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Abstract. Tissue engineering strongly relies on the use of hydrogels as highly hydrated 3D
matrices to support the maturation of laden cells. However, due to lack of microarchitecture and
sufficient porosity, common hydrogel systems do not provide physical cell-instructive guidance
cues and efficient transport of nutrients and oxygen to the inner part of the construct. A
controlled, organized cellular alignment and resulting alignment of secreted ECM are hallmarks
of muscle, tendons and nerves and play an important role in determining their functional
properties. Although several strategies to induce cellular alignment have been investigated in 2D
systems, the generation of cell-instructive 3D hydrogels remains a challenge. Here we report on
the development of a simple and scalable method to efficiently generate highly macroporous
constructs featuring aligned guidance cues. A pre-crosslinked bulk hydrogel is pressed thorough

a grid with variable opening sizes, thus deconstructing it into an array of aligned, high aspect-



ratio microgels (microstrands) with tunable diameter, which are eventually stabilized by a second
photo-click crosslinking step. This method has been investigated and optimized both in silico and
in vitro, leading to conditions with excellent viability and organized cellular alignment. Finally,
as proof of concept, the method has been shown to direct aligned muscle tissue maturation.
These findings demonstrate the 3D physical guidance potential of our system which can be used

for a variety of anisotropic tissues and applications.

1. Introduction

In the last decades hydrogels have been extensively employed in the field of tissue engineering
and bioprinting due to their high hydration, cell support in a 3D environment, and bio-mimetic
properties.”*  Although hydrogel-based bioprinting made it possible to generate complex
macroscopic 3D shapes, the substantial homogeneity of common hydrogel formulations on a
cellular scale lacks microstructure and porosity, both pivotal elements to guide tissue formation.>
7 To direct tissue development and cell spatial arrangement within 3D matrices, the field has

exploited two main approaches, namely the introduction of either biochemical or physical cues.

Biochemical cues such as adhesion peptides, small molecules, and growth factors have been
bound to hydrogel-forming polymers in various ways and used extensively to enhance the
bioactivity and cell-interactive properties of hydrogel systems.®!° They are reported to influence
cell attachment, proliferation, and differentiation into the desired tissue type.!'! In the past twenty
years, the study of the effect of bioactive signals on cell fate and behavior in 3D matrices has
also been made possible with fine spatiotemporal control using sophisticated light-based
techniques such as two-photon patterning.'?! Growth factors and small molecules have proved

extremely valuable, since they can recapitulate the biosignalling milieu of the developing tissue



and act directly on cell migration, proliferation, and tissue maturation.!”!” For example, adhesion
peptides such as Arg-Gly-Asp (RGD) are widely used to mimic the presence of the extracellular
matrix, thus favouring integrin-mediated cell adhesion.'® 2° Although some bio-inert polymers
need the incorporation of such small molecules to create anchor points for cells to better spread
and migrate, other natural-derived polymers such as collagens or gelatin already possess such
adhesion cues.?!"??

Structural guidance of cells by physical cues is another powerful approach to directing tissue
assembly and maturation.?*?® Unlike biochemical cues, biophysical ones persist for longer and
are more versatile, as their stiffness, porosity, pore size, structural anisotropy can all be
controlled.!’ Polymer concentration and degree of substitution influence the resulting hydrogel
stiffness, which has been shown to strongly influence stem cell fate towards differentiation into
distinct tissues.?’?’ Porosity of the matrix is another important physical cue. It improves cell
infiltration and migration, while also facilitating the diffusion of nutrients in the inner part of the
construct in the absence of vascularization.® Several methods for producing porous hydrogel
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systems have been investigated, such as phase-transition,®® freeze-drying,’! use of
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microribbons or sacrificial porogens, to name a few, and more recently the
deconstruction of preformed hydrogels via sizing through a grid.*® Although some manufacturing
techniques ensure size-controlled, macroporous and biocompatible hydrogels, they often lack
defined pore orientation and interconnection throughout the construct. Generation of complex,
anisotropic cellular organization, such as the one found in vasculature or musculoskeletal and
connective tissues, plays a critical role in tissue microarchitecture, impacting both biological and
mechanical properties of the tissue; it relies on geometrical constraints that can induce

directional cell orientation.’”-3%



The above-mentioned desired characteristics for an engineered construct for controlling cell
behavior eventually need to also meet a size requirement for the intended application (i.e., in
vitro model, in vivo implantation). Commonly, fabrication methods that are precise at a small
scale also require lengthy processing times that pose a major limitation on cell viability. On the
other hand, quick and easy manufacturing techniques of large constructs may be less damaging
to the cells but then lack the microstructure and macroporosity needed to instruct cell
architecture at the microscopic level.

Here, we report on the development of a simple and scalable method to produce anisotropic
macroporous constructs with high aspect ratio-aligned microgels (microstrands) acting as
physical guidance cues. By pressing a gelatin-based bulk hydrogel through a grid with tunable
opening size, aligned microstrands are generated. The sized constructs are then stabilized for cell
culture by a secondary crosslinking step based on state-of-the-art photoclick thiol-norbornene
reaction. Encapsulated cells benefit from oriented macroporosity that permits nutrient and
oxygen supply within the construct and from the aligned microstrands providing a preferred
direction of growth. The sizing method is simple, fast, easily upscalable, and it can be carried out
without special expertise, thus making it an attractive solution for the generation of various
aligned tissue formations. In this work, we adopted myoblasts as a proof-of-concept model for

aligned muscle tissue development.

