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Abstract

The success of tissue engineering will rely on the ability to generate complex, cell seeded three-
dimensional (3D) structures. Therefore, methods that can be used to precisely engineer the
architecture and topography of scaffolding materials will represent a critical aspect of functional
tissue engineering. Previous approaches for 3D scaffold fabrication based on top-down and
process driven methods are often not adequate to produce complex structures due to the lack of
control on scaffold architecture, porosity, and cellular interactions. The proposed projection
stereolithography (PSL) platform can be used to design intricate 3D tissue scaffolds that can be
engineered to mimic the microarchitecture of tissues, based on computer aided design (CAD). The
PSL system was developed, programmed and optimized to fabricate 3D scaffolds using gelatin
methacrylate (GelMA). Variation of the structure and prepolymer concentration enabled tailoring
the mechanical properties of the scaffolds. A dynamic cell seeding method was utilized to improve
the coverage of the scaffold throughout its thickness. The results demonstrated that the
interconnectivity of pores allowed for uniform human umbilical vein endothelial cells (HUVECS)
distribution and proliferation in the scaffolds, leading to high cell density and confluency at the
end of the culture period. Moreover, immunohistochemistry results showed that cells seeded on
the scaffold maintained their endothelial phenotype, demonstrating the biological functionality of
the microfabricated GelMA scaffolds.
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1. Introduction

The aim of tissue engineering is to develop biological substitutes that will restore lost
morphological and functional features of diseased or damaged organs [1]. Human tissues are
mostly comprised of cells and extracellular matrix (ECM) elements, which regulate the
biological, physical and chemical cues of the microenvironment and play a critical role in
modulating cell function and behavior. Scaffolding materials intended for tissue engineering
applications are designed to closely mimic the physiologic environment, including the
geometrical, topographical and physical features of the targeted tissue [2,3]. The ability to
fabricate three dimensional (3D) scaffolds having specifically designed microarchitecture
reproducing the 7n vivo environment could elicit a physiologically relevant response and
result into improved functionality of the tissue [4].

The field of tissue engineering has so far provided technologies that are adequate for the
replacement of connective tissues such as skin [5], cartilage [6], bladder [7] and blood
vessels [8]. However, it is becoming clear that more complex tissues, having specific
microarchitecture or extensive vascular networks, may require more precise structures. To
produce microctructured scaffolds, multiple techniques such as solvent casting [9],
particulate leaching [10,11], gas foaming [12], freeze drying [13] and more recently
electrospinning [14] and laser sintering [15] have been developed. Many of these scaffolds
have been shown to produce structures allowing for cell adhesion and migration throughout
the biomaterial. However, these methods are limited since pore size and interconnectivity
are often process driven as opposed to rationally designed, which reduces the role of the
scaffold microenvironment in directing cell behavior. Microscale features such as
anisotropy, known to guide bone regeneration along the principal directions of porosity [16]
and stiffness gradient, which can regulate stem cell differentiation [17], can be used to
enhance tissue function. Precisely defined accordion-like microstructures having biomimetic
mechanical properties were shown to mimic the function of adult rat right ventricular
myocardium [18] and microengineered 3D porous structure of a multi-layered elastomeric
scaffolds allowed heart cells to be readily seeded by perfusion throughout the full thickness
of a tissue engineered myocardium [19]. Micron scale struts geometry in 3D collagen-
glycosaminoglycan scaffolds have also been shown to correlate with increased fibroblast
migration speed and induced changes in cell persistence [20]. Thus, scaffold design,
architecture and properties are of the utmost importance for adequate functionality /n vitro
and /in vivo.

