high-precision manufacturing.

However, the magnification or resolution dependence
of DLP due to the projection optics and digital micromirror
devices (DMDs) hinder the scaling-up capabilities of rapid
and high-resolution 3D printing (e.g., down to several
millimeters in size)B***-¢ making its implementation
impractical in large surface-to-volume ratio constructs
found in wound dressing applications*#-*. Furthermore,
although stitching methods have been proposed to fabricate
larger areas in state-of-the-art, the printed structures
exhibit inaccuracies, surface defects, and mechanical
deformations that may affect the performance of the
scaffoldsP*#7#]. Tt is worth mentioning that more research
must be carried out on the stitching effects of biomaterials
on scaffold fabrication.

The requirement of scaffolds exhibiting large surface-
to-volume ratios can only be satisfied with novel
manufacturing strategies that comprise different exposure,
fabrication, and structuring modes. In this paper,
we propose an alternative technique that extends the
capabilities of VP devices toward practical large size scaffold
fabrication with microscale features. Instead of using the
common projection systems found in DLP and based on
the laser scanning setup of SLA devices, we use laser beam
shaping to modify the profile of the voxels in 3D printing,
resulting in a technology we call light sheet SLA (LS-SLA).
We showed that it is possible to produce elongated voxels to
conserve an excellent lateral resolution for a large printing
area, resulting in submicron resolution for centimeter
length exposures without stitching structures. Furthermore,

the fact that the performance of the system now depends
on laser beam characteristics instead of used projection
devices opens up the possibility for further improvement
in the aspects of scaffold fabrication of even larger sizes and
shorter fabrication times as we demonstrated in this work.

2. Methods and printing protocol
2.1.LS-SLA

The 3D printer developed in this work is based on a VP
bottom-up fabrication scheme (Figure 1A)"“". The polymer
resin is in contact with the bottom surface (FEP film) of the
resin vat and an inverted build platform, which is used to
control the height of the resin layer. The pattern on each
layer is built by the selective light exposure of the polymer
resin to a blue laser light (405 nm) that is focused on the
bottom surface of the resin vat. Thereby, the exposed regions
are hardened through polymerization of the resin, which
subsequently adheres to the build platform. The elemental
hardened structures are referred to as struts and voxels in
this work. After polymerization of one layer sequence, the
build platform moves stepwise in the z-direction, allowing
new liquid resin to flow into the bottom of the resin vat
before the process repeats.

In this work, we propose breaking the symmetry of
the illumination source of conventional VP systems by
producing large length-to-width aspect ratio voxels. The
elongated voxels are created using cylindrical lenses.
Due to its curved face in only one plane of symmetry, the
laser beam propagates in the same path with two possible
configurations®. In one configuration, as depicted in the
top diagram of Figure 1B, the light propagating from a
beam shaper passes through the cylindrical lens without
any effect. Then, the laser beam is focused on one of the
axes of the film plane producing a LS with a width only
limited by diffraction at the scan lens aperture. The
achievable width of the LS at the film plane is estimated
using Equation 1.

d=kM(F/#) (1)

Where, F/# is the F-number of the scan lens, A is the
wavelength of the light source, and k is a truncation factor
with a value x = 2.44 for a uniform illuminated entrance
pupil of the scan lens®!l.

The second dimension controls the length of the LS. In
the bottom configuration of Figure 1B, the curvature of the
cylindrical lens in combination with the scan lens forms
a collimated beam expander and magnifies the height of
the rectangle beam delivered by the beam shaper. The
magnification of the Y-Z configuration is determined by
the ratio between the effective focal lengths f, of the scan
lens and the cylindrical lens f , as shown in Equation 2.
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Figure 1. (A) Local illumination of a light sheet in a bottom-up 3D printer configuration. (B) Generation of light sheet-based optical system with two planes
of symmetry. (C) Schematic of the built light sheet SLA device. M: Mirror; S: Mechanical shutter; BS: Beam shaper; DF: Dichroic filter; CL: Cylindrical lens;
GM: Galvano mirror scanner; SL: Scan lens; TL: Tube lens; LS-LSA: Light sheet stereolithography.

M, =f/f, (2)

In the first approximation, Equations 1 and 2 help to
determine the proper characteristics of the lenses needed
in the system. In addition, the scan lens combined with
a mechanical Galvano mirror scanner steers the LS in
different positions of the film plane.