2. Materials and Methods
Unless indicated otherwise all chemicals are purchased from Merck and cell culture reagents

from Gibco.



Synthesis of Gelatin Norbornene (Gel-NB)

Synthesis protocol was adapted from Rizzo et al. (Figure S1A).%° In short, 50 g of gelatin type
A from porcine skin were first dissolved in pH 9 0.1 M carbonate-bicarbonate buffer at 10% at
50°C. When completely dissolved, 1 g of cis-5-norbornene-endo-2,3-dicarboxylic anhydride
(CA) was added to the reaction mixture under vigorous stirring. After 10 minutes the pH was
checked and adjusted to 9 using NaOH 1M before the addition of another gram of norbornene
reactant. The same procedure was repeated up to the addition of a total of 5 g of CA. 20 minutes
after the last addition, the solution was diluted two-fold in pre-warmed mQ H2O and the pH
adjusted to 7 with the addition of HCl 1 M. The solution was then centrifuged for 15 min at 3000
rcf and the supernatant dialysed for 3-4 days against mQ H2O at 40°C with frequent water
changes and finally freeze-dried. Gel-NB degree of substitution (DS) was calculated using 'H-
NMR (Bruker Ultrashield 400 MHz, 1024 scans), as previously reported (n = 3, see Figure S2,

Supporting Information).*’

Synthesis of Gelatin Thiol (Gel-SH)

Gelatin type A from porcine skin (25 g) was dissolved in 1.25 L of pH 4 150 mM MES buffer
warmed to 40°C for a final concentration of 2%. When completely dissolved, 2.38 g (10 mmol)
of 3,3’-dithiobis(proprionohydrazide) (DTPHY) were added to the reaction mixture. Once
completely dissolved, 3.83 g (20 mmol) of 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) were added and the reaction was left to proceed at 40°C overnight. Then,
tris(2-carboxyethyl)phosphine (8.6 g, 30 mmol) was added to the solution and the reduction of
the disulfide bonds was left to proceed for 6 hours in sealed flask (Figure S1B). 1 g of NaCl was

then added to the solution before dialysis against mQ H20O balanced to pH 4.5 with diluted HCI.



Finally, Gel-SH was freeze-dried and stored under inert atmosphere at —20°C prior to use. Gel-
SH degree of substitution (DS) was determined by 'H-NMR (Bruker Ultrashield 400 MHz, 1024
scans). In short, Gel-SH was solubilized in a solution of 3-(trimethylsilyl)-1-propanesulfonic
acid (DSS) in D>O (Apollo Scientific). DSS methyl protons (0.1 to — 0.1 ppm) were adopted as
internal standards to calculate SH millimoles per gram of gelatin by comparison with DTPHY
methylene protons (2.85 to 2.75 ppm and 2.7 to 2.6 ppm) (n = 3, see Figure S3, Supporting

Information).

Sizing devices

The sizing devices used in this work were designed to fit inside a common 1 mL or 3 mL
plastic syringe (Braun). These syringe holders were fabricated with a threaded end onto which a
metal open cap was screwed to hold the desired grid in place (Figure 1A). The nylon grids had
openings sizes of 20 um, 40 um, 100 um (Merck Millipore) and 70 um (cell strainer, Falcon).
The grids were cut into 9, 13, or 18 mm diameter to fit into 1, 3, or 10 mL sizing devices,
respectively. As illustrated in Figure 1A, the assembly of the sizing device consisted of
positioning the cut nylon mesh into the open cap, which was then tightly screwed onto the metal
syringe holder to secure enough tension on the nylon fibers to cut the hydrogel. For cell

experiments, all the components were sterilized using 70% EtOH and UV treatment.

Sizing process: generation of aligned microstrands
Gel-SH and Gel-NB were mixed at SH:NB equimolar amount (1:1 ratio) in PBS at 37°C with
a total polymer concentration (Gel-SH + Gel-NB) of 2%, 5%, or 10%. In each formulation, the

photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was used at 0.05%.



When completely solubilized, the photosensitive gelatin solution was filter-sterilized using 0.2
um filters and then transferred to 1-mL or 3-mL sterile syringes, paying particular attention to
avoid air bubbles. For the 10-mL sizing device, the solution was added directly into the stainless-
steel tool previously sterilized with 70% EtOH and UV treatment. The syringes were then sealed
with sterile plastic caps and parafilm, placed in ice, and protected from light. After 30 minutes on
ice to allow for thermal crosslinking, the syringe tip was removed with a scalpel. The syringe
filled with physically crosslinked photosensitive gelatin was then inserted into the sizing device,
previously assembled as described above. By gently pushing on the syringe piston while moving
it laterally, the hydrogel was sized onto a petri dish (see Video S1, Supporting Information).
Following a 2-minute exposure in a UV box (405 nm) to covalently crosslink the aligned
microstrands, the construct was cut into 1-cm pieces and transferred into cell culture media or
PBS. UV intensity was found to be 6.6 mW/cm? using a Thorlabs power meter (PM100D
equipped with S120VC Standard Photodiode Power Sensor). The video of the sizing process
(Video S1 Supporting Information) and the pictures showing the system scalability (Figure 1B)

were taken with a Fujifilm X-T3 camera.

