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A reactive silk fibroin ink formulation designed for extrusion three-dimensional (3D) printing of
protein-based hydrogels at room temperature is reported. This work is motivated by the need to
produce protein hydrogels that can be printed into complex shapes with long-term stability

using extrusion 3D printing at ambient temperature without the need for the addition of
nanocomposites, synthetic polymers, or sacrifical templates. Silk fibroin from the Bombyx mori
silkworm was purified and synthesized into reactive inks by enzyme-catalyzed dityrosine bond
formation. Rheological and printing studies showed that tailoring the peroxide concentration in
the reactive ink enables the silk to be extruded as a filament and printed into hydrogel constructs,
supporting successive printed layers without flow of the construct or loss of desired geometry. To
enable success of longer-term in vitro studies, 3D printed silk hydrogels were found to display
excellent shape retention over time, as evidenced by no change in construct dimensions or
topography when maintained for nine weeks in culture medium. Caco-2 (an intestinal epithelial
cell line) attachment, proliferation, and tight junction formation on the printed constructs was not
found to be affected by the geometry of the constructs tested. Intestinal myofibroblasts
encapsulated within reactive silk inks were found to survive shearing during printing and
proliferate within the hydrogel constructs. The work here thus provides a suitable route for
extrusion 3D printing of protein hydrogel constructs that maintain their shape during printing and
culture, and is expected to enable longer-term cellular studies of hydrogel constructs that require
complex geometries and/or varying spatial distributions of cells on demand via digital printing.

1. Introduction

Three-dimensional (3D) printing is an additive man-
ufacturing process that is now widely accepted for the
bottom-up fabrication of components from differ-
ent materials, including metals [1, 2], ceramics [3, 4],
and polymers [5-7]. Hydrogels are a subclass of poly-
meric materials that contain polymer chains linked
by chemical and/or physical associations into a highly
swollen network structure. Hydrogels have long been
desired for biomedical applications for their low
moduli that can better match the stiffness of soft tis-
sues and their high degrees of hydration that facilitate
mass transport through the construct. Additionally,
if the crosslinking process is biocompatible, cells can
be encapsulated within gel constructs to generate 3D
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in vitro models of tissue, which have potential to bet-
ter match the in vivo function of tissues compared to
two-dimensional (2D) culture models [8, 9]. Advan-
cing the physiological relevance of engineered mod-
els of human tissue necessitates increased complex-
ity, in terms of both the number of cell types included
and the organization of cells within the construct. 3D
printing has the capacity to enhance both of these fea-
tures by dictating complex geometries and by permit-
ting spatial localization of cell types within tissue con-
structs.

Hydrogels have been 3D printed using differ-
ent types of methods, including extrusion-based
printing [10-12] and FRESH [13] printing. For
extrusion-based methods, the printed materials must
have low enough viscosity to be pushed through
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the printing needle yet need to rapidly reach a
large enough viscosity so that they resist flow from
the desired printed geometry after deposition. To
achieve this, thermoresponsive polymers are fre-
quently employed, such as when constructs are prin-
ted into a supporting bath [13]. Reactive polymer
solutions have also been investigated for extrusion-
based printing. A key challenge with reactive solu-
tions is that viscosity varies during the time course
of printing, leading to undesired effects such as het-
erogeneous material deposition, the need for increas-
ingly large values of extrusion pressure, and the clog-
ging of the printing system. One option to overcome
these challenges is to print a shear thinning solution
that decreases in viscosity as shear stress increases.
This non-Newtonian flow behavior enables extrusion
of a liquid-like material that becomes more solid-like
once the stress is removed. One important example is
the blending of polymers with Laponite clays, which
have been shown to serve as effective viscosity mod-
ifiers to enable 3D printing of hydrogels [14-16],
including silk fibroin [17].

An alternative approach to circumvent the need
for thermal adjustments or composite inks is to break
the crosslinking up into stages. In the first stage, the
reaction is designed to reach an appropriate viscos-
ity to enable extrusion through the print needle and
prompt setting of the printed solution. The reaction
is also ideally designed to make viscosity invariant
with time to eliminate heterogeneity in the printed
constructs and the clogging of needles. The second
stage consists of a post-print type of crosslinking that
locks in the final structure. This process is similar to
the extrusion-based printing of polymers that rap-
idly crosslink once deposited into a printing bath,
such as employed for alginate constructs, but is actu-
ally different because it employs a chemical reaction
to generate a printable gel and the second mode of
crosslinking may be more delayed. Two-stage, reactive
protein formulations have been reported previously,
including gelatin [18-20] modified with methacrylate
groups for photocrosslinking after printing, collagen
[21] crosslinked by genipin after printing, and fibrin
gels [22-24] prepared either by printing fibrinogen
and crosslinking with thrombin after printing or by
printing thrombin onto deposited fibrinogen layers.

This work sought to develop a reactive ink formu-
lation for silk fibroin (herefter: silk) hydrogels. Silk
hydrogels were desired because of their stability for
long-term in vitro tissue culture, which arises from
their lack of recognition sites for human enzymes and
their formation of beta sheet secondary structures
that act to physically crosslink the material. There
are established methods to isolate pure silk fibroin
from the cocoons of Bombyx mori, the domesticated
silkworm [25], and variation of the boil treatment
time leads to varying molecular weight of the starting
material. Previous work has shown that horseradish
peroxidase (HRP) treatment of silk fibroin in the
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presence of dilute hydrogen peroxide leads to the
formation of a hydrogel whose mechanical properties
and degradation rate can be tuned by varying the boil
treatment time, protein’s concentration, and amount
of beta sheet within the gel [26].

Silk fibroin hydrogels have subsequently been
processed by 3D printing by chemically modifying
silk fibroin with methacrylate groups and crosslink-
ing with photocuring [27], by using a sacrifical algin-
ate template [28], or by blending with gelatin [29, 30],
hydroxypropyl methyl cellulose (HPMC) [31], or
poly(ethylene glycol)[32] or other polyols [33]. In
contrast to these previous reports, this work invest-
igated a two-stage crosslinking by partially crosslink-
ing the silk fibroin using HRP, that was found to
quickly reach a steady state value for viscosity and dis-
play frequency-dependent flow behavior that suggests
printability. Though there is another recent report
[34] of partially-crosslinked silk fibroin for 3D print-
ing, that work used freeze-drying to lock in the prin-
ted structures and is therefore not compatible for
gel printing and cell encapsulation, both of which
are demonstrated in this work. The rheological char-
acteristics of the inks were characertized and com-
pared to the HRP gels with the one step crosslink-
ing. The reactive inks were found to be superior in
terms of printability, and the post processing method
was found to stabilize the printed hydrogel constructs
without damage to cellular compatibility. This work
demonstrates the utility of these constructs in a crypt-
like morphology using human intestinal epithelial
cells (Caco-2 cell line) and also demonstrates the
potential for intestinal myofibroblasts (InMyoFibs) to
be encapsulated in the reactive ink hydrogels for a co-
culture model.

