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Impact of Cell Loading of Recombinant Spider Silk Based
Bioinks on Gelation and Printability

Annika Lechner, Vanessa T. Trossmann, and Thomas Scheibel*

1. Introduction

Printability of bioinks encompasses considerations concerning rheology and

extrudability, characterization of filament formation, shape fidelity, cell
viability, and post-printing cellular development. Recombinant spider silk
based hydrogels might be a suitable material to be used in bioinks, that is, a
formulation of cells and materials to be used for bioprinting. Here, the high
shape fidelity of spider silk ink is shown by bioprinting the shape and size of a
human aortic valve. Further the influence of the encapsulation of cells has
been evaluated on spider silk hydrogel formation, hydrogel mechanics, and
shape fidelity upon extrusion based bioprinting. It is shown that the presence
of cells impacts the gelation of spider silk proteins differently, depending on
the used silk variant. RGD-modified spider silk hydrogels are physically
crosslinked by the cells, while there is no active interaction between cells and
un-tagged spider silk proteins. Strikingly, even at cell densities up to ten
million cells per milliliter, cell viability is high after extrusion-based printing,
which is a significant prerequisite for future applications. Shape fidelity of the
printed constructs is demonstrated using a filament collapse test in the

absence and presence of human cells.
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Extrusion based bioprinting is one of
several advanced bottom-up tissue engi-
neering techniques in the evolving field
of biofabrication.[!l Typically, continuous
strands of a hydrogel (acellular biomate-
rial ink) or bioink are dispensed through a
nozzle in a layer-by-layer fashion.l?] Bioinks
contain one or more material components
functioning as mimetic scaffolds as well
as cells as the living element.}] Biofab-
rication enables the simultaneous deposi-
tion of cells, materials, and factors into
hierarchically structured and personalized
constructs.[* Each application and process-
ing technique requires individually opti-
mized bioinks. On the one hand, the cho-
sen material has to provide appropriate rhe-
ological properties, including viscosity, vis-
coelastic shear moduli, shear stress, and
elastic recovery, suitable for the desired pro-
cessing technique.l) On the other hand, it
has to support cellular survival, proliferation, and maturation be-
fore, during, and after the printing process.!®! For bioink formus-
lations, natural polymers are often favored over synthetic mate-
rials, as the latter can cause limitations due to toxicity, low bio-
compatibility and/or the lack of biological binding sites.l” The
choice of cell type dictates maturation from printed constructs
to functional tissues or tissue models. However, given the na-
ture of living cells, the interplay with the surrounding material
based on, for example, porosity and stiffness or presented bio-
logical cues, significantly influences cellular development.[®! Fur-
ther, mechanics and printability of the bioink are affected by in-
teractions between the materials and the cells and potential struc-
tural disruption based thereon.°! Evaluation of the performance
of a bioink includes consideration of rheological parameters, ex-
trudability, and filament characterization including shape fidelity
during and after printing.®} For successful bioprinting, bioinks
have to display shear-thinning behavior, with the viscosity de-
creasing with increasing shear stress during extrusion and rising
with the drop of shear stress after printing, and viscoelasticity,
which can be described by the storage (G’) and loss (G”) mod-
ulus during oscillatory measurements. Ideally, bioinks should
show a reversible, fast gel-solid transition, meaning easy flow
through the nozzle during extrusion followed by rapid elastic
shape retention after dispension.l>%] Studies looking at the ef-
fect of cells on different aspects of bioink printability elucidate the
complexity of the underlying factors. For example, collagen based
bioinks showed increased storage moduli and viscosities before
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gelation and decreased storage moduli after gelation with increas-
ing chondrocyte densities. Notably, the printing resolution was
increased at higher cell densities.'!) Another study looked into
bioinks based on gelatin methacrylate, gelatin gum, and human
endothelial cells. While higher cell densities led to increased stor-
age and loss moduli as well as decreased flow points (stress at
the G’ G” crossover point), they had no influence on the reported
outcome of the printing.['?]

Amongst other natural polymers, silk based materials are
employed as matrix and bioink components within biofab-
rication applications. They offer non-toxicity, biocompatibil-
ity, and biodegradability and can be processed into various
morphologies.l’! For example, a silk fibroin solution, prepared
after extraction from Bombyx mori cocoons, was successfully 3D
printed using extrusion bioprinters and by including sacrificial
particles and several post-treatment steps, hierarchical structures
with tunable pore sizes were generated.3] A cell-friendly gela-
tion process could be achieved through the addition of the syn-
thetic polymer polyethylene glycol (PEG) which induced g-sheet
formation, leading to physical cross-linking without the need for
post-treatment.l'*] In other studies, gelatin was added to ink for-
mulations, to enhance the rather poor mechanical properties and
to tune the degradation profile of silk fibroin hydrogels.[1>1¢]