Rheological analysis

Rheological measurements were carried out on an Anton Paar MCR 301 with 20 mm-parallel
plate geometry. A wet tissue paper was added to the chamber to prevent Gel-NB/Gel-SH
photoresins from drying during analysis. Storage and loss modulus of thermally crosslinked Gel-
NB/Gel-SH formulations were obtained under oscillatory conditions (2 % strain, 1 Hz frequency,
0.2 mm gap, 10 seconds measuring point duration). The samples were first allowed to equilibrate

at 37°C in the humidified chamber for 5 minutes prior to starting the measurements. Physical



crosslinking was induced with a linear cooling ramp (2 °C/min) from 37 °C to 8 °C (minimum
temperature attainable) followed by 45 minutes at 8°C to reach plateau values. Following the
oscillatory analysis, the samples were kept at 8°C to determine the yield stress by performing a
strain sweep analysis with strain values going from 107! to 10° (1 Hz frequency, 0.2 mm gap, 10
seconds measuring point duration). The yield stress was calculated as the peak value of the
elastic stress (o', product of storage modulus G’ and strain amplitude) plotted against strain as
previously reported.*0-#!

Initial viscosity and shear thinning behavior were characterized on thermoreversibly
crosslinked photoresins in rotational tests (0.2 mm gap). The shear rate was increased

logarithmically from 0.01 to 300 1/s, while the measurement point duration was decreased

logarithmically from 300 s per point to 1 s per point.

Compression test of bulk hydrogels

TA.XTplus Texture Analyzer (Stable Micro Systems) equipped with a 500-g load cell was
used to perform unconfined uniaxial compression tests. Solutions composed of 0.05% LAP and
different total Gel-NB/Gel-SH concentrations (2%, 5%, 10%) in PBS were warmed to 37°C,
filter sterilized and pipetted into PDMS molds of 4 mm in diameter and 2 mm in height. The
samples were allowed to thermally crosslink in ice for 30 minutes, thus mimicking the
temperature variation that occurs during the sizing procedure, and were then UV crosslinked for
2 minutes. After washing in PBS, the cylinders were placed between the compression plates and
a 0.1-g pre-load was applied to ensure full contact. Samples were left to relax for 2 minutes and

then compressed with a speed of 0.01 mm/s to 15% strain. The elastic compressive modulus was



determined by linear fitting of initial linear section of the stress-strain curve (0-5%).

Measurements were performed in triplicates (n = 3).

SEM imaging

Aligned microstrands were prepared as indicated above. After washing in PBS, the
crosslinked, structured hydrogels were cut into 1-2 mm slices with a scalpel and fixed in 4%
paraformaldehyde in PBS for 2h at room temperature. Samples were then washed with Milli-Q
H20 and dehydrated by stepwise treatment with ethanol in mQ H20O (30%, 50%, 70%, 90%,
100%), and then with hexamethyldisilazane (HMDS) in ethanol (30%, 50%, 70%, 90%, 100%)
with a 20-minute incubation for each step. After 1 hour in 100% HDMS, samples were left to dry
in a fume hood. Dried samples were sputter coated (CCU-010 HV, Safematic) with platinum-
palladium (Pt/Pd) and imaged with a Hitachi SU5000 field emission SEM. Nylon grids were

simply sputter coated with Pt/Pd prior to imaging.

Macroporosity and Percolation

Aligned microstrands were generated as described above using a total gelatin concentration of
2%. The aligned constructs were then submerged in a solution of high molecular weight FITC-
Dextran (500 kDa) in PBS for 15 minutes. The percolation (fluid movement through porous
material) of the fluorescent polymer in the macroporous construct was then imaged using a Leica
SP8 confocal microscope (Leica) equipped with a 25x objective. Z-stacks of 100 um were

acquired from the sample surface with 1 um z-steps. Images were processed using Fiji.



Computational modeling of the shear stress during sizing

The computational model constituted a steady-state inelastic non-Newtonian fluid flow model
in COMSOL Multiphysics (COMSOL Inc, SE). The shear thinning characteristics of the
photoresin at different concentrations (2, 5 and 10% w/v) was defined by the power-law:*

u(y) =my™ (1)

where p is the dynamic viscosity of the resin, y is the shear rate, and m and n are the flow
consistency and flow behavior indices, respectively. Through rheological measurements of
thermo-reversibly crosslinked photoresin samples at each concentration, the flow consistency
indices were 22, 229, and 1750 Pa s for 2, 5, and 10% w/v resin concentration, respectively.
Furthermore, a constant flow behavior index of 0.2 was deemed to generate the best-fit model for
the dynamic viscosity variation with shear rate. The models comprising the sizing meshes
constituted a small 3x3 grid of the sizing grid with a bulk fluid domain above the mesh (Figure
4B). The grid dimensions were determined from SEM images of the nylon meshes. A normal
inflow velocity of 5 mm/s was applied at the fluid domain, mimicking the speed at which the
sizing process was conducted, and a free-flow constraint was applied at the output of the sizing
grid. A no-slip condition was applied at the walls of the sizing grid. As for the meshing criteria, a
free tetrahedral mesh of maximum element size of 2 pm (i.e., one-tenth the size of the minimum
feature dimension of 20 pm), similar to in previous studies, was applied.*** A compilation time
for a parametric sweep across the three flow consistency indices was 18 minutes. The resulting
shear stress was plotted across the entire width of an opening within the sizing grid. For the
model without the sizing grid, a simple cylindrical (® =5 mm, h = 10 mm) shear thinning model

was used and the shear stress determined throughout the entire width of the model.
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Cell culture and encapsulation