Hydrogel biomaterials have been of particular interest for numerous years in tissue
engineering and 3D cell culture due to their close resemblance to native connective tissues.
However, they have limited capabilities when it comes to generating complex tissue
structures dependent on precise cell and ECM organization. Platforms allowing for the
regeneration of organs such as the liver and the kidney, requiring functional units and
vasculature, have yet to be developed. Recent advances in hydrogel chemistry and cell
biology have resulted into scaffolding materials aiming to mimic spatial organization of
cells and ECM molecules found in vivo. Moreover, photopolymerizable networks have
enabled encapsulation of cells and bioactive molecules in hydrogels and new technologies
controlling the arrangement of cells and molecules at the microscale have been developed
[21-24]. Microfabrication techniques such as soft lithography, photolithography,
microfluidics and 3D printing have emerged from automotive, microelectronics and
aerospace industries and have recently been translated to applications in biological sciences.
These technologies have successfully been integrated into the field of tissue engineering and
have enhanced tissue functionality through control of the microenvironment [25,26].
Adhesion motifs, growth factors and proteolytic sequences have all been incorporated to
hydrogels to guide cellular processes such as migration, proliferation and differentiation, as
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well as to trigger degradation kinetics of scaffolding materials [27-29]. Traditional design
limitations, often related to mold shape and processing, were overcome by the use of these
microfabrication methods, allowing for the generation of intricate structures [22,30].
However, most patterning techniques intended to create tissues and to study cell behavior
have been developed for two dimensional (2D) applications and the use of standard
photomasks for the fabrication of 3D hydrogels comprising of complex structures requires a
high level of precision and is time consuming.

Advances in photolithographic techniques have broadened the capability to produce 3D
hydrogel structures in a rapid and reproducible fashion [31]. Important parameters of
scaffold design are the ability to control the architecture and the mechanical behavior of the
material to provide the cells with access to nutrients into a stable 3D structure.
Manufacturing and fabrication technologies such as rapid prototyping [32,33], laser
microstereolithography [34-36] and solid freeform fabrication (SFF) have evolved as
methods to fabricate 3D scaffolds with micrometer scale resolution by using Computer-
Aided-Design (CAD) programs [37]. However, the time required for these fabrication
processes is currently a major limitation. For example, scaffold fabrication using laser-
microstereolithography (SL) requiresa long process due to the point-by-point laser scanning
procedure [38] and post-fabrication procedures [39]. As opposed to the 2D raster scanning
style of SL, a digital micro-mirror device projection printing (DMD-PP) system has the
capability to fabricate an entire layer under one single UV exposure, thereby leading to high
manufacturing speed [31,40-42]. A 3D scaffold can be fabricated using this method by
projecting a dynamic pattern on a photocurable monomer, resulting in a layer-by-layer
fabrication approach. The solid structure in each layer is formed by photopolymerization,
the light pattern being controlled by the micro-mirrors in the DMD apparatus. The physical
characteristics of the scaffold such as porosity and interconnectivity can be tailored using
this system, by precisely controlling pore geometry and architecture, therefore influencing
diffusion, fluid flow, mechanical properties as well as cell behavior.

In the present study, a custom designed projection stereolithography (PSL) system was used
to control the 3D microarchitecture of collagen-based gelatin methacrylate (GelMA)
hydrogels [21,43]. The addition of methacrylamide moieties to the side groups of natural
gelatin enables photopolymerization of the hydrogel, thus intricate structures supporting cell
adhesion and growth can be engineered. Specifically, 3D layer-by-layer photolithography
was used to generate hydrogels having either wood pile or hexagonal porous structures for
different prepolymer concentrations. Other investigators have previously designed highly
porous and biophilic structures relying on Triply Periodic Minimal Surfaces (TPMS) models
[36,44,45]. TPMS designed scaffolds have been produced by computer-aided
stereolithography. Gyroid and diamond shaped pores [39], as well as periodic surfaces
created using simple trigonometric functions [45] have been shown to enable the generation
of scaffolds that can be used for various tissue engineering applications. More recently,
sophisticated structures have been designed by combining TPMS, distance field and
optimized hexahedral elements to produce porous scaffolds having intricate internal
architecture and high quality external surface [46]. In the current study, it is demonstrated
that simple scaffold design parameters, such as struts geometry and assembly, as well as
polymer concentration, can be used to enable control over the mechanical properties of the
material. Endothelial cells were seeded on the scaffold to demonstrate the capability of the
3D engineered structures to support cell adhesion and proliferation. The combination of the
PSL apparatus with GelMA, a photocrosslinkable collagen-based hydrogel, resulted into 3D
scaffolds on which endothelial cells attached and proliferated. Besides enabling cells to be
cultured into a 3D structure having defined spatial architecture, this work highlights the fact
that scaffold fabrication could benefit from the introduction of a computerized and
automated high-throughput process.
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2. Materials and methods