Hydrogels made of recombinantly produced spider silk pro-
teins have recently been shown to be suitable as the mate-
rial component of printable bioinks without the need of addi-
tives. Based on the repetitive core sequence of the European
garden spider Araneus diadematus dragline silk fibroin 4, the
protein eADF4(C16) and its integrin-binding-motif-containing
variant eADF4(C16)-RGD form physically cross-linked hydro-
gel networks at aqueous conditions without the need for ad-
ditional crosslinking.'”-1°! Recombinant eADF4(C16)-based spi-
der silk proteins self-assemble from an intrinsically disordered
monomeric protein in solution into tightly packed cross-f
nanofibrils with a high g-sheet content via intra- and intermolec-
ular physical interactions.["®2021] During fibril self-assembly, the
poly-alanine stretches (Ala), of each C-module form strong, crys-
talline, antiparallel p-sheets via hydrogen bonding, while the
glycine/proline rich sequence repeats (e.g. GPGXY) remain un-
structured or fold into helices or turns forming an amorphous,
flexible part embedding the f-sheet crystallites.'821-23) At higher
protein concentrations (above 2% (w/v)) eADF4(C16)-based spi-
der silk proteins self-assemble into stable f-sheet rich hydro-
gels with a nanofibrillar network stabilized by intra- and inter-
molecular physical interactions including hydrogen bonds, hy-
drophobic interactions, and physical entanglement.['824-26] With.-
out crosslinking, hydrogels made of recombinant spider silk pro-
teins are stable, while displaying rather soft mechanical prop-
erties. The elastic moduli of 3% (w/v) eADF4(C16) hydrogels
were determined to be in the lower kilopascal range (<1 kPa).
This means, that hydrogels made of recombinant spider silk
proteins, without additional modifications, are well suited for
but also limited to the biofabrication of soft tissues. Mechan-
ical properties can, however, be increased to reach the range
of muscle, skin, and cartilage tissue,!*’] using chemical cross-
linking and increasing the protein concentration, which is fea-
sible up to 7% (w/v) in aqueous solution, to strengthen the hy-
drogel to elastic moduli up to 110 kPa.[®! The presence of salts,
by adding cell culture media to the protein solutions, resulted
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in faster gelation and stiffer hydrogels.[?’! Studies on different
variants of the recombinant spider silk protein showed a clear in-
fluence of the RGD-tag, which has been genetically engineered
into the protein, on the stiffness of hydrogels. Measured at the
same protein concentration, eADF4(C16)-RGD hydrogels dis-
played elastic moduli of ~0.2 kPa, compared to ~0.02 kPa for
hydrogels made eADF4(C16).[28] Consequently, the elastic mod-
uli could be adjusted to be similar by applying different protein
concentrations.!?¢!

The gentle gelation process allows us to simultaneously en-
capsulate cells within the shear-thinning, viscoelastic hydrogels
for 3D bioprinting. The suitability of spider silk based bioinks
to print straight-forward and cell-friendly grid structures using
micro-valve printing has been previously shown.?*?¢l In this
study, we further assessed and improved the printability of re-
combinant spider silk based bioinks. To obtain optimal printing
conditions, the influence of temperature on the rheological prop-
erties of eADF4(C16) hydrogels was evaluated. It was demon-
strated that these hydrogels can be successfully extrusion-printed
with high shape-fidelity into the shape of a human aortic heart
valve without the need of any additives or chemical crosslinkers.
Successful fabrication of biologically active constructs strongly
relies on the ability of an ink to encapsulate high amounts of
cells, while facilitating printability, cellular survival, and prolif-
eration. Building on previous studies dealing with recombinant
spider silk based bioinks, here, cell densities were increased from
one million up to ten million cells per milliliter. For the first time,
characterization of gelation kinetics as well as rheological evalu-
ation was performed on cell-containing bioinks based on recom-
binant spider silk proteins. This study shows the ability of recom-
binant spider silk protein based materials to be used as high cell-
content containing bioinks that are printable to yield advanced
structures.

2. Results and Discussion

2.1. Printability of Recombinant Spider Silk Inks

To evaluate the previously shown potential of extrusion print-
ing using recombinant spider silk inks?*?62%) in terms of ge-
ometry as well as durability of the gained structures in detail,
the shape of a human aortic valve (model source: Cellink) was
printed (Figure 1A), as well as the filament collapse test was per-
formed (Figure 1B-D)1*% using acellular 3% (w/v) eADF4(C16)
hydrogels. Tapered needles, instead of cylindrical ones, improved
the printing results for both set-ups. This might be due to re-
duced pressure and shear stress applied to the material in the ta-
pered geometry,*!] preventing phase separation, which was seen
during printing with cylindrical steel needles. Interestingly, the
shape-fidelity of the printed human aortic valve could be con-
firmed using two different extrusion bioprinters, RegenHU’s 3D
Discovery and Cellink’s BioX (Figure 1A). The size and shape of
both constructs, as well as the amount of material needed for both
prints (3 mL) were almost identical. Most apparent difference
were the closed layers on the 3D Discovery’s printed structure ver-
sus the open pores on the BioX'’s print. These varieties occurred
even though all consumables, like cartridge and nozzle and ba-
sic setting, including layer height and infill pattern and density,
were identical. This result demonstrated in principle the good
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Figure 1. Shape fidelity of extrusion-printed spider silk hydrogels. A) As an example of printed complex scaffold structures, the shape of a human
aortic valve (stl-file source: Cellink) was printed with 3% eADF4(C16) hydrogels on two different bioplotters, namely RegenHU’s 3D Discovery and
Cellinks’s BioX. B) Using a 22G tapered tip, one strand of hydrogel filament was printed over a pillar structure, and this process was repeated twelve
times. Pictures were taken immediately after printing. C) The failure of the hydrogel to bridge each gap increased with increasing distance. D) Angle of
deflection determined graphically from images of filament strands successfully extruded over increasingly spaced pillars (**p < 0.05).

reproducibility when printing distinct shapes on different print-
ers, but also showed the variation of separately acquired gcodes,
meaning the printer’s exact instructions, regarding details within
the printed shape. Advanced features in these printed structures
included overhanging walls and cavities on the inside bridged by
upper layers. To quantify the durability of the printed spider silk
strands, a filament collapse test was performed. One strand of
hydrogel was placed over several pillars with increasing gaps in
between (Figure 1B). For a realistic representation, 12 tests, in-
cluding failed bridges (Figure 1C) are displayed.