C2C12 myoblasts were expanded in cell culture media composed of DMEM + 10% fetal
bovine serum + 10 pg/mL gentamicin in S-layer flasks (Falcon). C2C12 cells were trypsinized
and mixed with warm (37°C) and sterile Gel-NB/Gel-SH photosensitive solutions at 10 million
cells/mL. Following the sizing procedure described above, the cell-encapsulated aligned
microstrands were directly transferred into 24-well plates and cultured from day 0 in
differentiation media composed of DMEM + 2% horse serum + 1 % ITS (Corning) + 10 pg/mL
gentamicin for up to 3 weeks with media change every other day. Videos of myotubes twitching
(Video S2, Supplementary Information) were taken after 3 weeks of culture on an Axio

Observer.Z1 (Zeiss) in bright-field mode with 5x or 10x magnification.

Cell viability

Cell viability assay was performed as previously described.*® In short, the samples at day 0,
day 2, and day 7 of culture were incubated for 45 minutes in FluoroBrite DMEM supplemented
with 5 pg/mL of Hoechst 33342 (Invitrogen), 8 uM of calcein AM (Invitrogen), and 0.5 ug/mL
of propidium lodide (PI, Fluka). The samples were then imaged with a Leica SP8 confocal
microscope (Leica) equipped with a 25x water immersion objective. Z-stacks of 50 um were
acquired from the sample surface with 5 um z-steps. Images were processed using Fiji. Cell
viability was determined by counting Hoechst 33342 stained nuclei as total cell number and
propidium iodide signal as dead cells. Due to myoblasts spread and fusion into myotubes, calcein

AM could not be used as a reliable signal to count live cells.

Analysis of nuclei alignment
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Samples were stained, as described above, with Hoechst 33342 (Invitrogen) and calcein AM
(Invitrogen) after 7 days of culture. Images were taken aligning the microstrands vertically.
Using the software Fiji, the Hoechst 33342 channel was used to identify the nuclei by applying a
Gaussian blur filter, followed by thresholding to create a binary image, and finally by using the
watershed method to separate close nuclei. The segmented objects were then analyzed with the
Extended Particle Analyzer function to evaluate nuclei angle and circularity distributions. Data

were plotted using Prism 8 (GraphPad).

Immunofluorescence

After 3 weeks in culture, samples were washed 3x in PBS and fixed in 4% paraformaldehyde
for 4 h at room temperature followed by 3x washing in PBS supplemented with 0.02% BSA.
Samples were then permeabilized using a solution of 1% Triton-X100 in PBS for 10 minutes,
followed by 3x washing in PBS + 0.02% BSA. After a blocking step using 1% BSA, 1% Tween-
20 solution in PBS for 30 minutes, the constructs were incubated with primary anti-human
myosin heavy-chain antibody (MF-20, DHSB), diluted 1:20 in PBS overnight. After 3x washing
in PBS, the constructs were incubated with fluorescent secondary antibody (goat anti-mouse
Alexa488, Invitrogen) and Hoechst 33342 (Invitrogen), both diluted 1:1000 in PBS in the
presence of 0.02% BSA for 2 hours. Imaging was performed on Leica SP8 confocal microscope
(Leica), equipped with a 25x water immersion objective.
For ki-67 staining, samples were treated as described above up to the blocking step and then
incubated with anti ki-67 antibody (550609, BD) diluted 1:200 in PBS overnight. After 3x

washes, samples were incubated with the Alexa 488 secondary antibody anti-mouse and Hoechst
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as described previously. Imaging was performed on Leica SP8 confocal microscope (Leica),
equipped with a 40x water immersion objective.

For actin staining, samples were treated as described above, washed 3x in PBS and incubated for
2 hours at room temperature in a solution containing Hoechst 33342 (1:1000 dilution) and
Phalloidin-TRITC (0.13 pg/ml in 1% PBS-BSA, P1951, Sigma). After 3x washing with PBS, the

samples were imaged on Leica SP8 equipped with 40x water immersion objective.

Gene expression analysis
RNA was extracted from samples with NucleoZol (Macherey-Nagel) according to the
manufacturer’s instructions. Retrotranscription to cDNA was performed with GoScript Reverse
Transcriptase (Promega) and subsequently diluted 1:5 with RN Ase-free water for gPCR analysis.
Analysed genes were MyoD (Fw: AAGACGACTCTCACGGCTTG, Rv:
CGGGGCCTGTCAAGTCTATG) MyoG (Fw: AGCCCAGCGAGGGAATTTAG, Rv:
GGGACATTAACAAGGGGGCT), MyH1 (Fw: CATCCCTAAAGGCAGGCTCT, Ruv:
GACTTCCGGAGGTAAGGAGC), Pax7 (Fw: CCCATGGTTGTGTCTCCAAGAT, Rv:
CGGAGTCGCCACCTGTCTG), all compared to GAPDH expression as housekeeping gene
(Fw: GGTGAAGGTCGGTGTGAACGGATTTGG, Rv:
GGTCAATGAAGGGGTCGTTGATGGCAAC). gqPCR was performed with GoTaq PCR

(Promega) on a QuantStudio 3 device (Applied Biosystems).