2.2. Demonstrator device

We proved our concept with commercially available
components. Only few mechanical elements, such as
the resin vat and the build support, were customized in
our facilities. A complete schematic of the designed and
implemented system is shown in Figure 1C. First, the laser
source (405 nm) is propagated through a power attenuator
system (A/2-plate and polarized beam-splitter, P-BS) to
control the radiant exposure of the printing process. The
laser beam is then propagated through a beam expander
and an irradiance distribution conditioner, the beam
shaper. The latter consists of two cylindrical lenses with
effective focal length EFL = 25 mm and EFL = 125 mm. In
combination with the rectangular aperture A (4 x 20 mm?
at plane A, Figure 1C), the beam shaper converts the
Gaussian distribution of the laser beam into a uniform
irradiance with a rectangular boundary, which is used to
produce the LS with uniform illumination at the FEP film
(resin vat plane, Figure 1C). The LS illumination is achieved

by combining one cylindrical lens (EFL = 50 mm) and the
telecentric scan lens (CLS-SL, Thorlabs Inc., United States).
The two-plane symmetry introduced by the cylindrical
lens elongates the beam in one orientation (y-axis) and
focuses the beam in the other one (x-axis), which results in
LSs with large length-to-width aspect ratios (I/w~1100). To
produce the patterns on the bottom surface of the resin vat
along the complete field of view (FOV) of the scan lens, two
Galvano mirrors (GVS202, Thorlabs Inc.) were positioned
near the front focal point of the scan lens. The rotational
angles of the Galvano mirrors expose the resin at different
positions along the resin plane with an exposure time
controlled by the mechanical shutter (beam shutter). All
the opto-electro-mechanical components were controlled
by an application we developed in the software LabView,
which is interfaced with a data acquisition device (National
Instruments, United States).

2.2.1. Alignment system

The alignment of the LS on the bottom surface of the resin
vat takes place before starting the structuring sequence.
The alignment is performed by collecting the reflected
light from the FEP film with the scan lens and focusing the
light back on a CMOS sensor, as shown in the calibration
system of Figure 1C. The LS produced on the sensor is a
magnified image of the LS used to illuminate the resin vat.
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The alignment system consists of the scan lens (CLS-SL,
Thorlabs Inc.), the cylindrical lens located before the scan
lens, the tube lens TL (TTL200-A, Thorlabs Inc.), and the
CMOS camera (Mako U-130, Allied Vision).

2.2.2. Patterns generated with LS illumination

Patterns were generated by scanning and changing the
angular orientation of the LS with respect to the building
platform. As mentioned earlier, scanning was performed in
our system using a Galvano mirror that steers the LS along the
FOV of the scan lens. This allows for printing structures along
one direction and controlling the steps between successive
linear voxels with high precision. A pattern can consist of
linear voxels with different orientations, as can be found in
a rectangular scaffold; therefore, changing the orientation of
the LS becomes important. In our system, we modified the
orientation of the LS by rotating the building platform or
rotating the beam shaping optics. The scaffolds presented in
this work were printed following the first strategy.

2.3. Scaffold fabrication

Many features of a scaffold geometry can be controlled by
the position and orientation of the strut, including pore
size, pore shape, pore volume fraction, and as demonstrated
in other works, mechanical properties and functional
gradients of the scaffold™. In this work, we used two
patterns to demonstrate the capabilities of LS illumination
in controlling these features. The first scaffold comprises
0/90° struts composed of a set of uniform and rectangular
pores, as shown in Figure 2A. To fabricate such a scaffold
with 3D LS printing, 0° struts were distributed periodically
along the FOV of the scan lens with controlled spacing.
Then, the LS orientation was rotated 90° with respect to the
previous pattern and the second pattern was printed at the
same layer. Subsequently, a set of layers of the same 0/90
pattern might be printed on top of one another to build a 3D
scaffold. Other types of pore shapes and interconnectivity
were achieved by changing the orientation of the struts.

Figure 2B shows a scaffold with 0/45/90 orientation. In
this configuration, we opted for printing each orientation
pattern at a different layer, which leads to higher porosity
ratios and more complex pore interconnectivity. While
the control of the pore size, shape, distribution, and strut
resolution are demonstrated in this paper with the two
scaffold configurations in Figure 2, the capabilities of the
3D LS printer can be extended to more complex patterns
following the same principles of scanning and rotating the LS.

