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a  b  s  t  r  a  c  t

The  versatility  of 3D  bioprinting  techniques  has  demonstrated  great  potential  for  the development  of
artificial  engineered  tissues  that  more  closely  resemble  native  tissues.  Despite  this,  challenges  remain  as
regards the  search  for  new  bioinks  that  embrace  all the  complex  parameters  that  this  technique  demands.
In an  attempt  to develop  such  an  advanced  material,  a novel  smart  material  based  on  elastin-like  recom-
binamers  (ELRs)  has  been  developed  by  molecularly  programming  its sequence  to  exhibit  a sequential
three-stage  gelation  process,  thus  providing  printing  attributes.

The  thermoresponsive  behavior  of  the ELR  is exploited  for  the  deposition  of  well-controlled  fibres  on
a  platform  heated  to 37 ◦C, and its recombinant  nature  ensures  batch-to-batch  reproducibility  and  its
applicability  to  a desired  target  tissue  by  the  introduction  of  selected  bioactive  amino-acid  sequences
into  its molecular  chain.
The  biocompatible  nature  of  the  ELR  enables  the printing  of  loaded  cells  while  providing  a  protective
environment  as part  of the printing  process.  Thus,  HFF-1  cells  were  found  to  be able  to proliferate  within
the  printed  structures  upon  culture,  displaying  their natural  morphology.

The results  of  this  work  highlight  the  applicability  and novelty  of  the  bioprinting  of  biomimetic  ELR-
based  structures  for  advanced  applications.

© 2019  The  Author(s).  Published  by  Elsevier  Ltd.  This  is an open  access  article  under  the CC  BY  license
. Introduction

Determination of the most suitable bioink is fundamental for the
uccessful production of printed tissue-mimetic structures. How-
ver, the strict requirements of the 3D printing technique itself in
erms of printability [1], biological parameters [2] and mechanical
nd structural properties [3] are such that currently used bioinks
re limited by their properties, thus restricting the potential appli-
ations of this technique [4].

Structural and mechanical properties are the main disadvan-
ages found in naturally derived materials developed as bioinks
uch as alginate, gelatin, collagen, RGD peptides, silk fibroin or
brin, which otherwise usually provide an environment compa-
able to that of the extracellular matrix [5]. In contrast, synthetic

aterials such as poly(co-glycolic lactic acid) (PLGA) [6], pluronic

cid [7,8], poly(ethylene glycol) (PEG) [9], poly(L-lactic acid) (PLA)
nd poly(�-caprolactone) (PCL), which normally exhibit better
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printability, are unable to provide a proper cell proliferative envi-
ronment. Given that the majority of used inks have not been
specifically designed for 3D bioprinting applications, a genuine
breakthrough in the development of new inks would depend on the
non-trivial rationality of a new natural biological material that, in
turn, can be molecularly designed from scratch in order to comply
with the wide variety of parameters that determine its structural,
mechanical and biological behavior.

If developed for use as bioinks, protein-based materials could
demonstrate such exceptional features since proteins already play
an important role in a wide variety of tissue specific functions,
which endow them with a high complexity.

One example of this proteinaceous materials are the Elastin Like
Recombinamers (ELRs) whose aminoacidic structure is inspired
from the arrangement of the highly repetitive and well-conserved
domains of the mammalian tropoelastin [10,11]. The hydropho-
bic VPGXG pentapeptide is one of the most well-known repetitive
sequence within the ELR family, where X can be selected to modu-

late the final polymeric properties [12,13].

ELRs are produced via recombinant DNA technologies, which
allow designing the sequences to show specific properties required

 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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or a certain application, through an extremely precise control over
he amino acid composition.

The fact that ELRs are inspired into the elastin sequence, makes
hem acquire several of its interesting properties and for this
eason, ELRs have emerged as useful candidates for several biomed-
cal applications [14–16] showing an excellent biocompatibility
17], biodegradability and adjustable mechanical properties. Per-
aps more interestingly for 3D bioprinting applications, is that
hey exhibit a smart behavior of thermo-responsiveness defined
y the so-called Inverse Temperature Transition (ITT). So, in aque-
us solution and below the transition temperature (Tt) of the
ecombinamer, the polymer chains remain soluble in a random coil
onformed by hydrophobic hydration. If temperature rises above
he Tt of the polymer, a hydrophobic folding is induced [18], leading
o hydrogel formation when high concentration is used.