2. Experimental

2.1. Methods

2.1.1. Reagents

Bombyx mori silkworm cocoons were purchased
from Tajima Shoji Co., Ltd. (Tokyo, Japan). Lith-
ium bromide (LiBr, >99%), sodium carbon-
ate (Na,COs, >99%), HRP (Type VI-A), hydro-
gen peroxide (H,O,, ACS reagent), alginic acid
sodium salt (alginate, medium viscosity), cal-
cium chloride (CaCl,, 96.0%) were obtained from
Sigma Aldrich (St. Louis, MO). Minimum essen-
tial medium (MEM), fetal bovine serum (FBS,
qualified), sodium pyruvate, antibiotic-antimycotic
(Anti-Anti), non-essential amino acids (NEAA),
4’,6-diamidino-2-phenylindole ~ (DAPI), lactate
dehydrogenase (LDH) cytotoxicity assay kit, ala-
marBlue, regenerated cellulose dialysis tubing (3500
MWCO), 10X phosphate-buffered saline (10X PBS),
Dulbecco’s PBS (DPBS), 0.25% trypsin-EDTA solu-
tion, Calcein AM, Hoechst 33342, and Triton X-
100 were purchased from ThermoFisher (Waltham,
MA). Mouse monoclonal antibody to claudin-1 (A-9)
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(sc-166 338, FITC conjugated) was purchased from
Santa Cruz Biotechnology (Dallas, TX) and used at a
1:50 dilution in 1X PBS. Caco-2 cells were obtained
from ATCC (Manassas, VA). Human InMyoFibs and
smooth muscle cell growth medium-2 (SmGM-2)
were purchased from Lonza (Walkersville, MD). Syl-
gard 184 was purchased from Ellsworth Adhesives
(Germantown, WI). Stainless steel blunt needles
(27 G) were obtained from McMaster Carr (Elm-
hurst, IL). An in-house purification unit was used to
obtain ultrapure water (dH,0, 18 MOhm c¢m) used
in all experiments.

2.1.2. Instruments

Silk and alginate constructs were printed by using a
Hyrel 30 M 3D printer (Hyrel 3D, Nocross, GA), and
the printer was controlled by Repetrel software (v.
2.855, Hyrel 3D). Time and frequency sweeps were
measured using an AR-G2 rheometer (TA Instru-
ments, New Castle, DE), and Trios software (v. 4.3.1,
TA Instruments) was used to collect the data. To mon-
itor the secondary structure changes of silk, a Magna
560 Fourier transform infrared (FTIR) spectrometer
(Nicolet, Madison, WI), coupled with a diamond
attenuated total reflectance (ATR) accessory (Specac,
Fort Washington, PA), was used to characterize the
amide I region. The beta sheet content was quanti-
fied by deconvoluting the amide I region using Origin
software (v. 8.1, Northampton, MA). An AmScope
ME 520TA Metallurgical microscope (AmScope, Iriv-
ine, CA) and AmScope imaging software (v. 3.7,
Irvine, CA) was used to quantify construct dimen-
sions (x-axis and y-axis directions). The depth of the
constructs (z-axis direction) and the cellular morpho-
logy on the constructs were characterized by using
Leica SP8 confocal microscope (Leica, Buffalo Drive,
IL), and Leica Application Suite X (Leica, v. 3.3.0)
was used for acquiring images. The optical and con-
focal microscopy images were evaluated using Image J
(NIH, Bethesda, MD). Cell proliferation and viability
were assessed using alamarBlue and LDH assays, and
fluorescence and absorbance values were measured
using a Synergy HT plate reader (BioTek, Winooski,
VT) and Genb software (BioTek).

2.2. Silk fibroin extraction and solution
preparation

Silk fibroin (SF) was extracted from B. mori silk
cocoons based on a previously established method
[25]. Briefly, silk cocoons were boiled in 0.2 M
sodium carbonate solution for 30 min, followed by
washing with ultrapure (DI) water. The resulting SF
fibers were allowed to dry overnight at room tem-
perature. To prepare the SF solution, the SF fibers
were dissolved in 9.3 M LiBr for 4 h at 60 °C.
The dissolved fibers were then placed into regener-
ated cellulose dialysis tubing (MWCO 3500) and dia-
lyzed against DI water at room temperature for 48 h
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with 6 exchanges. The resulting solution was centri-
fuged twice at 12700 g for 20 min and was stored at
4°C.

2.3. SF hydrogel and reactive ink preparation

SF hydrogels (SF-Gel) were prepared based on a pre-
vious method [26] utilizing HRP and hydrogen per-
oxide to form dityrosine bonds between tyrosine
residues. Briefly, SF solutions containing 1-4 w v~ 1%
SF were prepared by diluting the purified silk fibroin
solution. Next, 10 pl of 1000 U ml~! HRP and 10 ul of
165 mM hydrogen peroxide (H,0,) were added per
1 ml of SF solution. The reaction was carried out at
room temperature or 37 °C. In this work, these fully
crosslinked silk hydrogels will be named SF-Gel-X,
where X is the percentage of silk protein in the gel,
as expressed in weight/volume.

Reactive silk inks (SF-Ink) were prepared by
adjusting the volume of hydrogen peroxide that was
added to the reacting SF solution. This volume
was dependent on SF concentration, where a higher
concentration of SF required a higher volume of
hydrogen peroxide to form an adequate crosslink-
ing density. For the lowest SF concentration tested,
the final H,O, concentration ranged from 0.139 mM
to 0.163 mM, and for the highest SF concentra-
tion tested, the final H,O, concentration ranged
from 0.294 mM to 0.326 mM for 1 ml of SF solu-
tion. A table outlining concentrations and volumes
of HRP and H,0, added to SF-Ink and SF-Gel
for varying protein concentrations is provided in
supporting information (table S1 avaliable online
at stacks.iop.org/BMM/15/055037/mmedia). In this
work, these partially crosslinked reactive ink formu-
lations will be named SF-Ink-X, where X is the per-
centage of silk protein, as expressed in weight/volume.

Alginate inks (Alg-Ink-3) were also prepared by
partially crosslinking a 3% sodium alginate solution
in DI water with 60 mM CaCl,. The final concentra-
tion of alginate was 2.65% once mixed with the CaCl,
solution.

2.4. Robotic dispensing and post-printing
processing of SF and alginate scaffolds
3D printed gel scaffolds made of 4% or 2% SF (SF-Gel
or SF-Ink series) or 3% alginate were printed at room
temperature using a Hyrel System 30 M printer and an
EMO-25 printhead. The inks were extruded through
a 27 G blunt needle, which corresponds to an inner
diameter of approximately 200 wm. Printed materials
were dispensed at a speed of 10 mm s~! onto a sil-
icone substrate with a gap size of 200 wm. Construct
designs were made using AutoCAD 2016. A G-code of
the design was then generated using Slic3 r (v1.2.9).
The resulting G-code was used for printing and read
with Repetrel (v2.865).

After printing, flat and crypt-like SF-Ink scaffolds
were further crosslinked at room temperature on the
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silicone substrate by applying 50 pl of a dilute hydro-
gen peroxide solution, the concentration of which was
dependent on the original volume of hydrogen per-
oxide used to prepare the ink (table S1). After cross-
linking, the constructs were stored in DI water until
needed. The Alg-Ink constructs were further cross-
linked with 0.1 M CaCl, at room temperature and
were stored in a 0.1 M CaCl, solution until needed.