The results showed that bridging with the spider silk hydro-
gels is reliable up to 8 mm without failing. Further, the largest
gap with a length of 16 mm was bridged successfully seven out
of twelve times. Strand collapses possibly occurred due to small
inhomogeneities within the physically cross-linked hydrogel. The
angle of deflection was determined as a measure of shape fidelity
and the strands ability to hold its own weight against gravity (Fig-
ure 1D). With increasing gap size, the angle, and its deviation
increased. There was no significant difference between the an-
gles determined for 2, 4, and 8 mm gap lengths. The smallest
(1 mm) and largest (16 mm) distance however, resulted in signif-
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icant smaller or larger angles of deflection compared to all other
distances.

eADF4(C16) hydrogels show shear thinning and viscoelastic
behavior required for extrusion bioprinting independent of the
used silk concentration.'824-26] However, during printing of the
heart valve and during the filament collapse test, it became appar-
ent that temperature has a severe impact on printability. There-
fore, rheology was measured at 25 °C as previously published,
but additionally at 4 and at 37 °C. With increasing tempera-
ture, higher shear-rate-dependent viscosities (Figure 2A), flow
points at higher stresses (Figure 2B) and longer linear viscoelas-
tic regions (Figure 2C) were identified. Normally, the viscosity
of a sample decreases with increasing temperature. However, if
a sample shows temperature dependent hardening, like the re-
combinant spider silk hydrogels, this effect can be reversed.!'’!
Generally, higher viscosities and higher yield stresses are linked
to better printability, especially regarding filament formation and
stiffness after printing, but are also accompanied by an increased
pressure and shear stress during printing.’! This consequence
resulting from the rheological changes explained the observa-
tion made with recombinant spider silk inks. As already men-
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Figure 2. Temperature-dependent rheology of 3% eADF4(C16) hydrogels. Rheological measurements of the spider silk hydrogels were performed at 4,
25, and 37 °C. A) Viscosity was measured while increasing rotational shear rates from 0.01 to 100 s~ B) Flow points were determined as the crossover
of G’ (storage modulus) and G” (loss modulus) at constant angular frequency (10.0 rad s™') over increase in strain from 0.01% to 1000.0% using TRIOS
software (**p < 0.05). C) G’ and IG” at constant angular frequency (10.0 rad s™') over an increase in strain from 0.01% to 1000.0% and D) at constant
strain (1.0%) over an increase in oscillatory frequencies from 0.1 to 100 rad s™".

tioned above, higher printing pressure led to decreased mate-
rial homogeneity, occasionally causing inconstant filament ex-
trusion. It turned out that the printing should be done, if com-
patible with the encapsulated cells, at room temperature. Oscil-
latory frequency-dependent measurements confirmed that find-
ing (Figure 2D). While at 4 °C and at 25 °C the samples showed
stability over the entire range of frequencies applied, at 37 °C a
clear instability of storage and loss modulus could be detected
over varying angular frequencies.

2.2. Gelation of Spider Silk Based Bioinks

The spider silk hydrogel variants eADF4(C16) and eADF4(C16)-
RGD were compared to hydrogels made of eADF4(C16)-
RGE in terms of usability in bioinks. eADF4(C16)-RGD and
eADF4(C16)-RGE are identical in most physico-chemical prop-
erties and differ only in one amino acid: in eADF4(C16)-RGE,
the glutamic acid (E) replaces the aspartic acid (D) of the
eADF4(C16)-RGD variant. This change has a severe impact on
cell binding, since the RGE peptide does not properly fit into the
binding pocket of integrins yielding significantly lower binding
affinities.32] However, the total net charge as well as charge distri-
bution remain the same. Not surprisingly, eADF4(C16)-RGE 2D
films showed a similar low adhesion and proliferation of Balb
3T3 fibroblasts as eADF4(C16).[]

In previous studies, we have already shown that eADF4(C16)
and eADF4(C16)-RGD hydrogels are suitable matrix materials
for cell encapsulation. Further, it has been shown that chang-
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ing the protein concentration upon gelation allowed us to adjust
the mechanical properties of the hydrogels.['82+26] Here, gela-
tion of all three spider silk variants was investigated in the pres-
ence of RPMI media as well as, for the first time, in presence of
the mammalian cell line BxPC-3 (pancreatic adenocarcinoma cell
line) to analyze the respective influence on nano-fibril formation
and gelation kinetics. Since gelation strongly depends on the silk
variant itself, but also on the protein concentration used, it was
decided to leave the protein concentrations the same (3%(w/v))
in order to focus on the influence of the silk variant on kinetics
in the absence and presence of cells. To reveal the cellular impact
on hydrogel formation, cells were added either directly at the be-
ginning of the gelation process or at the end of the lag phase (i.e.,
nucleus formation for fibril growth followed by hydrogel forma-
tion) of spider silk assembly.[3]