2.1 Gelatin methacrylate synthesis

GelMA was synthesized as described previously [21]. Briefly, porcine skin gelatin (Sigma
Aldrich, St. Louis, MO, USA) was mixed at 10%(w/v) into phosphate buffered saline (PBS;
Gibco, Billings, MT, USA) and stirred at 60 °C until fully dissolved. Methacrylic anhydride
(MA; Sigma) was added to the solution at a rate of 0.5 ml/min until a concentration of 8%
(v/v) of MA was obtained in the gelatin solution. The solution was then stirred for 1 h at 50
°C, followed by a 2x dilution with warm PBS and dialyzed against distilled water using 12—
14 kDa cutoff dialysis tubing (Spectrum Laboratories, Rancho Dominguez, CA, USA) for
one week at 40 °C to remove the unreacted groups from the solution. The GelMA solution
was frozen overnight at —80 °C and lyophilized in a freeze dryer (Labonco, Kansas City,
MO, USA) for one week. Freeze dried GelMA foam was stored at —80 °C until further
usage.

2.2. Hydrogel prepolymer preparation

Freeze dried GelMA macromer was mixed into PBS at a 10% or 15% concentration and
stirred at 60 °C until fully dissolved. Calcium chloride and sodium carbonate (20%(w/v)
Fisher Scientific, Fair Lawn, NJ, USA) was added to the GelMA solution and stirred for 24
h until precipitation of sodium chloride, resulting into a solution of GelMA and calcium
carbonate microparticles. Photoinitiator (1%(w/v), Irgacure 2959, CIBA Specialty
Chemicals, Basel, Switzerland), UV absorber (0.1% (w/v) HMBS, (2-hydroxy-4-methoxy-
benzphenone-5-sulfonic acid), Sigma) and solution quencher (0.01% (w/v), TEMPO,
Sigma) were added to the solution to allow for photo-polymerization and provide efficient
cure depth and optimal pattern resolution.

2.3. Scaffold fabrication method

A PSL apparatus was used to produce the 3D scaffolds through UV photolithography in a
layer-by-layer fashion (Fig. 1A) [40]. Briefly, a digital light processing (DLP) chip
(Discovery 4000, Texas Instrument, TX, USA) was used to create active and reflective
dynamic photomasks from a CAD drawing (AutoCad, Autodesk, San Rafael, CA, USA).
These dynamic photomasks were used to reproduce cross-sectional images of the 3D
microstructure (Fig. 1B — G) and project the patterns onto the prepolymer solution using a
uniform UV light source (EXFO, Quebec, QC, Canada). These patterns were irradiated for
20 s at an intensity of 50 mW/cm? through a UV-grade optical lens (Edmunds Optics,
Barrington, NJ, USA) onto the fabrication stage located at the focal point of the projection
lens. This process created a layer-by-layer 3D microstructure by UV polymerization of the
prepolymer solution. A glass coverslip was placed above the microstructure to control the
thickness of each microstructure layer. Consequently, 3D structures were created by
sequential development of the hydrogel accordingly to the cross-sectional images generated
on the PSL chip (Fig. 2). Following the fabrication procedure, scaffolds were removed from
the stage and gently washed using PBS. Calcium carbonate residues were removed by
rinsing the scaffolds in HCI (0.01 M, Sigma) solution for 24 h prior to cell seeding [47,48]
(Fig. 1H).

2.4. FTIR spectrum

Characterization of the chemical structure of the material was performed by Fourier
transformed infrared spectroscopy (FTIR; Nicolet 6700, ThermoScientific, Rockford, IL,
USA). FTIR spectra were acquired with Smart-iTR using a N, purged sample chamber. The
acquisition parameters were set to 128 scans with a 4 cm 1 spectra resolution (Fig. 1H).
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2.5. Mechanical testing

Unconfined compression testing was performed on the microfabricated 3D rectangular
scaffolds (5%5 mm; /=1 mm) (Fig. 3). Hydrated samples were placed between two
compression plates and were loaded at a strain rate of 20% per minute using a mechanical
tester (Instron, Norwood, MA, USA). Low strain and high strain moduli were defined as the
slope of the linear portion of the stress-strain curve comprised between 20-40% and 70—
90% strain respectively (Fig. 3A). Stress-strain curves were plotted and analyzed using an in
house developed Matlab® script (The Mathworks, Natick, MA, USA) to facilitate the
calculation of the testing parameters. Error bars represent standard deviation with 7= 5 (Fig.
3B). Statistical significance was determined with ANOVA followed by a post-hoc Tukey
test, using a standard p < 0.05 (Minitab, State College, PA. USA).