3. Results and Discussion

3.1 Sizing process and choice of the material

13



Physical guidance of cells by means of oriented hydrogel microarchitecture represents an
attractive solution for tissue engineering of naturally aligned tissues, such as muscles and
tendons. The presence of physical cues can provide preferential directionality for cell spreading
and migration, eventually having an impact on cell differentiation and tissue functionality.
Importantly, this organized cellular alignment should be induced not only on the surface of the
scaffold, but also in its depth. In fact, although many successful studies on the effect of structural
patterns were conducted on 2D systems,* ¢ 3D structural guidance remains a challenge. In this
work, an easy method to generate macroporous hydrogel constructs with aligned microstructures

for 3D cellular alignment is presented.
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A) Procedure scheme

Assembly of the sizing device

4 - Thermally crosslinked

hydrogel
Photocrosslinked Sizing
hydrogel
A’\ UV light ‘s
P \ - i
z <

B) Method scalability

Figure 1. Sizing process. A) Illustration of the procedure. On top, the assembly of the sizing
device is shown with nylon grid, syringe, and mesh metal holders and the syringe filled with cell-
laden photoresin based on Gel-NB/Gel-SH. Upon cooling to obtain a thermally reversible gel,
the cell-laden hydrogel is pushed through the grid to obtain a hydrogel construct composed of
aligned cellular microstrands. The latter is then stabilized via UV exposure, triggering photoclick
thiol-norbornene reactions. At the bottom, a close-up with SEM images of the aligned

microstrands forming the sized gel. Scale bar: 50 pm. B) Sized gels of various dimensions (cross
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section and entire gel) on glass slides. On the side, devices used to show the method scalability.
From left to right: 10-mL, 3-mL, and 1-mL device. Labels refer to the aperture of the grid holder,
which in turns reflects the final gel diameter.

As illustrated in Figure 1A, this method is based on the deconstruction of a bulk hydrogel into
long, aligned microstrands with tunable dimension by sizing it through a grid of variable opening
sizes. The microstrand construct was then stabilized with a secondary UV crosslinking process.
As a proof of concept, aligned microstrands were generated starting with 1, 3, or 10 mL of
photosensitive material (photoresin) using sizing devices of various dimensions, thus showing
the scalability of the method (Figure 1B). A material suitable for such sizing process should be
able to undergo a first crosslinking step in the syringe to form a bulk hydrogel and a second one

after the sizing procedure to stabilize the construct. This could be achieved with a variety of

47-49 50-51

methods, ranging from physical or ionic crosslinking, to enzymatic, or to
photocrosslinking.'® To fulfill this requirement, we used a combination of gelatin-norbornene
(Gel-NB) and gelatin-thiol (Gel-SH) as a model system in this work (Figure 1A). Gelatin
represents one of the most widely used biopolymers in the field of bioprinting and tissue
engineering due to its biocompatibility, bioactivity (i.e., presence of RGD adhesion sites),
biodegradability, and low cost.”?-> It has intrinsic reversible thermal gelation properties, and it is
relatively easy to functionalize with reactive moieties. We exploited the gelatin thermoreversible
physical gelation induced by cooling as a first crosslinking strategy and introduced the highly
efficient photoclick thiol-norbornene reaction as the secondary crosslinking strategy. In recent
years, thiol-ene chemistry appeared to be a more attractive solution for biomedical applications

when compared to traditional chain-growth polymerization (i.e., methacryloyl derivatives such

as Gel-MA), due to its faster reaction kinetic which reduces the need for long light exposures and

16



free-radical formation.’*>® Among the various advantages, the click-like reaction also leads to a
more homogenous network formation than the one formed with the growth of a hydrophobic
kinetic chain of chain-growth systems. In this study, Gel-NB (DS: 0.163 £+ 0.003 mmol/g) and
Gel-SH (DS: 0.276 £ 0.016 mmol/g) (Figure S1, S2, S3, see Supporting Information) were
combined to have equimolar amount of the reactive groups for a total polymer concentration of
2%, 5%, or 10%. For every formulation, the state-of-the-art water soluble photoinitiator LAP
was used at a final concentration of 0.05%, as was proven to be highly biocompatible in previous

WOTkS.39’ 60-61

3.2 Macroporosity and percolation

The effects of four different commercially available nylon grids with opening sizes of 20 um,
40 pm, 70 pm, and 100 pm were investigated in comparison with common monolithic bulk
hydrogel (Figure 2A). The sizing process was shown to lead to the formation of aligned high
aspect ratio microstrands with tunable dimensions reflecting the opening size (Figure 2B). The
presence of such anisotropic microarchitecture was observed also within the construct, indicating

a potential for 3D physical guidance.

17



A) Grids B) Microgels
Grids Top Section

Figure 2. Grids and sized gels. A) SEM images of nylon grids of various openings size. For
the bulk gel no grid was used. Scale bar: left 500 pm, right 100 um. B) Brightfield images of
sized gels showing aligned microstrand structures with variable size from the top (left) and from
the side in an inner section (right). Scale bar: 100 pm.