Both, eADF4(C16)-RGD and eADF4(C16)-RGE displayed an
accelerated fibril formation and gelation in comparison to
eADF4(C16) in presence of RPMI media (Figure 3A, red curves).
Interestingly, eADF4(C16)-RGE showed an increase in turbidity
shortly after adding the media with a short lag-phase (x40 min),
while eADF4(C16)-RGD displayed a lag-phase of ~100 min be-
fore exponential fibrillization started. In contrast, eADF4(C16)
had the longest lag-phase of 500 min. During the lag-phase (nu-
cleation phase) soluble, intrinsically disordered, mostly unstruc-
tured spider silk proteins (monomers) transformed into thermo-
dynamically meta-stable f-sheet rich assemblies (oligomers) by
physical interactions. These oligomers acted as nuclei for ex-
ponential fibril growth by interaction with further soluble silk
monomers (fibril elongation phase) resulting in tightly packed

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 3. Spider silk gelation in the presence of mammalian cells. A) Protein solutions were mixed with either only media or media plus BxPC-3 cells
at finally 1 million cells per milliliter. For each spider silk variant, cells were added either at the beginning of the incubation (t = 0 min) or at the end
of the lag phase (nucleation)/beginning of the exponential growth phase of nanofibrils (¢ = 500 min in case of eADF4(C16), t = 100 min in case of
eADF4(C16)-RGD, or t = 40 min in case of eADF4(C16)-RGE; marked with blue crosses). Fibrillization/gelation was quantified measuring the change
in turbidity at 570 nm and 37 °C. Appropriate blank values were subtracted and first data points were normalized to zero for better comparability of
the curves. Black arrows indicate the intermediate plateau of samples with cells. B) Rheological properties of 4% eADF4(C16), 3% eADF4(C16)-RGD,
and 3% eADF4(C16)-RGE hydrogels were analyzed in the absence or presence of BxPC-3 cells (only silk protein, silk protein + 15% (v/v) media, silk
protein + 1 mio cells per milliliter, 5 mio cells per milliliter or 10 mio cells per milliliter in 15% (v/v) media). Flow points were determined as crossover
of storage (G’) and loss modulus (G”) measured at constant angular frequency (10.0 rad s™") over increase in strain from 0.01% to 1000.0%. Viscosity

was determined at a shear rate of 10 s~

thermodynamically stable cross-f nanofibrils with a high g-sheet
content.?!! The stationary phase upon completion of fibril for-
mation and gelation was seen after 300 min for both modified
variants and after 1500 min for eADF4(C16). These results indi-
cated that both peptide tags accelerated nucleation, fibril forma-
tion, and gelation. The acceleration of gelation of eADF4(C16)-
RGD and eADF4(C16)-RGE could be resulting from the addi-
tional charged amino acid residues ensuring for example ionic
bonding with ions from cell culture media.[?’]

The addition of BxPC-3 cells before fibrillization (Figure 3A,
green curves) affected the nucleation-dependent gelation in
different ways: while the initial nucleation of eADF4(C16)
was apparently accelerated (shorter lag-phase), in the case
of eADF4(C16)-RGE a deceleration was seen (longer lag-
phase). Thus, the formation of thermodynamically meta-stable
oligomers by intra- and maybe also intermolecular protein inter-
actions was faster in the case of soluble eADF4(C16), but slower
in case of eADF4(C16)-RGE. In contrast, initial fibril formation
of eADF4(C16)-RGD was not influenced in the presence of cells
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(identical lag-phase) indicating a similar formation of nuclei in-
dependent of cells. Interestingly, for all spider silk variants a sim-
ilar course of the following exponential fibril growth phase could
be detected: after a first increase in turbidity yielding an inter-
mediate plateau (Figure 3A, black arrows), a second turbidity in-
crease was seen until finally the stationary phase was reached.
These curves indicated that soluble silk proteins docked on the
pre-formed silk nuclei leading to fibril growth (first increase in
turbidity). During the intermediate plateau interval, no notable
fibrillization took place, and a first hydrogel network was al-
ready formed at this intermediate plateau. The second increase
in turbidity could be a rearrangement of silk fibrils caused by the
present cells leading to the formation of a denser packed, twisted,
cell-interconnected network of silk fibrils compared to pure hy-
drogels without cells. This fibril-cell network would also explain
the higher turbidity values of the stationary phase at the end,
where gelation was completed. Looking at the single proteins, it
could be seen that the exponential fibril growth of eADF4(C16)-
RGD was apparently not influenced by present cells, as both

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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curves (with and without cells), overlapped until the intermedi-
ate plateau was reached. For eADF4(C16) and eADF4(C16)-RGE
the cells caused an acceleration of fibrillization. One reason could
be that the present cells minimize the free space in the solution
(i-e., a virtually higher protein concentration) forcing the solu-
ble silk proteins to interact with the already present silk nuclei
(while not showing protein—cell interactions), leading to an ac-
celerated fibril growth. However, the cells could always interact
with the cell-adhesive RGD peptide, regardless of whether the
protein is soluble or assembled in nuclei or fibrils. In the case
of eADF4(C16)-RGD, such a cell-protein interaction could com-
pensate the acceleration of fibril elongation.