2.5. Cell culture

2.5.1. Scaffold preparation

Scaffolds were sterilized for cell culture by soaking
the SF constructs in 70% ethanol, and alginate con-
structs were sterilized in 70% ethanol supplemented
with 0.1 M CaCl, to maintain their shape. The eth-
anol solutions were exchanged after 1 h, and then
the scaffolds in ethanol were placed in the incub-
ator overnight. After sterilizing, the SF scaffolds were
washed with DI water, then equilibrated in cell cul-
ture medium. The alginate scaffolds were treated sim-
ilarly, but with 0.1 M CaCl, supplementation in all
solutions. After equilibration, scaffolds were treated
with a sterile 200 pg ml~! gelatin and 4 pg ml™!
fibronectin solution to facilitate cell attachment. 48-
well plates were lined with a silicone layer (Syglard
184) to the bottom of wells to reduce cell adhesion
to the plate. The silicone was prepared according
to manufacturer’s instructions, and the cured elast-
omer was sterilized using UV light and 70% eth-
anol. Sterilized and gelatin/fibronectin coated scaf-
folds were then placed into the wells, and autoclaved
silicone rings were placed on top to prevent scaffold
movement.

2.5.2. Cell expansion

Caco-2 cells were expanded at 37 °C with 5% CO,
in tissue culture flasks at an initial seeding density
of 4500 cells/cm? and passaged at 70%—-80% of con-
fluence [35]. The medium consisted of MEM sup-
plemented with 10% FBS, 1% Anti-Anti, 1% NEAA,
and 1% sodium pyruvate. Caco-2 cells were harves-
ted at Passage 26 for cell attachment and prolifera-
tion experiments. Human InMyoFibs were expanded
at an initial density of approximately 2500 cells/cm?
at 37 °C with 5% CO; in SmGM-2. InMyoFibs were
used at Passage 6.

2.5.3. Caco-2 seeding onto constructs

The amount of cells to be seeded was determined by
calculating the surface area of the SF and alginate
printed constructs using data obtained from optical
and confocal microscope images. For SF scaffolds
with crypt-like morphology, 19 500 cells were seeded,
giving a seeding density of approximately 58 000—
66000 cells cm™2 for SF-Ink-4 and 55 000-68 000
cells cm™? for SF-Ink-2. To achieve a cell seeding
density of approximately 60000 cells cm~2 for Alg-
Ink-3, 21400 cells/construct were seeded. Finally,
cells were seeded onto tissue culture plastic (TCP) and
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flat 4% SF and 2% SF constructs at a density of 60 000
cells cm 2. Cells were allowed to attach to the SF and
alginate scaffolds for 5 h before flooding the well with
medium.

2.5.4. InMyoFib seeding within constructs

4% and 2% SF solutions with 1X PBS, 165 mM H,0,,
and 1000 U ml~! HRP were sterile-filtered separ-
ately through a 0.22 pm polyvinylidene difluoride
(PVDF) filter. To encapsulate cells at the desired cell
density of 100000 cells mI~! or 380000 cells ml™!,
cells were resuspended to 5.26 x 10° cells ml~!
and 20 x 10° cells ml~!, respectively. To encapsu-
late myofibroblasts using the two-step crosslinking
method, 981 ul of 4% or 2% SF solution contain-
ing 1% gelatin and 0.02% fibronectin (percentages
are relative to silk content), 2.1 or 2.5 ul H,O, (for
2% and 4% gels, respectively), and 10 ul HRP were
mixed together before adding 19 pl of cell suspension
to the reacting solution. As above, the cell suspension
contains 5.26 x 10° cells ml™! for the gels containing
100000 cells ml~!, and the cell suspension contains
20 x 10° cells ml~! for the gels containing 380 000
cells ml~!. The reacting solution containing cells was
then aliquoted into wells of 48-well plates. The react-
ive inks were cured at 37 °C for 5-7 min. A sterile
dilute solution of H,O, in 1X PBS, the concentra-
tion of which was dependent on the initial volume of
H,0, used (100 pl of 1.24 mM H, 0O, for the SF-Ink-
4; 100 ul of 1.30 mM H,O, for the SF-Ink-2), was
then added to the partial-gels to finish crosslinking.
After curing for 20 min at 37 °C, the dilute H, O, solu-
tion was aspirated and replaced with medium. The
medium was exchanged after approximately 45 min
to ensure removal of residual H,O,.

2.6. Material characterization methods

2.6.1. Rheology of SF hydrogels and inks

2.6.1.1. Time sweeps

Gelation kinetics of reacting SF solutions containing
water to form fully- and partially-crosslinked 1%-—
4% SF hydrogels was examined using oscillatory time
sweeps on an AR-G2 rheometer. The reacting SF solu-
tions were prepared on ice and loaded onto a Pel-
tier plate set to 5 °C. A 20 mm aluminium plate was
used with a gap of 500 pm. For gels prepared using
ultrapure water, testing was carried out at 25 °C with
a strain of 10% and frequency of 0.2 rad s~ . For gels
prepared using 1X PBS, linear viscoelastic measure-
ments were carried out at 37 °C with a strain of 10%
and frequency of 0.2 rad s~!. To prevent dehydra-
tion of the samples, a solvent trap filled with water
was used.

2.6.1.2. Frequency sweeps

Oscillatory frequency sweeps were carried out after
the time sweeps (described in Section 2.6.1.1) once
the storage modulus of the hydrogel samples had
reached a plateau. The purpose of the frequency
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sweeps was to characterize gel viscoelasticity as a func-
tion of SF concentration and crosslink density. The
frequency sweeps on hydrogels containing water were
conducted at 25 °C with an applied strain of 10%,
while the hydrogels containing 1X PBS were tested
at 37 °C with the same strain. The tested frequency
range was 0.2—-10 rad s~ 1.

2.6.2. Ditryosine bond formation using fluorescence
spectroscopy

To compare the degree of dityrosine formation in
the partially crosslinked solutions and the fully cross-
linked gels, fluorescence was used. When a sample
containing dityrosine bonds is excited at 315 nm,
there is a related emission at 400 nm that is directly
correlated to the number of dityrosine bonds|[36, 37].
Silk solutions at concentrations of 2 w v~'% and
4 wv~'% were diluted from a 5.9 w v~1% silk stock
solution, and 100 ul of the solutions were transferred
into a black 96-well plate. Partially crosslinked silk
samples were prepared by adding 10 pul HRP and
2.15 ul H,O, to the 4 w v~ 1% SF solutions, and
10 uL and 1.4 puL H,0, to the 2 w v~1% SF solutions.
100 pl of the partially crosslinked SF solutions (SF-
Inks) were added to the well plate. The fully cross-
linked samples (SF-Gels) were prepared by adding
10 pl of HRP and 10 ul H,O, to both concentrations
of SE, and 100 pl of the solution was transferred to
the well plate. Four replicates were run, and solutions
were allowed to react at 25 °C for 30 min before meas-
uring fluorescence with a plate reader.

2.6.3. ATR-FTIR

FTIR was used to characterize secondary structure of
1%—4% SF inks and solutions to determine if shear-
ing that occurs during the printing process induces
changes in the silk structure. SF-Inks were prepared
according to the printing procedure above. The cor-
responding solutions were prepared by simply dilut-
ing a stock SF solution with DI water. Samples
that were not sheared were gently mixed with a
micropipettor before dispensing. Sheared samples
were gently mixed prior to manual extrusion through
a 27 G blunt needle. All samples were dried at
room temperature. FTIR spectra were then acquired
on the dried films using an ATR-FTIR equipped
with a diamond crystal with 32 scans at a resolu-
tion of 4 cm™!. The resulting peaks in the amide I
region, which corresponds to approximately 1595—
1705 cm™!, were deconvoluted using a previously
established method [38].

