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Type I collagen hydrogels are of high interest in tissue engineering. With the evolution of 3D bioprinting tech-
nologies, a high number of collagen-based scaffolds have been reported for the development of 3D cell cultures.
A recent proposal was to mix collagen with silk fibroin derived from Bombyx mori silkworm. Nevertheless, due
to the difficulties in the preparation and the characteristics of the protein, several problems such as phase sep-
aration and collagen denaturation appear during the procedure. Therefore, the common solution is to diminish the
concentration of collagen although in that way the most biologically relevant component is reduced. In this
study, we present a new, simple, and effective method to develop a collagen—silk hybrid hydrogel with high
collagen concentration and with increased stiffness approaching that of natural tissues, which could be of high
interest for the development of cardiac patches for myocardial regeneration and for preconditioning of mes-
enchymal stem cells (MSCs) to improve their therapeutic potential. Sericin in the silk was preserved by using a
physical solubilizing procedure that results in a preserved fibrous structure of type I collagen, as shown by ul-
trastructural imaging. The macro- and micromechanical properties of the hybrid hydrogels measured by tensile
stretch and atomic force microscopy, respectively, showed a more than twofold stiffening than the collagen-only
hydrogels. Rheological measurements showed improved printability properties for the developed biomaterial.
The suitability of the hydrogels for 3D cell culture was assessed by 3D bioprinting bone marrow-derived MSCs
cultured within the scaffolds. The result was a biomaterial with improved printability characteristics that better
resembled the mechanical properties of natural soft tissues while preserving biocompatibility owing to the high
concentration of collagen.
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Impact Statement

In this study, we report the development of silk microfiber-reinforced type I collagen hydrogels for 3D bioprinting and cell
culture. In contrast with previously reported studies, a novel physical method allowed the preservation of the silk sericin
protein. Hydrogels were stable, showed no phase separation between the biomaterials, and they presented improved print-
ability. An increase between two- and threefold of the multiscale stiffness of the scaffolds was achieved with no need of
using additional crosslinkers or complex methods, which could be of high relevance for cardiac patches development and
for preconditioning mesenchymal stem cells (MSCs) for therapeutic applications. We demonstrate that bone marrow-
derived MSCs can be effectively bioprinted and 3D cultured within the stiffened structures.
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SILK-REINFORCED COLLAGEN 3D HYDROGELS

Introduction

HYDROGELS ARE HYDROPHILIC polymer networks hold-
ing vast quantities of water and presenting mechanical
properties similar to those found in soft biological tissues.
With the development of 3D bioprinting technology, which
allows for customized and high-throughput development
of scaffolds, the research interest in naturally derived hy-
drogels for tissue engineering and regenerative medicine
applications has increased dramatically. Scaffolds based on
cell-laden hydrogels can be 3D printed layer-by-layer using
different technical approaches.' Hydrogels mimicking native
soft tissue microenvironments and 3D constructs with dif-
ferent shapes can be fabricated in an automated way. In recent
years, a high number of different biomaterials have been used
as 3D scaffolds for cell culturing and for 3D bioprinting.>

Naturally derived type I collagen hydrogels are widely
employed since they are biocompatible and biodegradable
and, importantly, because they can modulate cell function
because their fibrous structure of binding ligands to cell
surface receptors.” Collagen I hydrogels have the drawback
that they experience considerable volume reduction when
cells are cultured within them.* Another limitation of col-
lagen I hydrogels is that they exhibit a stiffness (a few
hundreds of Pa) that is lower than natural tissues such as
those in the lung and heart. Given that mesenchymal stem
cells (MSCs) are mechanosensitive,” it is important to cul-
ture them in a physiomimetic mechanical environment,
which requires a 3D substrate stiffer than conventional col-
lagen I hydrogels.

Modification of the mechanical properties of the 3D scaf-
folds where MSCs are cultured is a growing research area
for several tissue engineering applications. In vivo, one of
the most important applications is the generation of cardiac
patches for myocardial infarction therapy.® Although MSCs
have very limited capacity for cardiac differentiation, they
have a therapeutic impact in cardiac regeneration mainly
due to their immunosuppressive profile and paracrine ef-
fects.” Scaffolds are needed because it has been shown that
only a small percentage of the transplanted cells (by injec-
tion or perfusion) engrafts into the host myocardium, with
the result that the duration of the therapeutic secreted fac-
tors is quite limited® if the cells are transplanted without
a scaffold for retaining them close to the damaged tis-
sue. Commercially available cardiac patches are based in
glutaraldehyde-fixed bovine pericardium,’ but they present
several limitations and ~ 25% of patients need a second sur-
gery after a short period of time.'® Accordingly, consider-
able research is currently developed in this field.