To further analyze the cellular impact on exponential fibril
growth behavior of different spider silk variants, BxPC-3 cells
were added at the end of the appropriate lag-phases, where
first silk nuclei were already formed (Figure 3A, blue curves,
plus-sign). In this set-up, the curves overlapped with the curves
where only media was contained. Interestingly, the curves af-
ter cell addition were similar to the curves where the cells were
already included from the beginning. Thus, these results sup-
ported the hypothesis of cellular impact on fibril elongation and
gelation given above. Nevertheless, compared to the sample with-
out cells, it must be mentioned that in the case of eADF4(C16)
and eADF4(C16)-RGE the addition of cells initially slowed down
the fibril elongation (gelation), while it remained the same for
eADF4(C16)-RGD. One assumption is that the addition of cells
at the beginning of the exponential fibril growth phase initially
effects a destruction of the already formed network of silk nu-
clei and fibrils. This event in turn effects a short-term decelera-
tion of fibril elongation due to the reduced interaction of silk nu-
clei and soluble protein, which could be detected for eADF4(C16)
and eADF4(C16)-RGE. In the case of eADF4(C16)-RGD, one as-
sumption is that this destructive effect could be compensated by
an interaction of the cells with the RGD peptide independent of
whether the protein is soluble or assembled in fibrils, as it is
mainly driven by an integrin-RGD interaction.

2.3. Rheological Properties of Spider Silk Based Bioinks

For the following analysis of the silk bioinks regarding rheolog-
ical behavior, printability, and cell viability, the focus was on the
composition of the bioinks, that is, the influence of medium
and different cell densities on bioink performance. Therefore,
in contrast to the kinetics analysis, here the mechanical proper-
ties of the spider silk matrix should be similar. As it was known
from previous studies that eADF4(C16)-RGD forms stiffer hy-
drogels compared to eADF4(C16) at the same protein weight
to volume ratio, ! it was decided to use a concentration of 4%
(w/v) for eADF4(C16) and 3% (w/v) for eADF4(C16)-RGD and
eADF4(C16)-RGE to focus on the influence of the silk variant
in combination with the amounts of cells introduced. Based
on these concentrations, flow points and viscosities were deter-
mined (Figure 3B). Each hydrogel was analyzed upon addition of
cell culture media and further upon increasing cell density (1, 5,
and 10 million cells per milliliter). All three silk variant hydro-
gels showed an increase in viscosity upon the addition of media.
While the comparable low flow point of eADF4(C16) hydrogels
increased as well, the higher flow points of eADF4(C16)-RGD
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and eADF4(C16)-RGE ones dropped upon the addition of me-
dia. Both, viscosity and flow point of eADF4(C16) inks dropped
significantly upon the addition of cells and increased again with
increasing cell densities to values higher than initially measured
for the acellular hydrogels. The effect of increasing amounts of
cells was lower on the flow point and viscosity of inks made of the
other two variant hydrogels. While there was an initial increase
in both values for eADF4(C16)-RGD inks upon addition of the
lowest cell density, the values stayed in the same regime with in-
creasing cell densities (Figure 3B). Recovery experiments focused
on stabilities of storage and loss modulus at low shear rate before
and after high rotational shear stress (Appendix, Figure S1, Sup-
porting Information). The trend to recover its properties of each
ink/bioink was similar to the trend seen for the flow points (with
better recovery at lower flow points). For eADF4(C16), the inks
without additives, as well as the sample containing one million
cells per milliliter showed good recovery. Bioinks with increas-
ing cell densities displayed decreasing ability to recover both,
storage and loss moduli. In the case of eADF4(C16)-RGD and
eADF4(C16)-RGE, the recovery was significantly improved upon
addition of media and cells compared to samples without addi-
tives (Appendix, Figure S1, Supporting Information). This direct
correlation of higher flow points and lower recovery of inks con-
firmed the previous observation of unfavorable filament forma-
tion related to growing flow points, in the previous case due to
temperature increase (see Figure 2B).

2.4. Extrusion Bioprinting of Spider Silk Based Bioinks

Printability of all bioinks was assessed using the filament collapse
test (Figure 4A). In the case of all eADF4(C16) and eADF4(C16)-
RGD based bioinks, rheological differences could be compen-
sated by pressure adjustments. Each of these bioinks were able
to bridge all gaps (up to 16 mm) with angles of deflection in
the range of 0-0.4 rad, like that determined for 3% eADF4(C16)
(Figure 1D). In contrast, for eADF4(C16)-RGE based bioinks,
pressure adjustments were not sufficient, since the pressure
needed for continuous filament printing resulted in faster ex-
trusion, which could not be counteracted by the maximum
speed rate (20 mm s7!) of the used printer (RegenHU’s 3D Dis-
covery). Stereo microscopy images of single bridging filament
strands showed the optical differences between printed hydro-
gels and hydrogels containing cell culture media (Figure 4B).
While clear and smooth-looking filaments were printed using
the hydrogels without additives, strands containing media, espe-
cially eADF4(C16) and eADF4(C16)-RGE based ones, appeared
opaque, scratchy, and larger in diameter. However, these optical
changes did not affect the performance during the filament col-
lapse test (Figure 4A). During printing, the pressure was indi-
vidually adjusted for optimal outcome and noted afterwards (Fig-
ure 4C). Interestingly, the applied pressure differed a lot (400—
1400 mbar), but showed the same trend for bioinks made of all
three protein variants.