2.6.4. Optical and fluorescence microscopy

2.6.4.1. Optical microscopy

An AmScope ME 520TA Metallurgical microscope
was used to quantify construct dimensions (x-axis
and y-axis directions). Flat and crypt-like acellular
constructs were printed and sterilized as described
above and then stored in complete cell culture
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medium over a period of 62 d. The shape retention
over time of flat and crypt-like silk hydrogels were
assessed by imaging the gels at time points over 62 d
and subsequently measuring the side lengths and hole
diameters, respectively, with Image J software. For flat
hydrogels, horizontal and vertical side lengths were
averaged for each sample, and the percent change in
side length compared to day 0 were calculated at each
time point. For crypt-like hydrogels, the hydrogel was
imaged in four quadrants (top left, top right, bottom
left, and bottom right), and the hole diameters of all
crypts in a scaffold were averaged at each time point.

Optical microscopy was also used to assess
changes in printed crypt-like SF constructs that
would potentially occur with the post-printing cross-
linking and sterilization steps described above, and
to examine how these changes would be affected
by SF concentration and programmed hole size.
Samples made with SF-Ink-4, -3, and -2 were prin-
ted according to the procedure described above with
a programmed hole size of 1000 pum, and sub-
sequently crosslinked and sterilized using the proced-
ures described above. SF-Ink-3 constructs were also
printed with programmed hole sizes of 1200 pm and
700 pm. Red food dye (FD&C Red 40 and 3) was
added to the inks to help with visualization. Images
were taken of the samples as-printed, crosslinked,
and sterilized using the 10X objective, and Image]J
was used to measure diameters of the holes for each
sample.

2.6.4.2. Confocal microscopy

Acellular and cell-laden SF scaffolds were imaged
using a Leica SP8 confocal microscope. Acellular
printed scaffolds were dyed with DAPI in water, and
the 405 UV diode was used for imaging. Cell-laden
scaffolds were imaged with 0.1 mg ml~! Hoechst and
4 uM Calcein AM in 1X DPBS. The 405 UV diode and
488 nm argon laser were used. Z-stacks were obtained
to calculate average depth of crypts in acellular scaf-
folds and to assess cell morphology and proliferation
in the crypts of cell-laden scaffolds. Images of Caco-2-
laden scaffolds and Caco-2 cells grown on TCP were
acquired on days 1, 8, 15, 22, and 29.

2.6.5. Caco-2 attachment and proliferation on scaffolds
2.6.5.1. Caco-2 attachment

Attachment of Caco-2 cells onto SF hydrogels and
TCP was calculated using cell metabolic activ-
ity, as measured by an alamarBlue assay run 1 d
post-seeding. The alamarBlue working solution was
prepared by diluting the reagent 1:10 in Caco-2
medium. The assay was run according to manufac-
turer’s instructions, and fluorescence (Ex 560 nm, Em
590 nm) was normalized to acellular wells for TCP
samples and to acellular constructs for SF and algin-
ate. Varying numbers of Caco-2 cells were seeded
into TCP wells to generate a standard curve and per-
mit calculation of the number of cells attached to
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the constructs. The percentage of cell attachment was
calculated by dividing the number of cells measured

using the alamarBlue assay by the number of cells
seeded.

2.6.5.2. Caco-2 and InMyoFib proliferation

Metabolic activity of Caco-2 cells seeded on con-
structs was measured using an alamarBlue assay.
Briefly, alamarBlue reagent was diluted 1:10 in com-
plete Caco-2 medium to form a working solution,
and the assay was run according to the manufacturer’s
instructions. Fluorescence values (Ex 560 nm, Em
590 nm) were normalized to acellular wells for TCP
samples and to acellular constructs for SF and algin-
ate. Caco-2 cell metabolic activities were assayed every
2-3 d for three weeks. The metabolic activity of InMy-
oFibs was also monitored using alamarBlue. Here,
the alamarBlue reagent was diluted 1:10 in complete
SmGM-2 to form the working solution, and fluores-
cence was measured on days 1, 3, 5, and 8.

To complement the alamarBlue assays and eval-
uate the potential cell damage to InMyoFibs that
were subjected to the post-printing crosslinking, an
LDH assay was performed on days 1, 3, 5, and 8
according to the manufacturer’s instructions. Each
day, the medium was extracted from the wells and
placed into labelled microcentrifuge tubes and stored
at —20 °C until all samples were collected. Absorb-
ance was measured at 490 nm and 680 nm. Acellular
wells and an LDH positive control (medium with 1%
Triton X-100) were also assayed.

2.6.6. InMyoFib viability post-shearing

To determine the viability of the InMyoFibs post-
printing, the cells were encapsulated in SF-Ink and
sheared through a 27 G blunt needle to mimic print-
ing conditions. The InMyoFibs were encapsulated via
the two-step crosslinking method outlined in Section
2.5.4. Briefly, a 981 pl solution of 2%SF containing
1% gelatin and 0.02% fibronectin, 2.1 ul of 165 mM
H,0,, and 10 ul of HRP was mixed with a cell sus-
pension to obtain a final concentration of 5 million
cells ml~!. The cell density was increased to 5 mil-
lion cells ml™! to allow visualization of the cells, and
subsequent quantification of viability. For the con-
structs that were not sheared, 0.1 ml of the SF-Ink-2
was aliquoted via micropipette/pipette tip to a glass
bottom dish. For sheared samples, 0.1 ml of the SF-
Ink-2 was delivered to a glass bottom dish using a syr-
inge and a 27 G needle. Both sets of constructs were
allowed to cure at 37 °C for 7 min, and then 50 pl
of 1.30 mM H, 0O, was added to complete crosslink-
ing. The samples were cured for 20 min at 37 °C, the
excess H,O, was aspirated, and medium was added to
the samples. The medium was replaced after 45 min
and the samples were incubated overnight. Prior to
imaging, 3 drops of NucBlue Live reagent and 3 drops
of NucGreen Dead reagent (ReadyProbes Cell Viab-
ility Imaging Kit, ThermoFisher) were added to the
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medium of the samples, which were allowed to incub-
ate for 3 h at 37 °C. A dead control (thermal treat-
ment at 60 °C for 20 min) was used to assess staining.
The cells were visualized using a Nikon A1 R spectral
confocal microscope, and the cells were quantified via
Image] (NIH, Bethesda, MD).

2.6.7. Statistical analysis

One-way ANOVA was run with a post-hoc Tukey test
to evaluate the differences of the means. A statistic-
ally significant value was determined if the p-value
was less than 0.05. Two-way ANOVA with a post-hoc
Tukey test was used on final G’ values for SF-Ink-2
and SF-Ink-4 prepared with water and PBS to evalu-
ate the differences as a result of SF and salt concen-
trations. The same two-way ANOVA was carried out
to assess any changes between Caco-2 cell attachment
and proliferation on flat and topographic constructs
that could be attributed to topography or SF concen-
tration.

3. Results

3.1. Formulation of fully and partially crosslinked
silk hydrogels

Scheme 1 shows the two different methods investig-
ated to generate the printable SF hydrogels. SF hydro-
gel (SF-Gel) (Scheme 1, Method 1) formulations, pre-
pared following the methods outlined in literature
[26], contain sufficient HRP and hydrogen peroxide
to result in an elastic hydrogel network. In contrast,
reactive silk inks (SF-Ink) were prepared by redu-
cing the volume of hydrogen peroxide added to the
reacting SF solution. The result was a partially cross-
linked solution (Scheme 1, Method 2(a)) that allowed
for longer working times and enabled 3D printing
of the reacting solution. SF-Inks were subjected to
a post-processing crosslinking (Method 2(b)) and
lock in the structure. Because the crosslinking pro-
cess results in the formation of ditryosine bonds,
the extent of the crosslinking reaction could be con-
firmed by measuring dityrosine bond fluorescence.
The uncrosslinked SF solutions that lack ditryosine
bonds display some fluorescence at these wavelengths,
thus this fluorescence is not exclusive to the dityr-
osine bond. The SF-Inks displayed fluorescence in
between that of uncrosslinked solutions and fully
crosslinked SE-Gels, and the fluorescence was found
to increase with increasing protein concentration
(figure 1).