This reversible phase transition can be seized for the ELRs depo-
ition into 3D architectural matrixes.

The difficulty when designing the molecular structure that an
LR must exhibit in order to behave as an ink lies in inducing the
roperties of printability and stability during its self-assembly into

 supramolecular hydrogel. As such, the hypothesis of our research
as to obtain a bioprintable ELR hydrogel that enables the cre-

tion of advanced printed scaffolds which show structural stability
ver time. To that end, a complex sol-gel transition of the ELR was
nduced by way of three consecutive gelation stages with different
inetics, as follows:

1) A primary thermally induced fast gelation based on hydropho-
bic interactions to ensure quick responsiveness. This is achieved
by engineering the backbone of the ELR using a hydro-
gel comprising a previously reported amphiphilic tetrablock
recombinamer known as EI [19].

2) A subsequent second stabilization that provides structural sta-
bility during printing due to the incorporation of a leucine
zipper domain taken from the dimerization domain of the hep-
atic leukemia factor (HLF) [20]. This leucine zipper domain (Z)
was selected due to its ability to form amphiphilic �-helical
structures whose hydrophobic interactions drives them to asso-
ciate into a coiled-coil model [21]. The Z-moiety is intended to
be placed at the beginning of the gene sequence to prevent it
from being hidden during folding of the structure, thus enabling
the sequence to also dimerize with surrounding chains, thereby
hindering the molecular structures and avoiding slippages.

3) A third programmed stabilization intended to induce a progres-
sive consolidation of the printed structures by inclusion of a
silk-like sequence in combination with the EI tetrablock, thus
combining elastin and silk properties [22]. A consensus Bombyx
mori fibroin peptide (GAGAGS)5 will be used for this purpose.
The tendency of this peptide to associate via beta-sheets will
result in a tightening of the structure over time.

4) Finally, a terminal bioactive block ([VPGIG]5-
AVTGRGDSPASS)6) containing the well-known
integrin-dependent cell-adhesion RGD tripeptide is placed
at the C-terminus of the final polypeptide chain to improve
cell-recombinamer interactions. This approach intended to
overcome the disadvantages of synthetic inks with respect to
lack of cell adhesion and proliferation [23,24].

A scheme of the gelation contribution to the whole molecule,
rovided by each peptide block, can be seen in Fig. 1:

The sequentially gelation mechanism of the hydrogel described
bove will yield to an extrudable ink with high printability avoiding

he need for any exogenous crosslinking mechanism.

In this study, for the first time, we demonstrate the potential
se of the ELRs as materials to construct resolutive cell-laden tis-
ue matrixes which, in turn, provide an extracellular matrix-like
Applied Materials Today 18 (2020) 100500

environment sufficient to induce cell proliferation and differentia-
tion.

The designed and bioproduced novel ELR was evaluated for its
printability, rheological and mechanical properties. Also cell via-
bility and morphology were measured as a result of the printing
process.

2. Materials and methods

2.1. Synthesis and characterization of ZS-EI-ELR and control
recombinamers

The new ELR was  designed and synthesised using a “recur-
sive directional ligation” (RDL) strategy previously used and fully
described [25,26].

After modified Escherichia coli cultivation into a bioreactor,
ultrasonic disruption of the bacterial membrane was  performed
to extract the ELR contained within the bacteria once the sta-
tionary phase of the bacterial culture had been achieved. Several
temperature-dependent and reversible precipitation cycles were
performed to purify the expressed polymer [25], followed by dial-
ysis against deionized water and freeze-drying.

The purity and molecular weight of the recombinamer
were assessed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE, Figure S1, supplementary material),
amino-acid composition analysis (Table S1), mass spectrometry
(MALDI-TOF, Figure S2), proton nuclear magnetic resonance analy-
sis (1H NMR, Figure S3) and differential scanning calorimetry (DSC)
(Figure S4).