2.5. Cell Viability after Extrusion Bioprinting

For biofabrication, cell survival during encapsulation, after the
3D bioprinting process, and during subsequent cultivation and
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Figure 4. Shape fidelity of extrusion-printed spider silk bioinks. A) Using a 22G tapered tip, one strand of each bioink was printed (RegenHU’s 3D
Discovery) over a pillar structure; pictures were taken immediately after printing. B) Stereo microscopy images showed hanging strands between two
pillars of plain spider silk hydrogels or hydrogels + media (scale bars: 200 um). C) The printing pressure was manually adjusted for optimal filament

extrusion.

maturation is essential. Therefore, live/dead staining directly af-
ter printing and after a cultivation time of 7 and 14 days was con-
ducted for all bioinks (Figure 5 and Figure S2, Supporting Infor-
mation). Previous studies already showed that eADF4(C16) and
eADF4(C16)-RGD hydrogels strongly interact with EthD-I result-
ing in a red-stained background signal, which is also visible in the
here presented images.[>*2¢] The high cell survival on day 1 di-
rectly after 3D bioprinting using tapered needles (viability values
for 10 mio cells per milliliter bioinks: 85% + 1% for eADF4(C16),
83% + 4% for eADF4(C16)-RGD, and 75% =+ 4% for eADF4(C16)-
RGE), indicated that the BxPC-3 cells survived on the one hand
the encapsulation process using spider silk hydrogels and on the
other hand the 3D bioprinting process. Furthermore, the cells
were homogeneously distributed in all printed scaffolds without
big cell clustering or aggregation. These results are highly impor-
tant, as previous studies using a micro-valve printhead equipped

Macromol. Biosci. 2022, 22, 2100390 2100390 (7 of 10)

with a steel needle (inner diameter 0.33 mm) showed cell death
rates of up to #30%, mainly during the cell encapsulation pro-
cess, leading to the development of an adopted encapsulation
protocol (using more media [15%)]) ensuring cell survival.[242¢]
Here, the combination of the adjusted and improved encapsu-
lation protocol with cell-friendly pneumatic extrusion using ta-
pered needles was the basis for high cell survival.

Independent of the initial encapsulated cell number, BxPC-3
cells also displayed high cell viability on day 7, however, with-
out increase in cell number. Particularly, the smaller size of vi-
able cells in eADF4(C16)-RGE compared to that in eADF4(C16)
and eADF4(C16)-RGD scaffolds should be mentioned. Moreover,
BxPC-3 cells already began to die in eADF4(C16) and especially
in eADF4(C16)-RGE scaffolds after 7 days as indicated by the en-
hanced numbers of dead cells. This trend continued to day 14,
as a higher number of viable and larger BxPC-3 cells could be
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Figure 5. Viability of BxPC-3 cells (10 mio cells per milliliter) in printed constructs comprising 4% eADF4(C16), 3% eADF4(C16)-RGD, or 3% eADF4(C16)-
RGE. Spider silk bioinks were printed using a RegenHU Bioplotter with a 22G tapered tip at room temperature and cultivated for up to 14 days at 5% CO2,
95% relative humidity, and 37 °C. A) For CLSM imaging, live cells were stained with Calcein A/M (green) and dead cells with EthD-I (red). Background
staining occurs due to interaction of hydrogels with EthD-I (scale bars: 100 um). B) Quantification of viable cells on day 1 and day 14 (**p < 0.05).

visualized in eADF4(C16)-RGD (viability: 89% + 3%) scaffolds
compared to eADF4(C16) (viability: 60% + 6%) and eADF4(C16)-
RGE (viability: 56% =+ 7%) ones, although cell proliferation could
yet not be determined. The lack of cell proliferation inside 3D
bioprinted spider silk scaffolds was already shown by DeSimone
et al.l?%] Factors could be the slow biodegradation of the recom-
binant spider silk matrix or changed mechanical properties af-
ter the printing process coming from structural rearrangement
during shear stress.3* 38 Additionally, by using 10 million cells
per milliliter, it should be analyzed whether high cell densities
have a positive effect on cell survival inside the bioinks. How-
ever, the present study showed that the used silk variant had a
higher impact on the cell survivability than the initial number of
encapsulated cells. As the amino acid sequence of eADF4(C16)
lacks any cell binding motifs,*?! the decrease in cell viability over
time is not surprising. In contrast, the high cell viability of BxPC-
3 cells in eADF4(C16)-RGD scaffolds could be explained by the
modification with the integrin binding peptide RGD, which was
recognized by cell surface receptors triggering further cellular re-
sponses. A recent in vivo silk vascularization study showed that
surgically induced angiogenesis, indicated by the formation and
sprouting of new blood vessels from an arteriovenous loop, was
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clearly enhanced in implanted eADF4(C16)-RGD hydrogels com-
pared to eADF4(C16) ones.[**! Thus, the RGD integrin binding
tag is highly beneficial and necessary for successful tissue forma-
tion and growth. Nevertheless, an inadequate peptide tag, which
could not interact with cell surface receptors due to steric hin-
drance, such as RGE, was counterproductive and led to a de-
creased cell interaction within the scaffold and finally cell death.
It is known that RGD-resembling peptides, such as RGE, showed
two to four magnitudes lower affinity to cell receptors.>?]