Notably, it was observed that the sizing process generated macropores between the elongated
microstrands, thus significantly enhancing the biological relevance of this system (Figure 3). In
fact, the porosity of a scaffold is a pivotal aspect for the sufficient transport of nutrients and
oxygen and the removal of catabolic waste. The presence of micrometer-sized void spaces can

also facilitate cell infiltration and migration,®* ©*64

and this is commonly referred to as
macroporosity for pore diameters in the range of ~0.1-10 pum and supermacroporosity for pore
cross-sections ranging from tens to hundreds of micrometers.®> The latter term is, however,
almost exclusively found to describe cryogels.®®%® Bulk hydrogels’ porosity is instead commonly

referred to as nanoporosity, due to the fact that the intricate crosslinked mesh of polymer chains

leaves pores in the range of nanometers.®®’> Such a dense network strongly limits mass transport,
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which is therefore restricted to a limited diffusion distance (~100-200 um), a major obstacle in
the tissue engineering field of millimeter- to centimeter-sized structures.”> To assess the
formation of macroporous structures, the sized gels were submerged into a solution of
fluorescent, high molecular weight dextran (FITC-Dextran). Confocal imaging revealed the
presence of elongated macropores running along the interfaces between proximal microstrands,
while there was complete absence of percolation (fluid movement through porous material) in
the bulk gel (Figure 3A). Because the use of smaller grids results in more numerous
microstrands, the total porosity appeared to be inversely correlated to the grid size. The 20-um
and 40-um grids showed a porosity of ~25%, while for the bigger 70-um and 100-pum grids, the
void fraction was ~15% and ~8%, respectively (Figure 3B). On the other hand, the pores’ size
seemed to have a less pronounced correlation to the grid openings’ size, although larger pores are
more likely to be found with the bigger grids. Pore size is, in fact, most probably dependent on
the dimensions of nylon fibers, which are found to be larger (45 pm versus 30 um) and thicker
(60 um versus 45 um) for the 100- and 70-um grids when compared to the 20- and 40-um
(Figure 2A). As a result, the sized constructs showed a pore size ranging from a minimum
average of ~190 um? for the 20-pm grid to a maximum average of ~526 um? for the 70-pm grid
(Figure 3C). Such void spaces create an ideal percolating system throughout the whole construct,
which facilitates mass transport, thereby overcoming the diffusion distance barrier and creating

an excellent environment for cell infiltration.
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A) Percolation B) Macroporosity

— é OBulk 0100 pm ©70 pm @40 ym @20 pm

.. .- C) Pore size
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E 1500
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Figure 3. Macroporosity. A) Confocal images of fluorescent high molecular weight dextran

3D view
Porosity [%]

Section

(FITC-dextran) percolating into the aligned macropores found between proximal microstrands.
For the bulk gel, no percolation was observed, due to absence of macroporosity. The fluorescent
signal comes from the FITC-dextran solution around the gel itself. On top, a 3D volume
reconstruction of a 100-um z-stack. At the bottom, a 2D section of the porous constructs. Scale
bar: 100 um. B) Sized gel macroporosity reported as percentage of void fraction showing a
tendency towards higher porosity for smaller grid size. C) Average pore size for various sized
constructs with a distribution ranging from ~20 pm? to over 2000 um?. Macropores were instead

not found in the bulk gel.

3.3 Computational modeling and cell viability

To gain more insights into the effect of the sizing process on cell viability, which relies on the
application of mechanical forces to sieve the bulk hydrogel through the grid, we ran a finite
element analysis (FEA) and compared these results with an in vitro viability assay. First, to
better model the sizing process for our Gel-NB/Gel-SH formulation, rheological tests were
performed to extrapolate storage modulus, yield stress, and viscosity of thermally crosslinked
2%, 5% and 10% photoresins (Figure 4A). The physically crosslinked gelatin-based hydrogel

storage modulus ranged from ~270 Pa for the soft 2% condition to ~3.4 kPa and ~11.4 kPa for
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the much stiffer 5% and 10% gels, respectively (Figure 4A, top). Yield stress, determined as the
peak value of elastic stress obtained with a strain sweep, also followed the same trend, spanning
from ~588 Pa for 2%, to ~11.5 kPa and ~28.7 kPa for 5% and 10%, respectively (Figure 4A,
middle). Shear thinning tests were used to determine the initial viscosity and flow behavior index

of the different hydrogels (Figure 4A, bottom).
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Figure 4. Computational modeling of the sizing of Gel-NB/Gel-SH thermally-crosslinked
hydrogels. A) Rheological measurements used to determine the storage moduli (top), yield stress
(middle) and viscosity (bottom) of the material to be used for the computational models. All the
photoresin concentrations tested demonstrated a shear thinning characteristic following the
power law (Equation 1, see Materials and methods) with a flow behavior index of 0.2 and flow

consistency indices of 22, 229, and 1750 Pa s for 2%, 5%, and 10% concentrations, respectively.
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B) (I) Color-coded output of shear stress determined by an inelastic non-Newtonian flow model
in COMSOL (see Materials and method section). Results are shown for the whole bulk gel
(without sizing grid), and 3%3 mesh of the sizing grid for sized constructs, as illustrated on the
top row. Simulation results are presented in 3D view, side cross section and bottom cross section,
as illustrated on the top row. For clarity, the nylon grids are not shown in the simulations. (II)
Shear stress distribution in a single-forming microstrand, illustration (top) and results plotted for
the bulk condition and the different grid sizes. The profiles showed a clear increase in shear
stress for stiffer hydrogels (higher polymer concentration) and smaller grid size. In all the
conditions the shear stress was found to be highest on the periphery of the microstrands.