In vitro, it is well known that the secretion of several
cytokines is regulated by the stiffness of the microenviron-
ment where MSCs are cultured.'' In cardiac tissue engi-
neering, it has been shown that differentiation requires
stiffer scaffolds (with elastic modulus in the range of hun-
dreds of kPa) while beating behavior is better accomplished
with softer scaffolds (elastic modulus in the range of kPa).'2
Therefore, the tunability of the mechanical behavior of
scaffold is of high importance for the in vitro culture of
MSCs aimed at therapeutic applications,'® for instance when
culturing cells for cardiac patches where their paracrine
effects should be enhanced while differentiation is not an
objective.
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3D bioprinting is considerably modifying the production
processes of scaffolds as it offers the possibility to fabricate
a high number of replicates, thus reducing the batch-to-
batch variability.'* Thus, besides having the desired me-
chanical properties, hydrogels for cardiac patches and for
scaffolds to precondition MSCs should be easily bioprin-
table. Stiffer collagen hydrogels can be obtained by increas-
ing protein concentration,'® although this procedure makes
difficult their manipulation and 3D printability because of
a dramatic decrease in gelation time.'® Moreover, their
viscosity in the pregel phase is not stable, which makes
difficult to set up the bioprinter as the pressure applied needs
to be adapted during the printing process.

Another possible strategy to obtain stiffer hydrogels is by
means of physical (usually with UV radiation) or chemical
crosslinking the collagen structure.'” Nevertheless, such
crosslinking processes are known to modify the physiological
cell response (or even to be cytotoxic) when culturing MSCs
within the scaffolds.'® However, a common strategy to in-
crease hydrogel stiffness is to mix collagen with other natu-
ral or synthetic biomaterials, being alginate,'® polyethylene
glycol, and polycaprolactone®® the most widely employed.

Recently, silk-derived materials have started to be used
with this purpose.?'>* Although it is possible to obtain silk
from spiders,?* the vast majority of reported studies use silk
derived from the Bombyx mori silkworm. This material has
been used for years in the textile industry, so it is cheap and
highly available, and it also has shown its potential as bio-
material for tissue engineering?° due to its high biocom-
patibility, which is comparable with that of polylactic acid
and collagen.”’?’ Silk is a fibrous protein mainly composed
of fibroin and sericin. The majority of studies in tissue en-
gineering have used fibroin,° because sericin was supposed
to have immunogenic activity.31 Nevertheless, more recent
studies have shown no clear differences in immunologi-
cal response when using silk fibroin or sericin.*> Moreover,
some studies are presenting sericin as a highly interesting
biomaterial, mainly due to its 4positive effects in mesen-
chymal cells like fibroblasts.>*

The aim of this study was to improve the integration be-
tween collagen and sericin-preserved silk to obtain a useful
bioink for 3D bioprinting hydrogel scaffolds to be poten-
tially applied in tissue engineering and regenerative medicine,
such as the development of stiffened cardiac patches and new
microenvironments for the preconditioning of MSCs. To this
end, we designed and tested a new, simple, and effective
method to dissolve raw silkworm cocoons by physically
milling them into liquid nitrogen (LN,) and using NaOH as
solvent. The ultrastructure of the resulting hydrogels and their
macro- and microscale properties were assessed by scanning
electron microscopy (SEM), tensile stretch (TS) tests, and
atomic force microscopy (AFM), respectively. The culture
of 3D bioprinted bone marrow-derived MSCs (BM-MSCs)
within the resulting scaffolds was also tested.

Materials and Methods

Preparation of silk microfiber-reinforced type |
collagen hydrogels

All animal care and experimental procedures were ap-
proved by the ethical committee for animal research of the
University of Barcelona. Rat-tail type I collagen was
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extracted by following the protocol described in Rajan
et al.® In brief, tails from Sprague-Dawley rats (male, 350 g)
were collected as a by-product from other experiments in the
animal facilities of the School of Medicine. Tendons were
extracted from the tails, rinsed with phosphate-buffered sa-
line (PBS), acetone, and isopropanol, and then dissolved in
0.02N acetic acid at 4°C for 48h. The solution was then
freeze dried (Telstar Lyoquest-55 Plus, Terrassa, Spain), and
the resulting sponge was solubilized in 0.02 N acetic acid at a
concentration of 10 mg/mL and stored at 4°C for further use.