2.6. Cell culture

Immortalized human umbilical vein endothelial cells constitutively expressing green
fluorescent protein (HUVEC-GFP, generous donation from the laboratory of the late Dr.
J.Folkman, Children’s Hospital, Boston, MA, USA) were cultured in endothelial basal
medium (EBM-2; Lonza, Allendale, NJ, USA) supplemented with 20% foetal bovine serum
(FBS; Hyclone, Logan, UT, USA) endothelial growth bulletkit (Lonza) and antibiotics (1%
penicillin/streptomycin (P/S), Sigma) in 75 cm? tissue culture flasks (BD Biosciences,
Bedford, MA, USA). Cells were passaged 2 times per week and media was changed every 2
days. Cells were kept in a standard cell culture incubator, 5% CO, and 37 °C.

2.7. Cell seeding of the scaffolds

The PSL-fabricated scaffolds were incubated overnight in a solution of antibiotics and were
rinsed using PBS. HUVEC-GFP were trypsinized, counted and resuspended in fresh media
at a density of 20,000 cells/ml in a 1.5 ml tube (Eppendorf, Hauppauge, NY, USA).
Scaffolds were put in the cell suspension and incubated under constant agitation (4 rpm) in a
3D orbital rotating shaker (Glas-Col, Terre Haute, IN, USA) for 12 h to provide a dynamic
cell seeding environment. The cell-seeded scaffolds were then transferred into a 12-wells
plates and cultured as previously described (Fig. 4).

2.8. Cell viability

Cell survival and proliferation was measured on days 1, 4 and 7 after seeding (Fig. 4E).
CellTiter 96® AQe0us One solution reagent (Promega, Madison, WI, USA) was used for
quantification. Briefly, cell-seeded constructs were washed with cell culture media without
phenol red (DMEM, Gibco) and incubated in the presence of the reagent in a 1:5 dilution in
DMEM. The absorbance was measured at 490 nm following 2 h of incubation at 37 °C and
5% CO». All measurements were normalized to day 1 and results are presented as mean +/-
standard deviation (7= 3).

2.9. Cell adhesion and coverage of the scaffolds

Scaffolds were mounted on glass-bottom dishes (MatTek, Ashland, MA, USA) and imaged
using an inverted laser scanning confocal microscope (Leica SP5XMP, Buffalo Grove, IL,
USA). Multiple consecutive optical sections were acquired starting at the bottom surface of
the specimen. These images were later stacked and rendered in three dimensions using the
Bitplanelmaris 7.1 software (Bitplane, South Windsor, CT, USA). Cell morphology and
spreading were visualized by imaging of the green fluorescence of HUVECs-GFP (Figs
5,6). Total cell coverage was quantified on 3D reconstruction confocal images using the
Image J software (NIH, Bethesda, Maryland) (Fig. 6G).
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2.10. Immunohistochemistry

The cell-seeded scaffolds were incubated with anti-human CD31 (DakoCytomation,
Carpintera, CA, USA), vonWillebrand Factor (vWF; DakoCytomation), phalloidin-Alex438
(Invitrogen, Carlsbad, CA, USA) and anti-Ki67 (Millipore, Bill-erica, MA, USA) antibodies
for immunofluorescence labeling. Briefly, the scaffolds were fixed in 4% paraformaldehyde,
permeabilized with 0.5% Tween (BioRad, Hercules, CA, USA) in PBS for 10 min and
maintained in a bovine serum albumin solution (BSA, 1.5%; Sigma) for 30 min. The
scaffolds were then incubated overnight at 37 °C in presence of the primary antibodies
(1:100 dilution), washed three times in PBS and incubated with Alexa Fluor 488-conjugated
goat anti-mouse and anti-rabbit secondary antibodies (Invitrogen; 1:200 dilution) for 1 h at
room temperature. Finally, scaffolds were stained with DAPI, immersed in PBS, and
examined using a confocal microscope (Leica). 3D images reconstructions were performed
using the Bitplanelmaris software (Fig. 7).