2.4. Resin material

We demonstrated the proof of concept of our prototype
with the commercial low-shrinkage Elegoo resin (Elegoo,
Shenzhen, China), which allowed us to assess the

performance of the novel LS printer in terms of speed,
scale, and resolution. The material used in this work is a
one-photon polymerization resin used in conventional
and commercial SLA-DLP systems to fabricate pieces with
strong mechanical properties. As in any one absorption
polymerization material, the curing height (C) and
transversal resolution in a 3D-printed structure can be
described in terms of radiant exposure (E) as predicted
by the Beer-Lambert law!™. Those characteristics are
estimated by the working curve of the resin, Equation 3,
which we obtained by measuring the height of various
polymerized solids printed under different exposure
conditions. We found that the resin exhibits a penetration
depth of D = 110.95 pum and a critical exposure of
E =19 mJ/cm®.

C,=D,In (E/E) €)

2.5. Printing protocol

The printing protocol we used during the experiments is
highlighted in Figure 2C. First, the LS was aligned and the
start position of the build platform was set with respectto the
FEP film of the resin vat. Then, the radiant exposure E and
exposure time ¢ (typically < 0.1 s) are defined accordingly
to the desired curing depth C , e.g., ~150 um, for which the
irradiance I at the FEP film is adjusted properly with the
expression E = I. These printing conditions combined with
the geometrical parameters of the scaffold, for example, the
number of struts and pore size, constitute the set of values
we introduced in our custom-build application developed
in LabView (National Instruments). At this stage, we filled
the resin vat with 5 mL of resin to guarantee the immersion
of the build surface. In general, resins exhibit good
adhesion to metallic surfaces, but they can vary between
formulation and materials, specifically when working with
biopolymers. While working with high porous and thin
layers, we found aluminum plates and glass substrates
good adherent materials for the polymerized structures.
These types of materials also guarantee the fabrication of
complete 3D scaffolds. However, fixation of fine structures
is largely improved when functionalizing the glass
substrates with 3-(Trimethoxysilyl)propyl methacrylate.
We followed the procedure described in Sigma-Aldrich®®*!
to attach the scaffolds to the glass substrates during the
printing process. After printing, the scaffold was rinsed
and kept in isopropanol 99%.

2.6. Scaffold measurement and characterization

We characterized the scaffolds with respect to the strut
and pore size, the pore distribution, the overall size, and
the pore interconnectivity. To obtain a complete physical
characterization of the scaffolds, we used a Keyence digital
microscope with x200 (Keyence, Japan). The illumination
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Figure 2. (A) Fabrication pattern of a 0/90 scaffold. (B) Fabrication pattern of a 3D 0/45/90 scaffold. (C) Flowchart of LS-SLA printing. LS-LSA: Light

sheet stereolithography.

setup comprised a transmitted brightfield in combination
with reflected LED illumination, which accurately
measured the struts and pores of the scaffold. Complete
images of the scaffolds were acquired while retaining the
microscale characteristics. We stitched a sequence of 2D
images in combination with 3D depth composition for
focused and height correction.

The porosity of the scaffolds was further analyzed with
fluorescence microscopy. Therefore, we used fluorescent
microspheres (Cospheric LLC, United States) with sizes
ranging between 63 and 75 wm and immersed into the
scaffold witha phosphate-buffered saline (PBS). Fluorescence
images were obtained with a Leica SP8X inverted confocal
fluorescence microscope (Leica Microsystems, Germany)
using laser illumination (405 nm and 575 nm) and a 10X/
NAO0.4 microscope objective. 3D scaffolds were measured
with a laser confocal microscope (OLS5000, Olympus,
Japan) using a x20 microscope objective. The z-layer
scanning was performed with a height step of 1.2 pm and a
scanning area that covers 647 x 647 um>

3. Results and discussion
3.1. Strut, pore, and scaffold sizes

In VP, the strut or voxel size and position determine
the characteristics of the pores and extension within a

scaffold. Particularly, DLP method has demonstrated
micron features fabrication in scaffolds; however, due to
its dependence on projection systems, the resolution in
this type of systems is compromised (=50 wm) when large
surface structures are needed***1. As mentioned before,
LS-SLA provides an alternative fabrication technology
for highly porous scaffolds with large surface-to-volume
ratio due to its ability to construct large length-to-width
ratio struts. To demonstrate the ability of LS-SLA to
fabricate high-resolution struts and small pores while
delivering centimeter scale scaffolds, we printed scaffolds
in three printing conditions, which are summarized in the
experimental results shown in Figure 3. Three rectangular
scaffolds consisting of 500 struts with 0/90 orientation,
constant strut spacing and a layer height of 100 um were
fabricated at radiant exposure values of 12.6 m]J/cm?
16.9 mJ/cm?, and 33.7 mJ/cm?