Silk was obtained from raw (sericin-preserved) B. mori
silkworm cocoons (AYARA Health, Yangon, Myanmar).
Cocoons were rinsed in deionized (DI) water and then milled
in LN, by using a cryogenic mill (SPEX 6755, NJ) to obtain
a micron-sized powder and stored at —80°C for further use.
To prepare the pregels, powder was dissolved in 1 M NaOH
under magnetic stirring until no particles were visible.

Pregel mixtures were prepared by stabilizing the pH of
the type I collagen to 7.4+£0.4 with 1M NaOH, and by
stabilizing the pH of the silk solution with 2M HCI for a
final silk concentration of 70 mg/mL. For gelation, the col-
lagen pregel was mixed with ice-cold pH-neutralized silk at
different ratios of collagen—silk protein (4:1, 2:1, 4:3, and
1:1, which will be referred as 25%, 50%, 75%, and 100% of
silk content with respect to the collagen, respectively), re-
sulting in a final concentration of the collagen protein of
7.8 mg/mL. For 3D structures formation, the pregels were
incubated at 37°C for 45 min to jellify.

Bioink development

Human BM-MSCs (ATCC, VA) were expanded follow-
ing the manufacturer’s instructions. Expanded BM-MSCs
were trypsinized and resuspended in culture media (1 x 10°
cells/mL) and mixed with the collagen control, 50%, and
100% silk-containing collagen pregels before 3D bioprint-
ing (n=3 for each concentration). Control BM-MSCs were
cultured on standard plastic substrate. All experiments were
conducted with cells at passages 2—4.

Ultrastructure characterization by scanning electron
microscopy imaging

The ultrastructure of the constructs was characterized
using SEM by adapting the protocol described in Wolf
et al.*® In brief, acellular and BM-MSCs laden hydrogel
scaffolds (cells cultured for 48 h) containing 0%, 50%, and
100% weight silk content with respect to the collagen protein
were fixed for 48h in 4% paraformaldehyde in PBS and then
washed three times in 0.1 M phosphate buffer for 10 min each
and then incubated in 4% OsQO,4 for 90 min. The next step was a
series of washes with DI water until there was no OsQ, inside
the container where the samples were hanged on. Then, samples
were dehydrated in ethanol solutions, with increasing concen-
trations from 50% till absolute ethanol at 4°C, and critical point
dried (autosamdri-815 critical point dryer; Tousimis, Rockville,
MD). Samples were mounted using conductive adhesive tabs
(TED PELLA) and they were carbon coated before imaging
with a JSM-6510 (JEOL, Tokyo, Japan) SEM at 3kV.

Swelling and degradation

Swelling and degradation of the scaffolds were studied as
described in Wang et al.’” After preparation of the three
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replicates for each condition of the hydrogels, they were
weighted, freeze dried, and immersed in PBS at pH 7.4.
During 3 weeks, hydrogels were taken out at certain time
points and weighted to determine the amount of water, and
the results are expressed as the percentage with respect to
the original weight before freeze drying.

Measurement of microscale mechanical
properties by atomic force microscopy

The microscale stiffness of silk-containing acellular hy-
drogels was measured by AFM. Hydrogels with specific
geometries for these measurements were developed by bio-
printing molds in F-127 hydrogel (pluronic) (3D Discovery
bioprinter; RegenHU, Switzerland). Squared structures (5 x5 X
0.1 mm) were bioprinted on top of positively charged glass
slides and then the pregels were casted into them. After
gelation, pluronic was removed by immersion in PBS at 4°C
for 10 min. All measurements were performed inside a bath
with PBS at 37°C.

Three batches of three replicates for each sample were
fabricated for each silk—collagen mixture of the hydrogels.
Measurements were conducted by using a custom-built AFM
mounted on an inverted optical microscope (TE2000; Nikon,
Tokyo, Japan) equipped with a V-shaped silicon nitride can-
tilevers (0.03 N/m nominal spring constant) ended with a
5Spum radius spherical polystyrene bead (Novascan Tech-
nologies, Ames, IA). Elastic modulus was computed from
the force—displacement curves by adjusting the Hertz model
as described in Alcaraz et al.*® The micromechanics of each
sample were measured in four randomly selected zones.
Five force curves (1 Hz and 10 um amplitude) in four points
randomly selected and separated ~50-100um from each
other were recorded in each zone.

Micromechanical stiffness (E,,) of each sample was char-
acterized as the average from the different curves recorded
in the sample. The values for each batch were calculated as
the average of the measurement of three samples (n=23).