3. Conclusion

Extrusion based printing of recombinant spider silk bioinks, us-
ing tapered tips, reduces the shear stress on cells, resulting in
increased cell viabilities. Our results showed that eADF4(C16)
and eADF4(C16)-RGD proteins are suitable for the generation
of hydrogel based bioinks with high cell densities that can be
used in advanced extrusion bioprinting. Even though we saw an
influence of different cell densities on rheological properties of
the bioinks, we were able to adjust the procedures to accomplish
reliable printing results for eADF4(C16) and eADF4(C16)-RGD
based inks. For future studies, the application of different types of
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cells and the examination of biological functions of printed con-
structs have to be studied. Even though each new bioink compo-
sition is expected to require new adjustments, valuable general
insights into gelation and the interplay between cell densities,
used nozzle, and applied pressure to optimize printing outcome
have been gained in this study. In summary, spider silk hydrogels
in bioinks show high potential for biofabrication by combining
the high biocompatibility of the hydrogels with their ability for
gentle cell encapsulation and reliable extrusion printing of ad-
vanced structures without the need of additives or crosslinking
procedures.

4. Experimental Section

Spider Silk Hydrogel Preparation: The recombinant spider silk pro-
tein eADF4(C16) (MW: 47.7 kDa) comprises 16 repeats of a so-
called C-module (sequence: GSSAAAAAAAA SGPGGYGPENQGPSGPG-
GYGPGGP) originating from the dragline silk of the European garden
spider A. diadematus.[*1l The modified variants eADF4(C16)-RGD (MW:
48.6 kDa) and eADF4(C16) RGE (MW: 48.6 kDa) were generated using ge-
netic engineering.[’] While eADF4(C16)-RGD contains the integrin bind-
ing RGD sequence, the eADF4(C16)-RGE spider silk variant served as neg-
ative control. The recombinant spider silk proteins were generated as de-
scribed previously.['*#1] For preparing hydrogels, the lyophilized spider
silk proteins were solved in 6 M guanidinium thiocyanate (Roth, Germany)
for 1 h at RT, sterile filtered (0.2 um, Sartorius, Germany) and dialyzed
against 10 mm Tris/HCl (Roth, Germany) using dialysis membranes with a
molecular weight cutoff of 6-8 kDa (Spectra/Por, Fisher Scientific GmbH,
Germany) as described previously.['82426] A subsequent dialysis against
25% w/v poly-ethylene glycol (MW: 20000 g mol~", Roth, Germany) was
conducted to increase protein concentrations using dialysis membranes
with a molecular weight cutoff of 6-8 kDa. For subsequent experiments,
protein concentrations between 30 and 50 mg mL~' were achieved. In
general, hydrogels self-assembled at 37 °C overnight.[8]

Cell Culture: The human BxPC-3 epithelial pancreas cell line (ATCC
CRL-1687), derived from an adenocarcinoma, was cultivated in RPMI-1640
medium (Sigma, Germany) supplemented with 10% v/v fetal calf serum
(FCS, Biosell, Germany), 1% v/v GlutaMAX (Gibco, USA), and 0.1% v/v
gentamycin sulfate (Sigma-Aldrich, Germany) at 37 °C in a humidified in-
cubator (95% relative humidity, 5% CO,, Heracell, Germany). BxPC-3 cells
were split using 0.25% trypsin/EDTA (Gibco, USA). Cell number and via-
bility were determined using trypan blue (Sigma-Aldrich, Germany) and
an automated cell counter (BioRad, Germany).

Preparation of Spider Silk Bioinks: To analyze the effect of cell cul-
ture medium as well as different cell densities, acellular hydrogel sam-
ples, and bioinks were generated at 40 (4% w/v) eADF4(C16) and 30 mg
mL~1 (3% w/v) eADF4(C16)-RGD or eADF4(C16)-RGE. Therefore, either
47 (4.7% w/v) eADF4(C16) or 35 mg mL~" (3.5% w/v) eADF4(C16)-RGD/
eADF4(C16)-RGE solutions were diluted either with 15% v/v water or
RPMI medium to obtain acellular hydrogels or with 15% v/v RPMI contain-
ing BxPC-3 cells to generate respective bioinks. The solutions were filled
in 3cc cartridges with appropriate pistons (both Drifton, Denmark) and
sealed using a luer-lock syringe plug (Braun, Germany). For gel formation,
the cartridges were fixed on an overhead shaker (Intelli-Mixer RM-2, Ger-
many) and incubated at 37 °C overnight while rotating at 3 rpm to ensure
homogenous cell distribution and to prevent sedimentation.

Analysis of Gelation Kinetics: Hydrogel gelation kinetics of the differ-
ent spider silk proteins were analyzed in the absence and presence of
cells upon turbidity changes during nanofibril self-assembly at 570 nm.
Therefore, 35 mg mL™" (3.5% w/v) eADF4(C16), eADF4(C16)-RGD, and
eADF4(C16)-RGE spider silk solutions were prepared using PEG dialysis
as described above. For samples without cells, 15% v/v RPMI medium
were added to reach afinal protein concentration of 30 mg mL™" (3% w/v).
100 pL triplicates of hydrogel solution were filled in transparent 96 well
plates (Nunc, Germany) and incubated at 37 °C under a humidified atmo-
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sphere in a cell culture incubator (Heracell, Germany). The increase in tur-
bidity indicating fibril formation was monitored at a wavelength of 570 nm
using a microplate reader (Berthold, Germany) in absorbance mode. Fur-
thermore, the impact of BxPC-3 cells, added either directly at the beginning
of the gelation process or at the end of the protein-dependent lag phase,
was analyzed. Therefore, BxPC 3 cells in 15% v/v RPMI were added with a
concentration of one million cells per milliliter at measurement timepoint
t =0 min, and t = 500 min for eADF4(C16), t = 100 min for eADF4(C16)-
RGD, or t = 40 min for eADF4(C16)-RGE.