3. Results

3.1. Scaffold fabrication

A custom made PSL apparatus [40] was used to microfabricate GelMA hydrogel scaffolds
having precise porous structures (Figs. 1 and 2). This setup allowed for the layer-by-layer
engineering of scaffolds having dimensions that were less than 200 pm. GelMA was
previously shown to be non-cytotoxic and compatible with micropatterning techniques
[21,49]. This material was used to prepare a liquid prepolymer solution and processed
through the 3D photolithographic automated PSL process. GelMA prepolymer was
reinforced with non-cytotoxic CaCO3 microparticles during the fabrication. The composite
scaffolds were incubated in a HCI solution to dissolve the embedded CaCO3 microparticles
within the scaffolds, and rinsed thoroughly with PBS prior to cell seeding. The presence of
remaining CaCOzs in the material following the PSL fabrication process was verified by the

peaks of CO3™ (1410-1450 cm™2, 870 cm™) on the collected spectrum, showing complete
removal of the residues following incubation in the HCI solution (Fig. 1H). Scaffolds of
different internal pore architectures were produced using woodpile and hexagonal shapes
previously designed using a CAD software (Fig. 1B-G, Fig. 2). The custom designed setup,
comprised of a x-y-z motorized platform immersed in the liquid prepolymer, was selectively
exposed to a focused UV laser light. Irradiated sections of the polymer became solid
whereas non-irradiated areas remained liquid. This liquid was rinsed following the
crosslinking procedure, leaving only an open porous structure. As shown in Fig. 2, this
process resulted into scaffolds having rectangular or hexagonal pores. PSL processing
parameters were chosen in order to obtain similar porosity and feature size for all scaffold
types. This was done to assess solely the effect of pore network architecture on mechanical
properties (Fig. 3) and to provide the cells a relatively high surface area to attach on the
scaffold (Fig. 4). To explore the capability of the technique, both single and multilayered
constructs were fabricated (Fig. 5). Multi-layered constructs were analyzed for cell coverage
using confocal microscopy (Fig. 6), whereas single layer construct were used to analyze the
biological functionality of the scaffolds (Fig. 7).

3.2. Mechanical properties

The mechanical properties of the scaffolds were measured in order to investigate the
influence of pore architecture on the compressive modulus of the microfabricated structures
(Fig. 3). The response of the porous scaffolds was found to be similar for every structure
tested. A biphasic stress-strain relationship comprised of a low strain (20-40%) and a high
strain (70-90%) behavior was observed for both woodpile and hexagonal structures (Fig.
3A). The low-strain response could be explained by the realignment and the reorganization
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of the struts during the first phase of compression. The low-stain modulus was found to be
similar for every condition tested, regardless of feature shape and prepolymer concentration
(Fig. 3B). The high-strain response was initiated at a strain level where struts reorganization
becomes impossible due to the close packing of the porous structure. Significant differences
were observed at high-stain levels, where both prepolymer concentration and scaffold design
were found to influence the modulus of the scaffolds (Fig. 3C, D). Interestingly, no scaffold
experienced catastrophic failure during compression, every sample recovering its original
shape a short time after being submitted to the test (not shown). The compressive properties
measured at lower and higher strain were respectively relative to the amount of
reorganization allowed by the structure and by the properties of the material being
compressed. Taken together, these results demonstrate the capability of the PSL fabrication
method to tailor the mechanical properties of the scaffolds by varying the prepolymer
concentration and the CAD drawing used for scaffold design and fabrication.

3.3. Cell-seeded scaffolds

HUVEC cells expressing GFP were seeded on the microfabricated GelMA scaffolds to
evaluate the capability of the constructs to enable cell adhesion, spreading and proliferation
(Fig. 4). Cell spreading was easily visible under fluorescent microscopy due to the GFP
constitutively expressed by the HUVECs. Cell spreading involves the activation of actin
polymerization and myosin contraction, which indicate cell viability and function [34].
These GelMA scaffolds show a potential advantage as previous studies have demonstrated
and since cells do not spread on a number of synthetic hydrogels without the inclusion of
adhesive peptides sequences [50-52]. Moreover, cells seeded on the hydrogel structures
remained viable for extended incubation period showing the adequate biocompatibility of
the scaffold. The number of cells present on the scaffold, measured by the MTS assay,
increased as a function of time until the formation of a confluent laver of HUVECs on the
surface (Fig. 4E).