The exposure was adjusted by keeping the irradiance at
the FEP film constant and using exposure times of 0.03 s,
0.04 s, and 0.08 s, respectively. The results of the chosen
printing conditions are shown in Figure 3A-C, respectively.
Figure 3A shows the strut and pores distribution at the
lowest chosen exposure. At an exposure of 12.6 mJ/cm?,
we demonstrated a strut size of 12.8 + 1.8 um standard
deviation (n = 6) with a pore size of 71.7 £ 3.2 um. The
latter is the biggest pore size within the three chosen
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Exposure | (mJ/cm?)

Strut size

Pore size

Scaffold
area

(mm?)

12.6 16.9 33.7
128+ 1.8 19515 434+19
71.7£3.2 62.5+1.9 36.2+1.5

21.37x20.59 121.20x 21.37119.03 x 18.83

Figure 3. (A-C) Microscope images of the built scaffolds at three different exposure values show the size and distribution of strut and pore. The
square shows a zoom-in region from the same pictures. (D) Overall view of the complete scaffold shown in (C). Fractures are generated during

manipulation.

printing conditions. Exposure, exposure time, and laser
power define the printing conditions that can be tuned in
our system to modify the strut size and the printing time of
the scaffold. Balancing those parameters can significantly
reduce the printing time and deliver the greatest throughput
in terms of resolution and precision. For example, the strut
size of the scaffolds shown in Figure 3B and C was increased
up to 43.4 £ 1.9 um (n = 6), inducing the reduction of the
pore size down to 36.2+1.5 wm at a constant strut spacing.
Furthermore, structures built with LS-SLA depict large
surface fabrication. Two-D stitched images of the scaffolds
shown in Figure 3 demonstrate that LS-SLA can build
structures of large area and simultaneously conserves
microscale struts (<50 wm). Figure 3D shows a 2D stitched
image of the scaffold shown in Figure 3C with a measured
area of 19.09 mm x 18.83 mm. At the smallest strut size,
12.8 um, the strut length-to-width ratio was I/w = 1696 for
a scaffold with an area of 21.37 x 20.59 mm?®.

3.2. Pore size control and uniformity

In practical terms, it is easier to fix the exposure conditions
with respect to the desired resolution and steer the LS along
the scanning area. Steering the LS allows illuminating at
different positions and consequently controlling the pore

size within the scaffold. It has been demonstrated that
the scaffold can be functionalized for different cell types.
Furthermore, specific properties can be improved by
modifying the size distribution of the pores within the
scaffold®). Furthermore, the precision of the available
scanning systems has greatly increased, which benefits
scaffold fabrication in pore size control and uniformity.
To illustrate, we fabricated two scaffolds of different
strut spacing. Figure 4A shows the fluorescence image of
a scaffold with a pore size of 68 + 2.5 um (n = 11), and
Figure 4B shows the scaffold that exhibits a pore size of
149.9 £ 2.3 um (n = 10). Microspheres (diameter ranging
from 63 wm to 75 um) were pipetted with PBS within both
scaffolds and imaged with fluorescence microscopy as
depicted by the red circles in Figure 4. The microspheres
stress the porous characteristics of the scaffolds fabricated
with LS-u-SL. On one side, the microspheres were filtered
out or kept in suspension by the small pores of the
scaffold (Figure 4A). On the other side, the microspheres
flowed within the pores of the scaffold since the pore size
was = 2 times larger than the diameter of the microspheres
in (Figure 4B). In general, the results presented in Figure 4
mimic the property of permeability in highly porous
scaffolds.
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Figure 4. Fluorescence images of microsphere pipetted inside the scaffold with a pore size of (A) 68 + 2.5 um and (B) 149.9 + 2.3 um.