Assessment of macroscale mechanical properties by
tensile stretch and bulk compression tests

For TS, three batches of four strips of hydrogels, each
5 x 2 %2 mm, were fabricated for each concentration mixture
condition of the collagen—silk hydrogels following the same
procedure than for the AFM samples. One end of the strip
was glued with cyanoacrylate to a small hook attached to the
lever of a servo-controlled displacement actuator with an in-
tegrated force sensor (300C-LR; Aurora Scientific, Aurora,
Canada), which permitted stretching the strip and measuring
both the stretched length and the applied force simulta-
neously. The other end of the strip was glued to a fixed
hook. The stress and the elastic modulus at 20% of stretch of
each strip were computed from a series of 10 force—
displacement curves at 0.2 Hz frequency and 30% strain, as
described in Farré er al.*

In brief, the strain—stress curves were calculated from the
force—displacement curves using geometrical measurements
to calculate the cross section, and the macroscale elastic
modulus (Ej,) was computed by local derivation of the curve
around the 20% stretching point. The values for each batch
were calculated as the average of the measurement of four
strip replicates (n=23).
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For bulk compression measurements, a batch of three
collagen—silk hydrogels was fabricated for the control, 50%,
and 100% mixtures. Each hydrogel was shaped as a cylin-
der of 15.6 mm base and 10 mm height and covered with a
16 mm flat-ended cylindrical indentator. Compression mod-
ulus was measured by applying a compressive force with a
custom-made base indentator system attached to a servo-
controlled displacement actuator with an integrated force
sensor (305C; Aurora Scientific), which permitted compres-
sing the sample and measuring both the compressed length
and the applied force simultaneously.

A series of 10 force—displacement curves at 0.2 Hz fre-
quency were measured using this system for each sample:
the first and last curves were discarded for cohesion pur-
poses. The elastic modulus at compression of each sample
was computed from the mean of those eight curves given the
linear relationship between the penetration and the mean
contact pressure due to the constant contact area by using

Eq. ().

_ 2ER
T ma(l —v?)’

)]

m

where P,, is the mean contact pressure, E the elastic modu-
lus of the sample, h the penetration, a the radius of the
indenter, and v the Poisson ratio (assumed 0.5).

Printability characterization

Hydrogel rheological properties were measured by using
a HAAKE RheoStress 1 rheometer (ThermoFisher, MA)
with 35mm serrated parallel plate geometry. Hydrogels
were neutralized just before mechanical testing was done.
To test the hydrogels, pregel solution was loaded onto a
Peltier plate set at 4°C and with a distance between plates of
200 um. The storage modulus (G”), loss modulus (G”), and
dynamic viscosity (¢) were measured at a constant 0.1 Hz
with a strain of 5%. The temperature of the plates was
constant at 4°C for 15 min, then increased to 37°C, and held
constant for 15 min more.

For 3D bioprinting, a cartridge of the 3D bioprinter
(3Ddiscovery; RegenHU) was filled with the pregel solution
mixed with the cells and maintained at 4°C during all the
printing process. A secondary printing cartridge was filled
with Pluronic F127 gel (40% v/v in PBS) at room temper-
ature. Hydrogels were printed at ~ 2 bar of pressure using a
nozzle of 330 um (Nordson EFD) and F127 was printed at
~4.5 bar using a needle of 200 um (Nordson EFD). The 3D
structures were then constructed layer-by-layer by alterna-
tively printing an F127 layer, which served as a template,
and a pregel layer that filled the F127 template layer. After
the last layer was printed, the 3D structures were incubated
at 37°C to form the hydrogel. F127 structure was finally
dissolved by immersing the structures in culture media at
4°C for 10 min.

3D bioprinted cell cultures

BM-MSCs were cultured within the scaffolds and imaged
after staining them with a Live/Dead viability kit (Ther-
moFischer) following the manufacturer’s instructions. Cells
were stained with calcein AM (live cells, green) and EthD-1
(dead cells, red) after 4h and 7 days of 3D bioprinting the
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scaffolds (1.5 mm in height). As silk presented high auto-
fluorescence in the red channel, only qualitative analysis of
the green channel of the images was done. For morpholog-
ical analysis of the cells within the hydrogels, structures at
48 h were fixed in 4% paraformaldehyde for 48h and then
immersed in optimal cutting temperature compound (OCT;
Sigma) and frozen at —80°C. Thin tissue slices (~ 70 pum)
were obtained by cryosectioning (CM3050; Leica Micro-
systems, Germany) and placed on top of positively charged
glass slides. OCT was removed by thawing and washing the
samples in PBS solution at room temperature. Samples were
then stained for DNA (NucBlue) and F-actin (phalloidin).
Stained scaffolds were then imaged by confocal microscopy
(TI-HUBC; Nikon) with a 60X objective.