The initial cell adhesion and scaffold coverage was favored by using a dynamic seeding
approach, allowing the cells to penetrate into the porous structure during the process (Fig.
5). The surface coverage of the scaffold during the culture period was quantified by
analyzing images from 3D confocal microscopy (Fig. 6). Results showed a constant increase
in cell density on the surface from day 1 until day 4, where the entire thickness of the
scaffold was covered by a confluent layer of cells (Fig. 6A-C, G). Higher magnification of
the cell seeded scaffolds was used to visualize cell penetration in the 3D porous structure.
Similar results were found as the cell density through the thickness of the material increased
as a function of the culture period (Fig. 6D — F). These results suggest that the cells seeded
on the scaffolds spread and proliferated until a confluent layer of HUVEC was obtained and
covered the surface of the material. This also demonstrates that open architecture of the
scaffold facilitates the infiltration of a cell suspension into the 3D structure of the scaffold.

Immunostaining assays were performed on the cell seeded scaffolds in order to investigate if
the seeding and culture processes influenced cell behavior and phenotype. HUVEC were
found to express endothelial cells markers such as CD31 (Fig. 7A) and vVWF (Fig. 7B),
suggesting their ability to retain their normal phenotype following seeding, adhesion and
proliferation on the GelMA scaffolds. Moreover, Ki67 labeling of the nucleus showed that a
certain percentage of cells were still in a proliferative state after 4 days in culture (Fig. 7C —
D). Taken together, these results indicate that the microfabricated, porous GelMA scaffolds
can support cell adhesion and proliferation for an extended period of time, without
jeopardizing the biological function and phenotype of the cells.
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4. Discussion

A versatile layer-by-layer microfabrication system was used in combination with
photocrosslinkable GelMA hydrogels to produce scaffolds integrating cells in a complex 3D
microarchitecture. This PSL apparatus was previously fabricated and used to create 3D
PEG-based biological scaffolds with complex internal architectures and spatial patterns in a
high throughput fashion [31,40]. The use of this system in combination with PEG hydrogels
has proven useful for the study of osteogenic differentiation of murine bone marrow stromal
cells as well as Schwan and glial cells behavior on EDC-NHS modified PEG [41]. Ina
recently published paper, a PSL apparatus was also used to impart negative Poisson’s ratio
property to PEG hydrogel using cellular structures (pores) having special geometries,
arrangements, and deformation mechanisms [53]. The current study describes the fabrication
of 3D scaffolds from a photopolymerizable gelatin-based prepolymer solution through UV
photolithography, using a dynamic pattern generator in which the microstructures are
developed in a layer-by-layer approach. These scaffolds were shown to possess intricate
internal geometries allowing for cell adhesion, migration and proliferation.

One of the essential criteria to develop functional engineered tissues is to reproduce the 3D
tissue architecture and provide a biologically relevant environment to the cells in order for
them to maintain viability and to proliferate on the scaffolding material [20,54,55].
Interconnections between pores also play an important role in cell seeding, migration and
nutrient transport during culture of the scaffolds [39,56]. Cell seeded porous scaffolds often
display hypoxia induced cell death in their bulk due to the lack of nutrients diffusing within
the 3D environment [57,58]. Therefore, the use of porous structures having uncontrolled
architectures compromise the quality of engineered grafts and the success of /7 vivo
applications. Many groups have recently developed photopatterning approaches to fabricate
scaffolds displaying 3D microfabricated structures [22,30,31,34] and biophilic geometries
TPMS designs [39,44,45]. These studies clearly demonstrate the benefit of controlling the
cellular microenvironment to reproduce the architecture of biological tissues [59]. However,
most of this work has involved synthetic polymers such as PEG, which requires the grafting
of adhesive peptides such as RGD or coating with proteins to enhance cell interaction with
the scaffold [60-62]. The advantage of using naturally derived hydrogels such as GelMA, is
the presence of biologically active sequences that bind key integrins that enable cells to
adhere and migrate onto the 3D structure. It also provides built-in degradable moieties,
which usually need to be added to synthetic polymers [28]. It can also be used to encapsulate
cells, is compatible with microfabrication processes and allow tissue growth for extended
periods of time [21,49].