3.3. Three-dimensional interconnectivity

Finally, we demonstrated the 3D printing of scaffolds using
our prototype device. Figure 5A shows a top view of the
microscopic structure of the 3D scaffold fabricated in this
work. The scaffold consists of a series of six layers with 45°
orientation within each other. Each layer consists of 100
struts that took a printing time of 3.5 s/layer. The scaffold
has orientations 0/45/90/135/180° with one additional
layer as a base. Each layer height was set by the building
support with a value of 100 pm. Figure 5B shows a 3D
reconstruction from confocal microscopy imaging, which
evidences the different height values of the layers within
the construct and demonstrates the void spaces created
along the surface and between each layer. A height range
of = 526 um was reconstructed in Figure 5B. Figure 5C
shows a computer-assisted design model of a small section
of the fabricated scaffold, and the 3D pore is represented
by the blue volume contained within the struts. An
internal section of the 3D pore model evidences high
interconnectivity within the pores due to 3D fabrication,
which may influence efficiency of cell ingrowth®,
migration™, and directionality*. In addition, engineered
3D pores promote water penetration, as well as influence
the transmission of vapors and the diffusion of nutrients
and waste®l.

3.4. Prospects

It is hard to imagine that one technology could overcome
all fabrication-related challenges in tissue engineering.
The resolution and printing area in 3D bioprinting
technologies remain a huge challenge that needs to be
addressed. In addition, hybrid and customized approaches
can provide a solution to large-scale fabrication. LS-SLA
is developed to support this purpose. Alternatively, we

propose looking at other illumination shapes to support
VP-based bioprinting with a technology that provides
high resolution without sacrificing printing areas.
Although its linear voxel shape may constrain free-form
fabrication, many studies have demonstrated the benefits
of highly porous scaffolds based on linear struts to cell
regeneration**. Some examples are the mesh-like
structures used in commercial wound dressings!®! and
other fibrous bioengineered scaffolds fabricated with
sophisticated methods™®!. However, in DLP technology,
the resolution and projection area are limited by the
magnification of the optics and the current DMD . To
the best of our knowledge, the maximum area printed
at a lateral resolution similar to the size achieved in this
work is 19.35 mm x 12.1 mm™!.. The projection area in
that case corresponds to the limit of DMD technology
for near ultraviolet sources®”. In contrast, due to the
independence from projection systems in LS-SLA, the
line length of the struts can be enlarged while conserving
its width. Beyond the large strut length and width aspect
ratio demonstrated in this work, both dimensions can
be further optimized by the optical characteristics of the
scan lens as initially estimated with Equations 1 and 215%),
Available commercial scan lenses with larger FOVs and
resolution as the one selected in this work support the
idea that the validated concept allows for improvement
and scaling-up opportunities for bioprinting technologies
used in tissue engineering!®*!. Finally, application-
oriented solutions as demonstrated with LS illumination
may positively boost the health industry and research on
the fabrication of larger scaffolds with high pore control
and resolution. With an increasing research interest on
new biomaterials for VPP, its techniques may rapidly
join in as a key technology in the research and industry of
tissue engineering.
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190.065 wm

-336.732 um

Figure 5. (A) Microscope image taken from the top of the six layers scaffold. The black lines depict the pattern orientations (scale bar: 500 um). (B) 3D
reconstruction of a segment from the same scaffold performed using confocal microscopy. The colors in the struts and the color bar show the height of the
top of the layers. (C) Computer-assisted design model of the pore morphology in a 3D construct represented by the blue volume contained within the struts.

4, Conclusions

This work presents a 3D scaffold printing approach by
implementing LS illumination on conventional VP. We
built a proof-of-concept demonstrator using commercial
components and demonstrated its ability to fabricate
scaffolds with microscale features using linear voxels as
structuring element. The results show printed scaffolds
with high resolution: A strut thickness of 12.8 + 1.8 um,
tunable and uniform pore sizes ranging from 36 um
to 150 wm, and a large size fabrication with areas up to
21.4 mm X 20.6 mm. Based on the results shown in this
work, we demonstrated that LS printing is able to provide
a large printing area while conserving the fabrication of
small features in one direction with length-to-width ratios
that can easily surpass a value of I/w = 1600. Therefore, large
structures (>400 mm?) with micrometer features (<20 m)
can be fabricated at high speeds (>700 mm/s) and short
printing times (<3.5 s/layer). Furthermore, the ability to
construct complex and 3D architectures was demonstrated
with a scaffold composed of six layers of 45°-oriented
patterns, which can benefit the fabrication of architectures
that regulate cell ingrowth, oxygen, and nutrient diffusion
with tailored mechanical properties. Finally, our promising
results on the commercially available components clearly
highlight the prospects for scaling-up and enhancing this
approach for tissue engineering applications.
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