Statistical analysis

Data are expressed as meanzstandard error. One-way
analysis of variance (ANOVA) tests were performed to
compare changes induced by the different concentrations
of silk in the mixture. Statistical significance was considered
at p-values <0.05.

Results
Ultrastructure of the scaffolds

Macroscopic images showed no phase separation between
both materials in the hydrogels (Fig. 1a). The ultrastructural
images (Fig. 1b, c) showed a good integration of BM-MSCs
within the scaffolds, as well as the incorporation of the silk
fibers in the collagen matrix of the hydrogels. Formation of
collagen microfibrils (~100-200nm) did not seem to be
affected by the incorporation of the silk fibers (~5-10 pm).

Swelling and degradation

Hydrogels formed purely from collagen or with a 50%
silk content recovered 70-80% of their original weight,
whereas hydrogels with 100% of silk content recovered their
full weight after a couple of days. There was no observable
degradation of the hydrogels after that during the 3 weeks of
the experiment.

Microscale mechanical properties

The microscale elastic moduli of the hydrogels were in-
creased by about twofold in the silk—collagen mixture as
compared with pure collagen, increasing with silk concen-
tration up to a maximum that was found at the 50% and
100% of silk content (E,,=1.26 £0.17 kPa and 1.31£0.23 kPa,
respectively) with respect to the pure collagen control (E,,=
0.62£0.13 kPa). Values for hydrogels with 25% and 75% of
silk fell in between, being E,, of 1.05+0.15kPa and 1.14t
0.03 kPa, respectively. One-way ANOVA revealed a statis-
tical significant effect of silk in the microscale stiffness of
the hydrogels (p=0.019), which was also significant when
comparing each individual concentration with the pure
collagen control, as shown in Figure 3.

Macroscale mechanical properties

At 20% strain, control samples showed a stress of 0.70*
0.08 kPa and a macroscale elastic modulus E,; of 9.93+
2.50kPa. The macroscale mechanical properties were
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FIG. 1. Ultrastructure images acquired by scanning electron microscopy. (a) Photograph of the 100% silk-containing
(with respect to collagen) hydrogels showing that there is no phase separation in the scaffolds between collagen and silk. (b)
Different acellular and cellularized scaffolds. (¢) Details of the 100% images show how the cell was making junctions with
the collagen fibers and the silk microfiber is well integrated within the collagen hydrogel.

increased by more than twofold in the silk-reinforced hy-
drogels, increasing with the silk concentration up to a
maximum that was found at the 75% (stress of 1.77%
0.05kPa and Ej; of 31.16£2.96kPa) and decreasing in the
100% of silk content (stress of 1.11+0.11kPa and E,; of
18.42+2.22kPa). Values at 25% and 50% concentrations
fell in between of the control and the 75% (stress=1.24+

0.05kPa and Ej;=19.34+3.41 kPa for the 25% and stress=
1.43+0.34kPa and E);=23.89+5.82 for the 50%).
One-way ANOVA revealed a statistically significant ef-
fect of silk in the macroscale stress (p<0.001) and E,
(p<0.001) at 20% of strain of the hydrogels, and for all the
groups, as shown in Figure 4b. Compression test results
agree with the behavior observed for the tensile tests, with
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calculated elastic modulus of 2.6kPa (50% silk content),
2.3kPa (100% silk content), and 1.6 kPa (control).

Rheological characterization

Viscosity and shear modulus increased with the incor-
poration of the silk into the hydrogels (Figure 5). Interest-
ingly, at 4°C they remain constant for the silk-reinforced
hydrogels, while increasing in the pure collagen hydrogels.

Bone marrow derived-mesenchymal stem cells
3D culture within the scaffolds

A high number of viable BM-MSCs were observed at
both 4h and 7 days within the collagen scaffolds and no
remarkable difference was found for cells cultured in the
50% silk-incorporated scaffolds and with 100% of silk con-
tent. Cell distribution was homogeneous in the three direc-
tions of the scaffolds as shown in Figure 6. Morphology of
the cells cultured in the silk-reinforced scaffolds for 7 days
was more elongated with respect to the pure collagen control
as shown in Figures 6 and 7.