The utility of the current method was demonstrated by producing hexagonal and log pile
GelMA structures. Scaffold properties at the microscale are known to influence cell-ECM
interactions and to dictate the mechanical properties and degradation behavior of a
biomaterial [25]. Since many scaffolds are required to fill space and provide a framework
for the tissue they intend to replace, it is important to be aware of the mechanical properties
of biomaterials. Moreover, it is essential to have enough surface area for the cells to attach
and big enough pores to allow for nutrient transport, vascularization and tissue ingrowth in
the material. Therefore, a balance between structure, function and strength needs to be
engineered. The mechanical properties rely on factors such as the network crosslinking
density and polymer concentration. However, it is difficult to predict the physical properties
of a microfabricated hydrogel network based only on the knowledge of macromer structure.
Other parameters such as crosslinking mechanism and polymer concentration also play a
role in these properties [21]. The design of precise and specific structures in the material
also has the capability to tailor the mechanical properties of a 3D hydrogel material [63,64].
The measurement of the compressive properties of the microfabricated 3D GelMA
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hydrogels resulted in biphasic stress-strain curves, which can be explained by the level of
deformation applied prior and following the maximum degree of reorganization of the
porous structures. Following the low-strain phase, the stress-strain relationship behaved
linearly as if a solid element was tested and compression results measured were similar as
the sole properties of an elastic material. Results obtained were found to be within a
physiologic range (0-800 kPa) [65] and prepolymer concentration and scaffold geometry
were shown to enable the tailoring of the mechanical properties of the hydrogels. The
microfabricated GelMA scaffolds also supported cell adhesion, migration and proliferation,
demonstrating the potential of this approach for the fabrication of 3D constructs for tissue
engineering applications. Moreover, the HUVEC seeded on the scaffold formed a confluent
monolayer and retained their endothelial phenotype, as indicated by the presence of CD31
and VWF markers 4 days following the dynamic seeding process (Fig. 7).

The PSL microfabrication setup allowed for high-speed generation of microengineered 3D
structures. Results obtained in combination with GelMA demonstrated the ability of the
system to generate scaffolds favoring cell adhesion and proliferation in a spatially regulated
fashion. This technique could become useful for customized tissue engineering strategies,
since only a CAD file is required to produce the geometry of the scaffold and that features as
small as 10 microns can be generated. Therefore, it would be possible to precisely engineer a
tissue scaffold using a converted image file from a MRI or a CT-scan taken directly on the
patient. We are currently moving towards a new version of the PSL system that will allow
for cell encapsulation in the prepolymer and that will result into cell-laden microfabricated
3D structures. This methodology will also be investigated to incorporate specific growth
factors and complex spatial distribution of signaling molecule to dictate cell behavior and
tissue response. These approaches will allow the seeding of multiple cell types in and on the
scaffold and will move this technology towards functional tissue engineered cell-laden
scaffolds.

5. Conclusion

This study demonstrates the capability of the PSL apparatus to engineer microscale 3D
structures, supporting cell growth on precisely defined geometries. This fully automated
bottom-up approach produced 3D constructs and enabled cell seeding, attachment and
proliferation. The versatility of this technique used in combination with GelMA has resulted
into both single layer (2D) and multilayer (3D) structures with precise internal architectures.
It was shown that interconnectivity of pores allowed for uniform cell distribution throughout
the scaffolds, resulting in high cell density and homogeneous distribution at the end of the
culture period. Moreover, variation of the porous architecture and prepolymer concentration
enabled tailoring the scaffolds mechanical properties. The combination of this
microfabrication approach with photopolymerizable biomaterials will have implications in
tissue engineering, for the study of structure-function relationship in tissues and the
engineering of organs requiring precise spatial arrangement of cells and ECM within a 3D
environment. By using this system it will be possible to produce biomimetic architectures
based on microscale tissue properties and newly proposed structures relying on
mathematical designs relying on the minimal surfaces theory. Moreover, localization of
different biological and topographical cues, currently under investigation, will be used to
study the influence of the scaffold properties on cell behavior and differentiation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Schematic representation of the PSL apparatus (A) and the engineered structures generated
using a CAD software used for scaffold design and fabrication (B—G). The layers of
crosslinked GelMA can be stacked to form scaffolds having log pile (B-D) or hexagonal
(E-G) structures. The chemical properties of the material were measured by FTIR prior to
photocrosslinking and following incubation in 0.01 M HCI (H). FTIR spectra shows
prepolymer (upper curve) and scaffold properties after incubation in HCI (lower curves).
The peaks observed for the prepolymer solution at 1410-1450 cm™1 and 870 cm™,