3.2. Rheological properties of SF hydrogels and SF
inks

3.2.1. Oscillatory time sweeps

The effects of SF concentration, hydrogen peroxide
concentration, and the inclusion of salts on shear
storage modulus (G’) and phase angle over time were
monitored using oscillatory time sweeps. The res-
ults are shown in figure 2. Storage modulus always
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Scheme 1. Schematic of (Method 1) fully crosslinked silk hydrogel (SF-Gel) and (Method 2) partially crosslinked reactive ink silk

hydrogels (SF-Ink).
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Figure 1. Fluorescence (Ex 315 nm, Em 400 nm) of
dityrosine bonds in silk solutions, SF-Inks, and SF-Gels.
* denotes significance at p < 0.05.

exceeded loss modulus for all formulations, even at
the initial time points. Therefore, the onset of gela-
tion was defined as the time when the phase angle
(tan~!(G”/G")) started to decrease, and the gelation
reaction was regarded as complete when the phase
angle reached a quasi-static value. In SF hydrogels
(SF-Gel) prepared with water (figure 2(a)), a reduc-
tion in SF concentration produced softer hydrogels,
as indicated by decreased storage modulus values at
the end of testing. In addition, reducing SF con-
centration increased the time required to complete
gelation, which is most apparent in the gradual
increase in moduli of the SF-Gel-1 samples compared
to the sharper increase observed around 900 s for
the other concentrations. Reducing hydrogen per-
oxide concentration to formulate the SF-Ink react-
ing solutions caused the steady state storage mod-
ulus to decrease significantly (figure 2(b)). Because
a decrease in hydrogen peroxide concentration leads
to a decrease in crosslink density for this enzyme-
mediated reaction, the resulting lower storage mod-
ulus values were expected. When hydrogen peroxide

concentration is tailored for each tested SF concen-
tration, partially crosslinked hydrogels (SF-Inks) of
similar stiffness can be produced, as the storage mod-
ulus values were not found to be statistically different
(figure 3).

The time sweeps also reveal that storage modulus
of the SF-Inks plateaus more rapidly than SF-Gels.
Though the SF-Inks rapidly reach a quasi-static value,
they remain able to flow throughout the entire exper-
imental time and thus display a much longer time to
gelation than SF-Gels. This can be seen in the change
of phase angle over time (figure 2(c)), where the phase
angle reaches a quasi-static value earlier than for the
corresponding SF hydrogels. This increased rate of
gelation in the SF-Inks suggests that the HRP activity
is enhanced with reduced hydrogen peroxide concen-
tration. Studies examining the effect of hydrogen per-
oxide concentration on HRP activity have shown that
HRP activity decreases and eventually can undergo
inactivation with increasing hydrogen peroxide con-
centration [39, 40], which may explain the results
observed here.

The addition of 10X PBS to the reacting solu-
tions of both hydrogels and inks to prepare a 1X PBS
solvent caused several rheological changes in the SF
hydrogels and inks. The steady state storage modulus
values for SF-Gel-2 and SF-Gel-4 were significantly
lower than the corresponding water-only hydrogels
and inks (figure 3). In SF-Gel-4 with 1X PBS, the gela-
tion rate at 37 °C (figure 2(d)) was similar to that of
the SF-Gel-4 with water at 25 °C (figure 2(a)). How-
ever, the addition of salt to the reacting SF solution
for SF-Gel-2 affected the gelation rate more notice-
ably, where the time to complete gelation was still
slower at 37 °C than for the corresponding water-only
hydrogel at 25 °C, as illustrated by the time to reach
steady state in both storage modulus and phase angle
values (figures 2(c), (f)). This data indicates that the
addition of salt to the reacting solution affects gela-
tion rate and reduces SF hydrogels stiffness, with these
differences becoming larger for gels prepared at lower
SF concentrations.



10P Publishing

Biomed. Mater. 15 (2020) 055037

10000 E

D L Heichel et al

1) Lttt 1 (b)
1000 - 2% 1000 -
—~ u'. ¢000"“0“" —_
© & ©
& 1004 5 Le® g 104
i % R 00000 <
o kel », J o
c c
© ©
(G (O] ER
18as low torque limit ng low torque limit
0T T T T =TT T T T
0 600 1200 1800 2400 3000 3600 0 600 1200 1800 2400 3000 3600 600 1200 1800 2400 3000 3600
Time (s) Time (s) Time (s)
10000 10000 90 —
] @ 1 210
1000 E GEEEEEEEEEEERNEENERR RN 1000 3 4
. 3 -.l R E 70
@ 100 2 . M @ 100 60 |
= 3 A 3 —~ ]
o) ] L] AN V] b 2 50
10 = A 10 o U
° 3 A o0 O E — o
G ==l ‘x"‘: oot & 1 anmmmmanEmmannEtty 401 sa
) 1-5 . A AR AN ) 1—.g AA‘AA, 7HD‘DHHLJ:H:» 304,
1 A AN 3 e Ie Qoo AAAAAY b [ ]
E A PR~ 4 oo \-'AAA AN 20 -
0.1 o e 0.1 ALY ] MAAA
3 ] LA E AN - [
EVY i low torque limit A s low torque limit 10 4 A:‘ AN 00000
R oy, g e AARAA AR
0T 7T T T 7T T T e M e o e ey
0 600 1200 1800 2400 3000 3600 0 600 1200 1800 2400 3000 3600 0 600 1200 1800 2400 3000 3600
Time (s) Time (s) Time (s)

Figure 2. Oscillatory time sweeps showing storage (G’) (closed symbols) and loss (G”) (open symbols) of (a) fully crosslinked
(SF-Gel) and (b) partially crosslinked (SF-Ink) SF hydrogels prepared in water at 25 °C. (c) Phase angle traces corresponding to
the traces shown in (a), (b) for fully crosslinked (SF-Gel) (closed symbols) and partially crosslinked (SF-Ink) (open symbols).
Oscillatory time sweeps showing storage (G’) (closed symbols) and loss (G”) (open symbols) of (d) fully crosslinked (SF-Gel) and
(e) partially crosslinked (SF-Ink) SF hydrogels prepared in 1X PBS at 37 °C. (f) Phase angle traces corresponding to the traces
shown in (d), (e) for fully crosslinked (SF-Gel) (closed symbols) and partially crosslinked (SF-Ink) (open symbols). For all plots,
the following SF concentrations apply: 4% (square), 3% (circle), 2% (triangle), and 1% (diamond).
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Figure 3. Average G’ values after gelation for SF-Gel and
SF-Ink formulations with varying SF concentrations and
different salt concentrations after curing for 1 h at 37 °C.
(n = 3, bars note standard deviation, *denotes p < 0.05).