As expected, polymer concentration plays a central role in the induced shear stress. Due to the
larger photoresin viscosity and stiffness, the computational modeling showed that the shear stress
for the 10% condition (max ~12 kPa) was an order of magnitude higher than 5% (max ~1.6 kPa)
and two orders of magnitude higher than for 2% (max ~155 Pa). In addition, the simulations
revealed a correlation between the grid openings’ size and shear stress magnitude. Smaller grids
were in fact found to induce the highest shear stress for each photoresin formulation. For the
bulk gel, where no grid was used, the shear stress was found be significantly lower (max ~4 kPa
for 10%, ~550 Pa for 5%, and ~50 Pa for 2%) and confined only to the outer periphery of the
tube where the no-slip boundary condition applies.”* For the sized gels, due to the same concept
of no-slip boundary, the highest shear stress values were reported at the periphery of the single
opening of the sizing grid and showed to be more pronounced for smaller grid sizes. This
phenomenon could be attributed to the increased fluid flow velocity in the smaller opening due
to a constrained volume. A detailed distribution of the shear stress for a single microstrand

within a single grid opening (or the whole bulk hydrogel in the syringe) is reported in Figure

22



4BII. In short, from the in silico analysis, it can be inferred that a combination of high polymer
content and small sizing grid will lead to the worst conditions in terms of shear stress
experienced by encapsulated cells, which would eventually affect the viability of the construct.
On the other hand, sizing of soft, low-polymer-content hydrogels is expected to have no or
negligible harmful effects. Extensive investigation on shear stress-induced cell damage in the
bioprinting field found a threshold around 5 kPa, above which cell survival tends to be
significantly reduced.”””’® Other studies set the bar of critical stress much lower (~250-500 Pa).””
8 Therefore, the 2% condition appears to be the most likely to result in a satisfying
biocompatibility output.

The results of the simulations were compared to cell viability of C2C12 myoblasts sized under
the same conditions (Figure 5). Specifically, sizing of cell-laden Gel-NB/Gel-SH thermally
crosslinked hydrogels was conducted, varying the grid size (20 um, 40 um, 70 um, 100 pm, and
bulk) and polymer concentration (2%, 5%, and 10%). For every condition, the viability was
determined in the outer part of the gel (surface) and the inner part of the gel. The latter was
performed by cutting the gel in half prior to imaging, allowing for the assessment of this
method’s potential to truly guide cellular alignment in 3D (Figure 5A). As predicted by the FEA
simulation, higher polymer concentrations (5% and 10%), which are associated with higher shear
stress, led to extensive cell death at day 0 immediately after the extrusion (Figure 5B). The
viability only partially recovered in the following days, both in the inner and outer parts of the
constructs. In particular, the conditions that were predicted to be the harshest (10% polymer
concentration, 20-40 pm grids) showed an almost complete absence of viable cells after one
week (Figure S4A, Supplementary Information). However, for the 5% hydrogels, the cells that

were not irreversibly damaged during the sizing procedure proliferated in both the inner and
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outer parts of the constructs (Figure S4B, Supplementary Information) as also confirmed by the
presence of ki-67 positive cells (Figure S5, Supporting Information). Finally, as expected based
on simulations, polymer concentration of 2% yielded the best result, with excellent cell viability
(>90%) immediately after sizing and during the first week of culture. Although high viability at
day O can be attributed to low shear stress, its retention during the 7 days of culture probably
depends on the hydrogel mechanical properties and the generated microarchitecture. On one
hand, after the stabilizing photocrosslinking step, the compressive modulus for the Gel-NB/Gel-
SH constructs was reported to be ~ 4.7 kPa for 2%, ~ 10 kPa for 5%, and ~32 kPa for 10%
(Figure 5C). Matrix stiffness has in fact been shown to strongly influence C2C12 spreading and
differentiation, with better output for softer gels.”” On the other hand, as evidenced in the
previous paragraph, the sizing process facilitates mass transports within the construct due to the
presence of aligned macropores in between the formed microstrands. This provides more
nutrients and space for the cells to grow in the inner part of the gel compared to the bulk
condition, as could be inferred by the drop in cell viability for such monolithic constructs after 2
days. Recovery in cell viability for the bulk gel (inner part) at day 7 appears instead artificially
high. At this time point, due to the drastic decrease in cell number reported after day 2 (see
Figure S6, Supporting Information), the percentage of the few remaining live cells becomes

similar to the one of the other conditions.
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Figure 5. Viability assay. A) Schematic depicting the imaging procedure, taking into account
both the surface of the hydrogels (outer part) and the core (inner part) to verify the impact of the
aligned microstrands within the whole 3D construct. B) Cell viability determined at day 0
(immediately after extrusion), day 2 and day 7 of 10%, 5%, and 2% Gel-NB/Gel-SH hydrogels
sized with the various grids. C) Compressive (Young’s) modulus of the hydrogels after the

stabilizing secondary crosslinking via UV exposure.