The rest of the recombinamers used in this work were previously
synthesized and characterized in our research group as previously
reported: EI-ELR [27]; Z-EI-ELR [28] and S-EI-ELR [29]. A simplifica-
tion of their block composition and their precise aminoacidic chain
are specified into Fig. 2 and Table 1.

2.2. Printing setup

All printings were performed using a REGEMAT 3D customized
printer. A coupled temperature-controlled cartridge enabled con-
trol of the reservoir temperature (Figure S5), whereas the heated
bed allowed the scaffold deposition temperature to be maintained.
The printing parameters were optimized and the printing process
set to use 0.25 diameter blunt needles at a 1 mm/s  cartridge velocity
and 0.06 mm3.s flow.

2.3. Ink printability characterization

Semi-quantification of the printability was carried out as
previously reported by Liliang, O., et al. [30], who estab-
lished a Printability parameter (Pr) to measure the similarity of
squared-shaped printings with respect to the designed ones. The
mathematical model assumes that the parameter circularity (C)
value is the highest in case of circles, showing a value of 1.

C = 4�A

L2
(1)

For squared-shapes, instead of circles, the circularity would be
� / 4, and the parameter Pr can be defined as:

Pr = �

4
· 1

C
= L2

16A
(2)

According to Eq. (2), the Pr parameter will acquire a value of 1

for an ideal printability condition, where the interconnected pores
would form a perfect square. The lower the calculated Pr value is,
the least capacity of the ink to resemble its designed structure can
be found.



S. Salinas-Fernández, M. Santos, M. Alonso et al. / Applied Materials Today 18 (2020) 100500 3

Fig. 1. Graphical scheme of the peptide blocks that constitute the novel designed ELR ink and its block molecular assembling leading to stabilisation.

Fig. 2. Graphical scheme of the composition of the used recombinamers.

Table 1
Amino acid sequences of the ZS-EI-ELR and control recombinamers.

Recombinamer abbreviation Amino acid sequence

ZS-EI-ELR MESLLP-{[VGGGGGKENQIAIRASFLEKENSALRQEVADLRKELGKCKNILAKYEAGGGGG] ([(VPGVG)2 - (VPGEG) -
(VPGVG)2]10[VGIPG]60)-[V(GAGAGS)5 G]2}2-([VPGIG]5AVTGRGDSPASS)6V

Z-EI-ELR MESLLP-{[VPGVG)2-(VPGEG)-(VPGVG)2]10[VGIPG]60-
NSAL
G)-(V
)-(VP

s
o

p
b
s
r
l

[VGGGGGKENQIAIRASFLEKE
S-EI-ELR MESLLP-{([(VPGVG)2-(VPGE
EI-ELR MESLLP-{[VPGVG)2-(VPGEG

To that end, square grids were designed using the REGEMAT 3D
pecific software. These grids measured 10 × 10 mm,  with a height
f 1.30 mm and 1.5 mm  pores at 90◦ angles.

The recombinamers S-EI-ELR and ZS-EI-ELR were subjected to a
reviously reported pre-annealing treatment in solution, by incu-
ation at 37 ◦C during 24 h [31] to ensure an equal and ordered

tate of the �-sheet structures provided by the silk motifs for each
ecombinamer batch. After their pre-annealing, they were again
yophilized and stored.
RQEVADLRKELGKCKNILAKYEAGGGGG]}2-([VPGIG]5AVTGRGDSPASS)6-V
PGVG)2]10[VGIPG]60)-[V(GAGAGS)5G]2}2-([VPGIG]5AVTGRGDSPASS)6-V
GVG)2]10[VGIPG]60}2-([VPGIG]5AVTGRGDSPASS)6-V

For the printability characterization, lyophilized recombi-
namers Z-EI-ELR, S-EI-ELR and ZS-EI-ELR were dissolved 12 h
before the experiments using PBS as solvent to ensure their com-
plete dissolution, and were printed at different concentrations
(120, 150, 180, 200, 250 and 300 mg/mL). Both the cartridge tem-
perature and heated bed temperature were adjusted to always

obtain the best resolution for each printing. Cartridge temperature
was therefore selected depending on each recombinamer, always
within a range of temperatures (9–11 ◦C) several degrees below
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heir respective Tt. By contrast, bed temperature was  always set at
0 ◦C, to guarantee being always above Tt of the recombinamers.