Similar to the water-only SF inks, the reduction
of hydrogen peroxide to the reacting 1X PBS SF-Inks
(figures 2(e), (f)) showed an increased rate of gela-
tion compared to the 1X PBS SF-Gels (figures 2(d),
(f)). Again, this could be attributed to the enhanced
enzymatic activity of HRP [39, 40]. Interestingly, the
average storage modulus values at the end of the 1 h

8

testing period were similar to those of the correspond-
ing SF inks prepared in water (figure 3). Two-way
ANOVA showed no statistical significance between
the SF-Ink-4 and SF-Ink-2 prepared with either water
or 1X PBS. The rate of gelation for these two 4% SF
inks were also similar (figures 2(b) and (e)). Like the
2% SF hydrogels, however, SF-Ink-2 appeared to be
more notably affected by the 1X PBS. This can be
observed by the drastic reduction on gelation rate
(figure 2(f)) where the phase angle reaches steady
state at approximately 2400 s. In comparison, the
phase angles of SF-Ink-4 with 1X PBS and SF-Ink-2
with water achieved steady state at roughly 250 s and
100 s, respectively.

3.2.2. Oscillatory frequency sweeps

The frequency-dependent behaviour of SF hydro-
gels and inks was assessed using oscillatory frequency
sweeps (figure 4). These experiments were carried out
after the oscillatory time sweeps were completed so
that the samples had already reached constant storage
modulus and phase angle values. All compositions
show shear thinning behaviour, however the mag-
nitude of the complex viscosity is smaller for SF-Inks
than for SF-Gels. These results suggests that the SF-
Inks are more printable from the perspective that
lower pressures are required to eject the SF-Inks from
the printing nozzle compared to the SF-Gels.
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Figure 4. Complex viscosity measured from oscillatory frequency sweeps of (a) fully crosslinked (SF-Gel) hydrogels prepared in
water at 25 °C, (b) partially crosslinked (SF-Ink) hydrogels prepared in water at 25 °C, (c) fully crosslinked (SF-Gel) hydrogels
prepared in 1X PBS at 37 °C, and (d) partially crosslinked (SF-Ink) hydrogels prepared in 1X PBS at 37 °C. The SF
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The exchange of water for PBS as the solvent
did not appear to significantly affect the viscoelastic
properties of the SF hydrogels and inks. The SF-Gels
(figure 4(c)) and SF-Inks (figure 4(d)) in 1X PBS
again showed shear thinning behavior throughout the
frequency range for all tested concentrations, with the
SF-Inks having lower complex viscosity than the SF-
Gels. The SF-Ink showed a higher degree of shear
thinning compared to alginate solutions with similar
concentrations [41]. During printing, a high degree
of shear thinning implies that a lower viscosity will
be attained upon shear and a smaller pressure will be
required for printing. As the ink exits the nozzle and
the shear rate quickly diminishes, highly shear thin-
ning inks will maintain the shape of the as-printed
structures better [42]. In addition to require less pres-
sure applied during printing, SF-Inks are also more
desirable for printing because SF-Gels continue to
crosslink over time, which not only can broaden the
range in viscosities encountered during printing but

may also pose a risk for clogging of the printing
needle.

3.3. 3D printing of SF-inks with water

3.3.1. Effect of H,O, concentration on SF-ink structure
after printing

The printability of the SF-Inks with water were
examined visually in conjunction with rheological
testing. In figure 5, SF-Ink-4 with varying final con-
centrations of H,O, were extruded using a Hyrel Sys-
tem 30 M printer through a 27 G blunt needle. When
no hydrogen peroxide was added to the ink solution,
the ink was extruded as a droplet (figure 5(a)). The
addition of 272 uM H,0, still resulted in a droplet
upon extrusion (figure 5(b)). Upon further addition
of H,O, to 289 uM, a filament of SF-Ink-4 was pro-
duced instead of a droplet (figure 5(c)). Droplet form-
ation indicates the relative importance the between
viscosity and surface tension and has implications on
printability of the inks. If surface tension is relatively
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Figure 5. Images of (a) 4% silk solution, (b) SF-Ink-4
containing 272 uM H,0,, and (c) SF-Ink-4 containing

289 uM H, 0, deposited through a 27 G blunt needle. (d)
Printing of a construct using SF-Ink-4 containing 289 uM
H,0:, and (e) a completed 2-layer construct printed from
the SF-Ink-4 containing 289 uM H,O,. All silk solutions in
this image contained red food dye (FD&C Red 40 and 3) to
assist in visualization.

high compared to viscosity, droplets are expected to
form. Therefore, droplet formation could be an indic-
ation of a relatively low viscosity of the extrudate,
which is more prone to collapse as additional layers
are printed on top. Additionally, if surface tension
or contact angle with the surface is too high, printed
lines will dewet to form drops instead of continuous
printed lines.

Printability of the inks was also assessed by print-
ing a two-layer construct (figures 5(d)—(e)). A two-
layer construct of SF-Ink-4 in water was printed and
subsequently crosslinked with adequate hydrogen
peroxide to achieve the shape shown in figure 5(e).
The structure was visually examined for evidence of
collapse of the printed structure, but this was not
observed. This supports the rheological evidence that
the SF solutions, when crosslinked into a SF-Ink using
hydrogen peroxide concentrations described in the
methods section, result in the extrusion of a fila-
ment rather than a droplet and are suitable for 3D
printing.

3.3.2. FTIR of sheared and non-sheared SF solutions
and inks

SF solutions and SF Inks in water and in PBS were
prepared as described above and then either cast dir-
ectly into a hydrogel or sheared through the 27 G
blunt needle used for printing prior to casting. The
deposited materials were dried at room temperature
and subsequently characterized using ATR-FTIR to
assess secondary structures in the amide I region of
the spectra. It was expected that passing the SF-Inks
through the printing needle could promote in beta
sheet formation due to the shearing of the ink. Fur-
ther, it was expected that the beta sheet content
would be higher in SF-Inks compared to SF solu-
tions because of SF-Inks have a higher viscosity. Non-
sheared samples for both SF solutions (figure 6(a))
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Figure 6. ATR-FTIR spectra of sheared and non-sheared (a)
SF solutions and (b) SF inks prepared in water. For each
plot, (i): 4% not sheared; (ii): 4% sheared; (iii): 3% not
sheared; (iv): 3% sheared; (v): 2% not sheared; (vi): 2%
sheared; (vii): 1% not sheared; (viii): 1% sheared.

and inks (figure 6(b)) prepared in water did not
show noticeable peaks characteristic to beta-sheets,
as expected. Upon shearing, SF solutions also did
not exhibit beta-sheet peaks in the FTIR spectrum
(figure 6(a)). However, each of the SF ink formula-
tions showed a shift and evolution of peaks in the
range between 16161637 cm ™!, demonstrating that
the increase in viscosity facilitated the formation of
beta-sheets in the printed material [38]. The FTIR
spectra were deconvoluted [38] and the average beta
sheet content for silk solutions and inks with and
without shearing are shown in Fig. S1. The beta sheet
content was significantly higher for sheared inks than
for inks that were not sheared, but beta sheet con-
tent did not increase when solutions that lacked HRP
and H,O, were sheared, suggesting there exists a
threshold shear stress above which beta-sheet form-
ation[43] is induced by shear.
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3.3.3. Effect of post-printing processing on
programmed hole diameters