attributed to the presence of CO3? in the material, were not found in the scaffolding material
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(magnified sections of the curve). These results demonstrate complete removal of CaCO3
microparticles from the scaffolds by incubation in HCL prior to the cell seeding process.
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Fig. 2.

Woodpile (A-C) and hexagonal structures (D—F) produced using the PSL system according
to the engineered CAD files, using a 15% GelMA prepolymer solution. The PSL fabrication
process produced precise features using a system of dynamic masks generated by a digital
light controlling chip. Figures A, B and D, E show side and top views of the woodpile and
hexagonal scaffolds respectively. Figures C and F show a magnification of the assembled

structures.
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Mechanical properties of PSL-fabricated scaffolds having hexagonal or log pile structures
and fabricated using various GelMA percentages. A characteristic stress-strain curve
displaying low-strain and high-strain compressive moduli was obtained for every sample
tested (A). Results showed that high-strain modulus was significantly increased for both
hexagonal and woodpile structures when the percentage of GelMA was increased form
10%-15%, whereas no significant difference was seen for the low-strain modulus in any
conditions (B). Compressive testing results indicate that prepolymer concentration (C) and
engineered structures (D) can be used to tailor the mechanical properties of the GelMA
scaffolds. * indicates statistical significance (p < 0.05).
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Fig. 4.

Hexagonal (A, B) and woodpile (C, D) scaffolds were seeded with HUVEC-GFP (B, D) to
demonstrate the ability of the engineered structures to support cell adhesion and growth.
Cell viability was assessed using a MTS assay (E). Results showed an increase in the
number of cells throughout the culture period, indicating the adequate compatibility of the
scaffolding material with the cells.
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A Single Layer

Fig. 5.

3D confocal imaging of the HUVEC-GFP seeded scaffolds showing the capability of the
PSL system to generate (A) single and (B) multiple layers assembly having precisely
defined geometries. These images, taken 4 days following cell seeding, also demonstrate the
efficiency of the seeding method and the structural stability of the scaffold, as the features
initially engineered in the 3D structure remain present throughout the culture period.

Biomaterials. Author manuscript; available in PMC 2013 September 07.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Gauvin et al.

Page 20

G 100
——
- pum
X 804
5%
© =
5 % 60- —_
3N
O o> 404
— c
o O - -
Ow® 20+
0.—#— T T
Day 1 Day 2 Day 4

Time

Fig. 6.

3D confocal images showing scaffold coverage by the HUVEC-GFP cells (A, B, C) and cell
penetration into the porous structure (D, E, F) as a function of time. Images taken at day 1
(A, D), 2 (B,E) and 4 (C, F) showed an increase in cell number and penetration depth, as
well as an enhanced scaffold coverage by the cells resulting into a confluent layer on the 3D
strucure at day 4 (91+/-5%) (G). Scale bar = 100 pm.

Biomaterials. Author manuscript; available in PMC 2013 September 07.



Gauvin et al.

/Phalloidin/ : | /Phalloidin/DAF

1duosnuey JIoyiny vd-HIN

50 um

1duosnuey JIoyIny vd-HIN

Fig. 7.

Immunofluorescence images showing the biological functionality of the HUVEC seeded
scaffolds. The presence of endothelial cell specific markers CD31 (A) and vonWillebrand
factor (VWF; B) showed that the confluent endothelial cells retained their phenotype during
the culture period. Moreover, Ki67 labeling (C) showed HUVEC adhered on the scaffolds
and expressing this marker (arrows, D), indicating a proliferative state after 4 days in
culture.
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