Discussion

This study presents a novel physical method to solubilize
and mix silk from B. mori cocoons and type I collagen from
rat tails. This straightforward method produces stiffened and
stable hydrogel structures that are suitable for 3D bioprint-
ing and culturing of MSCs. Interestingly, incorporation of
silk microfibers into the collagen hydrogels results in a two-
fold increase of their macro- and micromechanical stiffness
with no induction of phase separation between the materials
nor affecting cell viability in the 3D cultures.

The hydrogels preparation method described here is
highly compatible with tissue engineering applications due
to the preservation of biocompatibility since no hazardous
reagents or high temperatures were used. Cryogenic milling
is a physical technique that is widely used in the prepara-
tion of extracellular matrix (ECM)-based biomaterials,*®
and alkaline buffer solubilization of silk is a common pro-
cedure.*! Moreover, acid extraction of type I collagen is
known to better preserve telopeptides in the tropocollagen
molecules than pepsin-based solubilization,** and thus it
produces collagen fibrils with enhanced capabilities to in-
teract between them and with other proteins,43 as confirmed
by SEM images.

In keeping with the aim of the study, silk-reinforced
collagen scaffolds were produced (maximum silk concen-
tration of 100% with respect to collagen concentration) in-
stead of collagen-functionalized silk scaffolds. A multiscale
mechanical analysis was carried out to assess the relation-
ship between the increase in hydrogel stiffness and silk
content, since this is an adequate methodology to obtain a
complete picture of the mechanical response of ECM and
ECM-mimicking materials.** BM-MSCs, which are nowa-
days one of the gold standards in regenerative medicine due
to their translational potential,45 46 were cultured within the
scaffolds and a high number of viable cells were observed
after 1 week.

Type I collagen is a good scaffold for 3D cell culture, and
the incorporation of silk in the preparation of the hydrogels
showed an improvement in their properties in the presented
multiscale study. Some authors have reported methods for
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FIG. 2. Swelling and degradation for the control (black),
50% (red), and 100% (brown) silk content hydrogels. At
time 0, the hydrogel was freeze dried, and the swelling is
expressed in percentage with respect to the original weight
before freeze drying. Color images are available online.

mixing type I collagen and purified silk fibroin or de-
gummed silk cocoons (without se1ricin).22’47 However, using
silk fibroin alone limits the mixture to have low concen-
trations in collagen, and phase separation between the ma-
terials is often observed. The improvement of blending (by
inducing electrostatic interactions between the two poly-
mers) is usually carried out by methods requiring consid-
erable changes in temperature,*® complex technic;ues such
electrospinning,* or using additional crosslinkers.”® Never-
theless, these procedures may result in poor performance or
even in denaturation of type I collagen. In addition, phase
separation has been observed when mixing collagen with
degummed silk cocoons®” when no additional crosslinkers,
such as horseradish peroxidase or geniPin, were used to
create additional bonds in the structure.’' >

The ultrastructural images of the hydrogels developed in
this study showed that there is no phase separation between
the two biomaterials or denaturation of the collagen fibrils>*

207

15 P=0.002 P=0.001

E., (kPa)

Control 25% 50% 5% 100%
Silk content (%) in the hydrogels respect to collagen concentration

FIG. 3. Local elastic modulus measured with atomic
force microscopy (E,,) for the different silk content in the
hydrogels. Color images are available online.
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or silk microfibers. As fibroin is mainly hydrophobic® and
sericin is highly hydrophilic,’® the presence of sericin in the
developed hydrogels may help in the formation of the
structures due to its water retention capability,”’ confirmed
by the swelling results (Fig. 2). In fact, it has been reported
that sericin addition improves the stability of collagen fi-
brils.”® The presence of the hydrophilic serine from sericin®®
could aid the interaction between the alanine from the fi-
broin beta sheets® and the proline from the collagen triple
helix, because both amino acids are of hydrophobic nature.
Therefore, the presence of sericin in the hydrogels seems to
help in forming the silk microfiber structures and their in-
teraction with the collagen hydrogel observed in the SEM
images (Fig. 1).

Some studies have shown that composite silk scaffolds,
developed by mixing fibers and hydrogels, have an impact
in the robustness of the constructs,éo which is in concor-
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dance with the results obtained in this study for the silk—
collagen composite scaffolds.