Printed constructs with varying SF-Inks and pro-
grammed hole diameters were imaged to examine
the effects of post-printing processing on the hole dia-
meters and how the hole diameters compared to the
original programmed hole diameter. The microscope
images are shown in figure 7. SF-Ink-2, SF-Ink-3, and
SF-Ink-4 were characterized because printed SF-Ink-
1 constructs were too fragile to handle after crosslink-
ing. Images were taken after printing, after crosslink-
ing, and after sterilization with 70% EtOH. After each
step and before imaging, samples were equilibrated
with dH,O to reach equilibrium water content and
shape. Hole diameters were designed to be approx-
imately 1000 pm. After printing, the hole diamet-
ers of the constructs were calculated to be approx-
imately 650-700 pum for all concentrations tested.
A dimensionless flow rate[44], Qr, was calculated
using the nozzle’s diameter, the size of the gap
between the nozzle and substrate, the transla-
tion speed of the nozzle, and the volumetric flow
rate of silk that was determined experimentally
using mass flow rate and density at varying pro-
tein concentrations. It was found that the ink was
slightly over-extruded, where Qr valued at 2.75 for
4% silks and 4.5 for 2% silks, which contributes
to the observed hole size being smaller than the
programmed hole size. This indicates that addi-
tional ink may have been extruded during printing
and/or gravity-induced spreading of the printed line.
The most notable impact on hole diameter over-
all occurred after sterilization, where hole diamet-
ers decreased significantly compared to those of the
as-printed and crosslinked sample regardless of SF
concentration. This was attributed to ethanol indu-
cing beta-sheets, causing a decrease in overall size of
the construct and holes as a result. Sterilization by
filtering solutions prior to printing could abrogate
this shape change by eliminating the need for eth-
anol treatment, but this was not investigated in this
work.

Programmed hole sizes were varied in printed
SF-Ink-3 constructs to examine the effect of post-
printing processing on the final hole diameters (figure
S2). The same trend in average hole diameters that
was found when varying SF concentration occurred
here as well, where the major impact on average hole
diameter arose after sterilization for all programmed
hole sizes. Additionally, the final average hole diamet-
ers were calculated to be approximately 50% of the
original programmed size, similar to the results found
when varying SF concentration. Notably, a threshold
hole diameter seems to be present, where below this
threshold produces constructs with a hydrogel layer
on the bottom. The construct printed with a pro-
grammed hole diameter of 1200 pm does not have
a bottom hydrogel layer after sterilization. Once the
programmed hole diameter is decreased to 1000 pm,
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Figure 7. (a)—(i) Optical microscope images of printed
SF-Ink constructs using varying silk concentrations. Silk
concentrations of (a)—(c) SF-Ink-2, (d)—(f) SF-Ink-3, and
(g)—(i) SF-Ink-4 were selected to examine hole width after
printing (a), (d), (g), after post-printing processing (b), (e),
(h), and after sterilization (c), (f), (i). (j) Averages and
standard deviations for each hole width and processing step
were calculated and one-way ANOVA was used to test for
statistical significance (a * denotes p < 0.05). Scale bars
denote 200 pm.

however, this layer appears after crosslinking. This
threshold may change when protein concentration
is changed, though this was not investigated in this
work. Importantly, changes in the dimensions of the
holes are predictable so it is possible to design con-
structs with a final shape by accounting for the change
in the AutoCAD design. Additionally, changes in the
dimensions of the holes may be avoided in the future
by sterilizing the silk prior to printing (i.e. by auto-
claving or sterile filtering) and printing sterile con-
structs.

3.3.4. Stability of constructs over time

Silk-Ink-3 was printed into a 1 cm X 1 c¢cm con-
struct with an overall thickness of approximately
1.2 mm, as designed in AutoCAD. The constructs
were subjected to post-printing processing and
sterilization according to the methods described
above. Acellular constructs were incubated in sterile
medium at 37 °C at 5% CO, and periodically
removed from the incubator, imaged using a ste-
reo microscope and optical microscope (sterility
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maintained during imaging), and the sizes of the
holes were quantified using image analysis with
Image] (Fig. S3). No statistically significant change
in the overall dimensions of the construct or in
the size of the holes was observed over a period
of nine weeks. Any change in shape that occurs in
acellular constructs thus occurs immediately, and
the constructs have the potential to serve as culture
substrates with longer term stability than collagen
constructs.

3.3.5. Effect of SF concentration on average depth of
holes in printed constructs

Confocal microscopy and Image] were used to calcu-
late the average depths of the crypt-like structures in
printed SF-Ink-4 and SF-Ink-2 constructs (figure 8).
These SF concentrations were selected for this study
and for cell culture experiments because of the sig-
nificant differences found in the rheological data.
The crypt-like structures of both the printed SF-Ink-
4 and SF-Ink-2 samples show similar depths. How-
ever, because the average hole sizes for the SF-Ink-
4 constructs are larger than those of the SF-Ink-2
constructs, the crypt-like structures of the SF-Ink-4
constructs exhibit a larger radius of curvature com-
pared to the SF-Ink-2 constructs. Average depths were
calculated for three samples at each concentration
and showed no statistical significance between hole
sizes of the same SF concentration, indicating repro-
ducibility, or between SF concentrations, suggesting
that SF concentration does not play a role in determ-
ining hole depth. The dimensions of the constructs
used in this experiment (1 cm x 1 cm with a target
thickness of 1.2 mm as designed in AutoCAD) were
used in subsequent cell culture experiments. Alg-Ink-
3 constructs were also printed using these dimen-
sions. Additionally, because the presence of crypt-like
structures in the SF constructs alters the surface area,
as described in the methods section, the surface area
was taken into consideration for Caco-2 seeding onto
these substrates.

3.4. Cell culture

3.4.1. Attachment of Caco-2 cells onto flat and
crypt-like constructs

The effects of SF concentration and topography on
Caco-2 attachment were studied and compared to
Caco-2 attachment onto TCP and printed alginate.
Because both silk and alginate lack integrin bind-
ing sites, a fibronectin (FBN) and gelatin solution
was used to facilitate cell attachment. An alamarBlue
assay was used on day 1 to calculate cell attachment
using a standard curve. The results are shown in
figure 9(a). No statistically significant difference in
cell attachment was found for Caco-2 cell attachment
on hydrogels of different stiffness (through protein
concentration) or on hydrogels of different topo-
graphy (flat or crypt-like).
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Figure 8. (a) Schematic of construct with image planes
highlighted (the schematic is not drawn to scale). Confocal
microscope images and z-stacks of printed (b) SF-Ink-4 and
(c) SF-Ink-2 silk constructs printed from water solutions
and dyed with DAPI. The scale bar represents 200 pm.

3.4.2. Caco-2 proliferation and morphology

Proliferation of Caco-2 cells seeded onto flat and
crypt-like printed SF-Ink constructs, Alg-Ink-3
constructs, or TCP was monitored over a 19-d
period using cell metabolic activity measured
by alamarBlue. Over the testing period, relative
fluorescence increased for all samples in general
(figure 9(b)), which was taken as an increase in cell
proliferation. No statistically significant differences in
proliferation for cells grown on the SF-Ink constructs
with regards to topography and SF concentration
were found. This suggests that SF concentration does
not affect Caco-2 proliferation, and the topography
achieved through the 3D printing process used does
not produce a change in Caco-2 proliferation as well.
The proliferation for TCP was slower than that of
the SF constructs, which could be attributed to the
higher cell attachment leading to contact inhibition
for cells grown on TCP. Caco-2 cells grown on flat
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Figure 9. (a) Caco-2 attachment onto printed SF and
alginate hydrogels and TCP, as calculated by alamarBlue.
(b) Proliferation of Caco-2 cells grown on TCP (right
triangle), Alg-Ink-3-Flat (hexagon), SF-Ink-4-Flat (circle),
SF-Ink-4-Crypt (square), SF-Ink-2-Flat (diamond), and
SF-Ink-2-Crypt (upward triangle). Error bars represent
standard deviation, * denotes a p-value less than 0.05, and
# denotes lack of significance at a p-value less than 0.05.