3.4 3D physical guidance of oriented cell maturation

Using a Gel-NB/Gel-SH concentration of 2%, which was found to be the optimal condition
both in silico and in vitro, the cell guidance potential of the microstrands was investigated.
Importantly, also in this case both the surface of the gel (outer part) and its core (inner part) were
analyzed, to have a complete view on cell behavior in the 3D constructs. Muscle tissue is a good
example of highly aligned tissue, with fiber alignment playing a crucial role in dictating its
mechanical function (muscle contraction). Tissue engineered muscle constructs that are able to

80-84

mimic the native microarchitecture can be used as functional in vitro models, and they are

seen as a promising treatment for muscle traumas or disorders such as volumetric muscle loss
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(VML),%-% and sarcopenia.’’®® In this study, mouse myoblasts (C2C12) were used as a proof-
of-concept model to test the method’s ability to generate aligned skeletal muscle tissues. C2C12
cells were found to be highly viable (Figure 5B) and homogeneously distributed upon sizing at
day 0 (Figure 6A). After one week, a clear preferential orientation was observed along the
direction of the microstrands. On the surface, myoblasts fused to form multinucleated myotubes
which were oriented parallel to the microstrands. As expected, this phenomenon was found to be
less pronounced for the bulk gel, where a plain surface did not induce a favored orientation for
cellular alignment.

Interestingly, a more pronounced difference was found when comparing the inner part of the
constructs. In the bulk gel a clear reduction in viable cells was shown, in accordance with the
drastic cell death reported upon two days of culture (Figure 5B). Also, for the bulk gel, the
cellsmaintained a round shape, suggesting the absence of spreading and migration and
consequently the absence of myotubes, whose formation depends on the ability of cells to come
into close contact with each other (Figure 6B). For the sized constructs, on the other hand, the
presence of the physical cues represented by the aligned microstrands and the aligned
macropores induced marked cell alignment (Figure S7, Supporting Information). Myoblasts were
mainly observed on the surface of the microstrands, where macropores were found, indicating
that the cells had migrated from the hydrogel into the void spaces. These findings, together with
the better cell viability of sized constructs compared to the bulk condition in the inner part of the
gel, show that our method contributes to a drastic enhancement of oriented 3D cell guidance and
viability. On one hand, the presence of macropores facilitates media percolation and creates a

favourable niche for cell infiltration and migration overcoming the limit of the diffusion
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distance; on the other hand, high-aspect ratio-aligned microstrands provide a preferred growth

direction.

A) Physically oriented maturation B) Myotube formation
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Figure 6. 3D physical cell guidance. A) Calcein AM staining (green) of the outer part (left)
and inner part (right) of bulk and sized constructs at day 0 and day 7 showing oriented tissue
development. In red, immunofluorescence myosin heavy chain staining after 21 days showing

maturation into myotubes. The bulk gel did not provide a suitable 3D environment for myoblast
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maturation and alignment, especially on the inner part. Scale bar: 100 pm. B) Illustration of
myotube formation with alignment of nuclei along cell orientation and reduction in nuclei
circularity. C) Nuclei circularity in outer and inner part of bulk and sized constructs after 7 days
of culture. A clear difference is shown for internal bulk gel, where nuclei remain substantially
round, suggesting no cell maturation. D) Nuclei orientation in outer and inner part of bulk and
sized constructs after 7 days of culture. Within the bulk gel, where no macropores and physical
cues were present, a random nuclei orientation reflects absence of cell alignment and myotube
formation.

To further evaluate the possibility of creating physiologically relevant models, we cultured the
constructs for three weeks and stained them for myosin heavy chain (MHC).
Immunofluorescence confirmed differentiation into multinucleated myotubes (Figure 6A) which
were also found to be contractile (Video S2, Supporting Information), both in the outer part and
in the inner part of the gels. Again, for the homogeneous bulk hydrogel, no formation of MHC
positive myotubes was observed in the inner part. Cells were also shown to differentiate by
means of gene expression analysis (Figure S8, Supporting Information). Common markers for
myoblast differentiation MyoD, MyoG and MyoH1 were found to be increasingly expressed
over time. Also, expression of Pax7 after 3 weeks of culture indicates that a fraction of cells
possibly returned to a quiescent state, reminiscent of satellite cells responsible for homeostasis
and repair of the muscle tissue. To quantify cell alignment in our C2C12 model system, we
evaluated nucleus circularity and nucleus orientation. When elongated multinucleated myotubes
are formed, the nuclei tend to assume an oval shape (circularity <I) and align along the major
axis of the myotube (Figure 6B).%* In accordance with the qualitative observation of Figure

6A, nuclei were found to be more elongated in all the conditions, with the exception of the inner
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part of the bulk gel (Figure 6C). In this case the nucleus circularity was found to be close to 1, as
expected for non-differentiated round cells. Nucleus orientation was also found to confirm the
presence of aligned myotubes in all the conditions, with the exception of the inner part of the

bulk gel (Figure 6D).

4. Conclusions

We have developed and optimized a simple method of generating large (mm to cm)
macroporous anisotropic constructs with aligned physical cues to induce oriented cell alignment.
Although we used myoblasts for proof of concept, we foresee that the promising results obtained
with such cells will encourage the generation of more complex, multicellular constructs of
aligned tissues. In addition, in this study we adopted the thermal crosslinking of gelatin as
primary crosslinking and the highly efficient photoclick thiol-norbornene reaction as secondary
crosslinking. However, other natural or synthetic polymers and different crosslinking strategies
can be applied to tailor the materials’ mechanical or bioactive properties to specific needs.
Finally, exploring the effects of different grid geometries (i.e., circular or star-shaped openings)
in tuning the shape, size and proportion of microstrands and macropores can broaden the

potential of the technique presented in this work.

Supporting Information.
The following files are available free of charge.
Supplementary Figures including synthesis schemes, NMR spectra, CalceinAM stainings, ki-67

immunofluorescence, cell count, actin staining and gene expression analysis. (PDF)
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