Rheology of Spider Silk Bioinks: Rheological measurements were per-
formed on a Discovery HR-2 rheometer (TA instruments, New Castle, DE,
USA). Measurements were performed at 4, 25, or 37 °C as triplicates using
a 25 mm plate-plate geometry with a gap of 200 pm. Viscosity was mea-
sured either at a constant shear rate of 10 s~ or shear rate dependent
from 0.01 to 100 s~'. Storage (G’) and loss (G”) moduli were measured
at a constant strain of 1.0% at increasing oscillatory frequencies from 0.1
to 100 rad s~ or at a constant angular frequency of 10.0 rad s, while in-
creasing the strain from 0.01% to 1000.0%. Flow points were determined
as the crossover of G’ and G” using TRIOS software. Additionally, the sam-
ples were treated twice with a constant oscillatory strain of 0.1% for 100
s each. For 400 s in between, a steady increase of rotational shear rate up
to 100 s~! was applied. Recovery was recorded as stability of G’ and G” at
low strain before and after the higher shear rate.

4.0.0.1. 3D Printing the Shape of Human Aortic Valves:  To demonstrate
the printability of recombinant spider silk hydrogels, 3% w/v eADF4(C16)
gels were printed in the size and shape of a human aortic valve (CAD-
model from Cellink, Sweden). In this context, reproducibility was shown
using two different models of extrusion bioprinters, BioX (Cellink, Swe-
den) and 3D Discovery Bioplotter (RegenHU, Villaz-Saint-Pierre, Switzer-
land). The stl-file was processed according to the printer’s demands. For
BioX, the respective G-code was generated on the device, while the 3D
Discovery required an iso-file (RegenHU’s G-code analogous), which was
generated using the software MM Converter. For both printed constructs,
the infill was set to 25% and the printing speed to 10 mm s~'. Pneumatic
printheads were equipped with a 3cc cartridge, pistons (both Drifton, Den-
mark), and a 27G (0.2 mm inner diameter) tapered tip (Cellink, Sweden).
The printing pressure was set to exactly 400 mbar on the BioX and ad-
justed manually for optimal printing results on the 3D Discovery (400420
mbar). In both cases, the constructs were printed on polystyrene surfaces
(Sarstaedt, Germany) and imaged using a mirrorless camera and appro-
priate lenses (Sony Alpha 6000, SELP1650 and SEL30M35).

Filament Collapse Test: The ability of a hydrogel to bridge a certain dis-
tance and its degree of collapse can be assessed using the so-called fil-
ament collapse test, where a single strand of filament was extruded over
a row of pillars with defined gaps in between. The angle of deformation
caused by the weight of the filament can be used for quantification.[*% The
template was slightly adjusted for more convenient handling. While pillar
height, size, and distance remained the same (gaps in millimeter: 1, 2, 4,
8, and 16) as published previously,[3%] features were added allowing for
precise positioning at the origin of the print bed, like a base plate fitting
tightly on the print plate. The pillar structure was printed using an Ulti-
maker S5 FDM (fused-deposition-modelling) and standard PLA (poly lac-
ticacid) filaments (Ultimaker, Netherlands). During execution of each test,
one single strand of spider silk hydrogel or bioink was extruded onto indi-
vidual pillar constructs (printing speed 10 mm s~) using the 3D Discov-
ery Bioplotter (RegenHU, Villaz-Saint-Pierre, Switzerland) equipped with a
pneumatic printhead and a 22G tapered tip (Drifton, Denmark). Images of
extruded strands on pillars were taken directly after printing using a mir-
rorless camera (Sony Alpha 6000, SELP1650) and a Leica M205C stere-
omicroscope, equipped with a 0.93x objective and a polarization lens in
darkfield mode (Leica, Wetzlar, Germany). The angles of deflection were
determined using the taken images and adobe illustrator software.

Live/Dead Staining: To visualize the viability of BxPC-3 cells inside the
printed bioinks directly after printing (day 1) and after 7 and 14 days of
cultivation, the 3D-printed spider silk scaffolds were stained using calcein
acetoxymethyl ester (Calcein A/M) and ethidium homodimer | (EthD-I)
(both Invitrogen, Thermo Fisher Scientific, Germany), respectively. There-
fore, the printed constructs were incubated in 1x PBS containing final con-
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centrations of 2 um Calcein A/M and 4 um EthD-| for 45-60 min at 37 °C
in a humidified incubator containing 5% CO2 (Heracell, Germany). For
subsequent imaging using confocal microscopy, the staining solution was
exchanged with fresh 1x PBS. Z-stacks were recorded using a DMI 8 con-
focal microscope (Leica, Wetzlar, Germany) equipped with lasers using
excitation wavelengths of 488 (Calcein A/M) and 552 nm (EthD-l). The vi-
ability rates of ten million cells per milliliter bioinks on day 1 and 14 were
determined by quantifying live and dead cells from confocal images.
Statistical Analysis:  To determine significance between generated data,
one-way ANOVA with significance level of p < 0.05 were performed.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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