Alg-Ink-3 constructs decreased after day 8, which was
attributed to dissolution/breakup of the alginate con-
struct. With regards to the printed flat and crypt-like
SF-Ink constructs, statistical significance of prolifer-
ation varied with respect to TCP. Despite this vari-
ation, proliferation of Caco-2 cells on SF constructs
was in general greater than that of Caco-2 cells grown
on TCP and was anticipated to be due to more surface
area available for the cells to grow on the hydro-
gel constructs compared to the TCP, where initial
attachment was higher.

Confocal imaging of Caco-2 cells onto printed flat
and crypt-like SF constructs, printed flat alginate, and
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Figure 10. Claudin-1 staining highlighting tight junction
formation by Caco-2 cells on (a) TCP, (b) SF-Ink-4-Crypt,
and (c) SF-Ink-4-Flat. Scale bars represent 20 pm.
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Figure 11. (a) InMyoFib metabolic activity on TCP and
encapsulated within SF-Ink-4 and Silk-Ink-2 gels. (b) LDH
content in cell culture supernatants. The dead control is
medium containing 1% Triton X-100. For TCP, the low
density corresponds 10 000 cells well ~! and the high
density corresponds to 38 000 cells well ~!. For hydrogels,
the low density corresponds 100 000 cells well ~! and the
high density corresponds to 380 000 cells well L.

TCP was used to examine changes in morphology
weekly over a 28-d period (Fig. S4). Z-stacks were
obtained as well to assess any changes in cell mor-
phology with regards to topography. Images taken on
day 1 showed greater attachment of Caco-2 cells on



10P Publishing

Biomed. Mater. 15 (2020) 055037

D L Heichel et al

Figure 12. Images of InMyoFibs encapsulated in (a) non-sheared SF-Ink-2 and (b) sheared SF-Ink-2. Blue staining indicates

nuclei of all cells, while green stains indicate nuclei of dead cells.

the glass-bottom dish than on SF and alginate con-
structs, in agreement with the cell attachment data
shown in figure 9(a). Cells grown on all samples on
day 1 also exhibited a rounded/globular morphology.
Cells seeded onto topographic SF constructs were also
found primarily at the bottom of the ‘crypts. On
day 8, cells grown on glass-bottom dishes reached
confluence and adopted a ‘cobblestone’ morphology,
whereas cells grown on SF and alginate constructs
showed an increase in cell coverage, but the cells
were still subconfluent and appeared to maintain a
rounded/globular morphology. Upon day 15, the cells
seeded onto SF and alginate constructs appeared to
have reached confluence and remained as an intact
layer through the experiment’s duration (minimum
28 d). The ability of the Caco-2 cells to form tight
junctions on different topographies was also evalu-
ated after 28 d of culture, as shown in figure 10.
Cells seeded on the constructs or TCP were fixed
using ice cold methanol for 5 min before staining
with claudin-1 antibody (1:50 dilution in 1X PBS).
It was observed that for tight junctions formed on
TCP (figure 10(a)), SF-Ink-4-Crypt (figure 10(b)),
and SF-Ink-4-Flat (figure 10(c)), and that the abil-
ity of Caco-2 cells to form tight junctions was not
affected by the topography of the constructs or the
post-printing treatment with H,O,.

3.4.3. Encapsulated InMyoFib proliferation

InMyoFibs were encapsulated in SF-Ink-4 and SF-
Ink-2 hydrogels and proliferation was measured over
time and compared to InMyoFib grown on TCP. As
described in the Experimental Section, the size of the
TCP well was selected so that number of cells plated
on TCP matched the number of cells encapsulated
within the gels. Additionally, the reacting SF solu-
tions contained 1X PBS instead of water to maintain
osmolarity. The effects of cell density and SF con-
centrations on proliferation were measured using ala-
marBlue (figure 11(a)). Specifically, cells were plated
on TCP at either 10000 cells well ™! (low density) or
38000 cells well ™! (high density), and encapsulated
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in gels at either 100000 cells ml~! (low density) or
380 000 cells ml~! (high density). Both TCP cell dens-
ities were found to proliferate consistently over the
experimental period. In contrast, SF-Ink-2 and SF-
Ink-4 at both densities increased in relative fluores-
cence until day 5, after which the relative fluores-
cence values started to decrease towards day 1 values.
These trends were found to be reproducible, though
the peak of the fluorescence could be pushed to later
in the culture by encapsulating at an initially lower cell
density.

Because of this decrease in cell metabolic activ-
ity during culture, an LDH assay was run in parallel
on the culture supernatants to assay for cell damage.
LDH levels were no different as a function of time
in culture (figure 11(b), indicating that the cells are
likely becoming less proliferative rather than dying
in the culture. Because SF is still the major compon-
ent of the hydrogel (fibronectin and gelatin are minor
components) and because SF does not degrade over
this time period in culture, this slowing of metabolic
activity and proliferation is reasonable. Increasing the
ratio of FBN/gelatin relative to silk fibroin may pro-
mote expansion of InMyoFib further, but this was not
the focus of this study.

The viability of encapsulated InMyoFibs was
investigated to determine the potential of bio-
printing the constructs. The InMyoFibs were encap-
sulated in SF-Ink-2 hydrogels and were dispensed
by micropipette/pipette tip (non-sheared) and syr-
inge/needle (sheared). The cells were stained with
ReadyProbes Cell Viability Imaging Kit (Blue/Green),
imaged with confocal microscopy (figure 12), and
the viability was determined. This kit stains nuclei of
all cells blue and nuclei of cells with compromised
plasma membrane integrity (dead cells) green.
Imaging of a dead control (sample heated to 60 °C for
20 min) was performed to ensure expected staining
results and is shown in Fig. S5. For the non-sheared
samples, the average viability was 92%, while the
sheared samples exhibited a viability of about 87%.
The relatively high viability of the sheared samples
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indicates that the shearing does not affect cell surviv-
ability.

4, Conclusions

This work presents a new reactive silk ink formula-
tion designed for extrusion 3D printing of protein-
based hydrogels at room temperature. The react-
ive silk inks use enzyme-catalyzed dityrosine bond
formation to increase the protein solution’s viscos-
ity, thereby generating an ink with appropriate rhe-
ology for 3D printing. Tailoring the peroxide con-
centration the reactive ink enables the silk to be
extruded as a filament and printed into hydrogel con-
structs, supporting successive printed layers without
flow of the construct or loss of desired geometry.
Compared to alginate hydrogels, acellular 3D prin-
ted silk hydrogels display superior shape retention,
maintaining their printed shape when maintained in
culture medium for at least nine weeks, a finding
that is expected to enable investigation of longer-term
cultures. Caco-2 attachment, proliferation, and tight
junction formation was not found to be affected by
the geometry of the constructs tested or post-printing
processing. Shearing the reactive inks did not reduce
the viability of encapsulated InMyoFibs significantly,
and encapsulated myofibroblasts were found to pro-
liferate over a period of 8 d before reaching a steady
state level of metabolic activity within the hydrogel
constructs. The work here thus provides a suitable
route for extrusion 3D printing of protein hydrogel
constructs that maintain their shape during printing
and culture, without the need to vary temperature
during printing or add additional components, such
as synthetic polymers or inorganic materials.
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