Macroscale mechanics of the developed hydrogels was
studied by uniaxial tensile testing and bulk compression.
By using a bioprinted mold in pluronic to cast the hydrogels
before gelation, samples with very similar geometries were
obtained, thereby reducing the variability and artifacts in
the experiments. Differences in the macromechanics were
quantified by the stress and elastic modulus at 20% strain,
which is a strain with physiological relevance in biological
application such those involving cardiac®' and respiratory®>
diseases. The values obtained for pure collagen strips were in
agreement with previously reported data.*® Reinforcing col-
lagen with silk microfibers showed an increase in the values of
the stress and elastic modulus up to a maximum found at the
75% of silk concentration, where the increase was between
two- and threefold with respect to the control (Figs. 3 and 4).

P<0.001

Control 25% 50% 75% 100%
Silk content (%) in the hydrogels respect to collagen concentration

P<0.001

Control 25% 50% 75% 100%
Silk content (%) in the hydrogels respect to collagen concentration

FIG. 4. Macroscale mechanical properties of the hydrogels. (a) Strain—stress curves for the control (black), 25% (blue),
50% (red), 75% (green), and 100% (brown) silk content. Data are mean (solid lines) + standard error (dashed lines). Bulk
compression data are shown in the inset for control and silk concentration of 50% and 100%. (b) Stress and elastic modulus

(Ey) at 20% of strain. Color images are available online.
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The appearance of a maximum augmentation of elastic
modulus for a given silk concentration was already observed
in degummed and powdered silk cocoons but with much
lower increased stiffness and lower elongation (the sam-
ples broke at ~20% strain, whereas in our experiments, no
samples was broken at 30% strain test).*” These results are in
keeping with the concept that sericin contributes to building
the structure. Microscale mechanics of the hydrogels were
assessed by AFM, which is the best-suited technique for
mechanical measurements in the length scale at which cells
sense their micromechanical niche.®* The results we obtained
are consistent with those measured by the macroscale mea-
surements, with an augmentation of the microscale elastic
modulus of about twofold in between the 50% and 100% of
silk content (Fig. 1). Therefore, it seems that the observed
increase in macroscopic stiffness is related to the micro-
structure of the hydrogel and to the good integration between
fibrils and microfibers due to the presence of sericin.

The rise in stiffness (between two- and threefold)
achieved with the new method proposed here could seem a
modest improvement, but it is of high importance as the
main protein in the scaffolds is still type I collagen. More-
over, the ability to tune the mechanical properties without
substantially changing the concentration of collagen is of
high importance in modeling healthy and diseased soft tis-
sues, as it is well known that mechanical communication in

cells is crucial.®® For example, it has been reported that the

microscale elastic modulus of lung parenchyma is ~0.7—
1.5kPa,® but it can be increased twofold with aging.®’
Moreover, the macroscale elastic modulus at 20% of strain
of healthy mouse myocardium has been reported to increase
by twofold when the animals were subjected to severe ob-
structive sleep apnea.>”

In the case of cardiac patches, increase in scaffold stiff-
ness is needed so that they can be manipulated, sutured, and
glued to the native myocardium, but they should be soft
enough to not alter the normal function of the heart. It has
been reported that the stress at 0.2 strain of the ventricular
myocardium in the longitudinal direction is ~4kPa,°® and
the elastic modulus at this strain is ~20kPa.*” Collagen
scaffolds do not exhibit these mechanical properties. By con-
trast, the silk-reinforced scaffolds have mechanical properties
better resembling those of myocardium. Consequently, they
could be good candidates for the development of cardiac pat-
ches, since they overcome the common problems related to the
mechanical instability of naturally derived biomaterials and
to the poor biocompatibility of synthetic materials,”® which
often result in problems such as fibrosis, arrhythmias, and
heart failure requiring resurgery as the only viable solution.

In contrast, it is well known that even slight changes in
the stiffness of the cell culture microenvironment could re-
sult in important changes in stem cell fate.”'~”* It is worth
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mentioning that the values of stiffness obtained for the
pure collagen scaffolds are comparable with the those found
in embryos, whereas the values corresponding to the silk-
reinforced scaffolds are more resembling to adult soft or-
gans such as lung and heart.>’* Therefore, the hydrogels
presented in this study could be a good model for in vitro
development studies.

Another important point regarding the tunability of
scaffold stiffness is the possibility to optimize the cell mi-
croenvironment to optimize the paracrine effects of MSCs
for further implantation in a recellularized patch for cardiac
regeneration. The morphology of the cells cultured in the

FIG. 6. Live confocal im-
ages of the bioprinted bone
marrow-derived mesenchy-
mal stem cells cultured
within 1.27 mm X 1.27 mm X
200 pm scaffolds for 4 h and
7 days; Z projection in the
center and XZ and YZ views
in the sides. (a) Control col-
lagen. (b) 50% of silk with
respect to collagen protein.
(¢) 100% of silk with respect
to collagen protein. Color
images are available online.

SANZ-FRAILE ET AL.

scaffolds was qualitatively different when silk microfibers
were present (Figs. 6 and 7), which could be caused either
by the presence of silk or by the stiffening of the hydrogel.
Notwithstanding, BM-MSCs cultured in silk-reinforced
scaffolds for 7 days showed a more elongated morphology,
which has been recently reported as a predictor of their
immunosuppressive capacity.” Although out of scope of
this study, it is worth noting that silk-reinforced collagen
scaffolds could be of interest for preconditioning MSCs.”®”’

The printability of the developed hydrogels was assessed
by rheometry. Rhelogical properties of collagen pregels at
4°C changed over time. These changes complicate their use
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FIG. 7. Images of the cells within the different hydrogels. Scale bar: 100 pm. Color images are available online.

as a 3D printing bioink. By contrast, by adding silk to the
hydrogels, rheological properties remain stable at low tem-
perature, so the printability of the developed hydrogels is
superior to that of collagen hydrogels. This improved
printability characteristics will facilitate the development of
personalized cardiac patches and the high-throughput fab-
rication of scaffolds for MSCs preconditioning for further
therapeutic applications.

A high number of BM-MSCs were alive within the scaf-
folds after 3D bioprinting after 7 days of 3D culture (Fig. 6).
It has been reported that the presence of sericin in silk
scaffolds favors the viability of cultured cells,78 with en-
dothelial cells surviving twofold more when cultured in silk
with lower sericin removal. As the live/dead technique is not
intended for quantifying the evolution of cell viability along
a period of time, the results show that the main objective for
the development of cardiac patches and scaffolds for MSCs
preconditioning was accomplished.

This study focused on the development of a simple method
to develop collagen—silk scaffolds for 3D bioprinting and cell
culture. As already mentioned, preservation of sericin in
the silk seems to improve the overall performance of the
structures. However, further research is required to optimize
sericin—fibroin ratio in the scaffolds, as the proportion that is
found in the native silkworm cocoons (3:1 to 4:1 of fibroin—
sericin, depending on farming conditions)’” has been used in
this study. Since protocols to extract fibroin*' and sericin,*’
and to process them to form hydrogels, have been reported,
it would be possible to modify the ratio between both pro-
teins in the scaffolds. In contrast, type I collagen®” and silk
are being used in 3D bioprinting applications, and several
techniques to build the scaffolds layer-by-layer have been
reported.®!#?

The developed hydrogels can be effectively bioprinted if
the adequate technique is finely tuned (using a pluronic
supporting structure in our case) and, when compared with
collagen pregels, present the advantage of stable rheologi-
cal properties when maintained at 4°C. One of the most
promising techniques is FRESH (freeform reversible em-
bedding of suspended hydrogels), where the pregels are
printed in liquid phase within a gelatin-supporting structure
that is further removed after the gelation of the scaffold,83
because the technique can be implemented just by using one
printing nozzle.

Potential translation and applicability of the results of this
study into the clinics is also promising. For preconditioning
of MSCs before cell therapy applications, protocols for
the cells to be produced under GMP (good manufactur-
ing practice) have been adapted in the past.** In the case of
cardiac patches, the protocol described here will need to be
adapted to GMP fabrication, but there are several protocols
for producing collagen,® and silk is currently used in the
clinical practice for sutures, hence translating the developed
technology could be feasible.

Conclusions

The results presented in this study show that the hydro-
gels developed by mixing milled raw silkworm cocoons and
rat tail type I collagen can be used as bioink to obtain
scaffolds for 3D bioprinting in tissue engineering applica-
tions such as development of cardiac patches and scaffolds
for MSCs preconditioning. Their mechanical properties are
improved to better resemble the structure of soft tissues. The
method does not require toxic chemicals, additional cross-
linkers, or complex physical methods, hence the procedure
could be of high interest for further studies in 3D cell culture
and bioprinting. The viability of BM-MSCs when incorpo-
rating the silk into the collagen scaffold suggests that the
presented biomaterial can be used as a platform for in vitro
studies where collagen scaffolds with increased stiffness are
required. Also, the improved printability of the biomaterial
allows high-throughput fabrication of scaffolds to obtain
the high number of cells required for therapy, thereby po-
tentially facilitating translation into clinical practice.
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