Extrusion of the recombinamers was performed at velocity of
 mm/s  of the cartridge by using a 0.06 mm3/s flow.

To determine the Pr parameter, optical images were obtained
sing a LEICA DMS  1000 digital microscope and images analysed
sing Image J software to determine the perimeter and area of the
ores (n = 5).

.4. Stability of the printed structures in an excess of aqueous
edium

Cylinders with a diameter of 6 mm and height of 1.5 cm were
esigned.

A solution of each recombinamer was prepared, selecting
he best printability obtained with the lowest concentration, as
etermined previously (250 mg/mL  for Z-EI-ELR and S-EI-ELR and
80 mg/mL  for the ZS-EI-ELR). After printing, the structures were

mmersed in 2 mL  of PBS at 37 ◦C and maintained at this tempera-
ure. The structures were then placed into an incubator and pictures
NIKON D90) were taken at different times in order to monitor the
volution and stability of the hydrogels.

.5. Rheological characterization

Rheological measurements were performed for the ZS-EI-ELR,
hich was dissolved, at different concentrations (120, 150, 180,

00, 250 and 300 mg/mL) 12 h before the experiments to ensure a
omplete dissolution into the PBS solvent.

A strain-controlled AR-2000ex rheometer (TA Instruments)
ith parallel plates of nonporous stainless steel was  employed

o perform rheological experiments in shear deformation mode.
easurements were performed using a temperature ramp, with

he sample temperature being controlled and maintained using a
eltier device.

The ZS-EI-ELR was maintained for temperature homogenisation
or 5 min  at 4 ◦C before measurements, and a circular geometry of
0 mm diameter was used, ensuring that a minimum value of 1000
icrons was always selected.
Flow measurements were performed to determine the evolu-

ion of the viscosity of the ZS-EI-ELR solution with shear rate. An
nitial conditioning step was set at a constant shear rate of 2 s-1 for

 min. The shear rate was then swept from 1 to 1500 s-1 using a con-
inuous ramp in a logarithmically ascending series of discrete steps.
pecifically, 10 points were acquired for each order of magnitude,
ith the complete measurement taking 3 min.

Oscillatory measurements were also carried out. First, a solu-
ion of the ZS-EI-ELR in PBS was placed on the plate (40 mm
iameter) at 4 ◦C and a temperature ramp from 4 to 37 ◦C was
pplied at a ramp rate of 5 ◦C/min, a frequency of 1 Hz and a strain
mplitude of 0.5 %, which was established to be within the linear
iscoelastic range. In situ gelation took place during the tempera-
ure ramp.

The dynamic shear modulus of the hydrogels was  character-
zed at 37 ◦C using a strain and frequency sweep (plate diameter
f 12 mm).  A normal force was selected to prevent slippage. The
ynamic strain sweep uses amplitudes ranging between 0.01 %
nd 30 % at a frequency of 1 Hz, while in the frequency sweep a
ange of 0.1–50 Hz was swept at a fixed strain (selected within
he hydrogel linear region; specifically, a value of 0.5 % was  cho-

en).

Rheological evaluation provided the storage modulus (G’), loss
odulus (G”) and complex viscosity magnitude |�*|, (|�*| = |G*|/�,
here |G*|2 = (G)́2 + (G”)2 is the complex module magnitude and
Applied Materials Today 18 (2020) 100500

� is the angular frequency) as a function of strain amplitude or
frequency.

2.6. Three-dimensional printing of the ZS-EI-ELR

A 180 mg/mL  solution was selected as optimal for ZS-EI-ELR
printing. The ZS-EI-ELR was prepared by dissolving pure lyophilized
polymer in aqueous solution (PBS).

Scaffolds with a diameter of 6 mm were designed with 90◦ pores.
Several scaffolds were printed using a blunt needle with a diame-
ter of 0.25 mm and flux of 0.6 mm/s, decreasing the pore size until
filament blending. Both ZS-EI-ELR and nivea cream as control [32]
were tested (results shown in Figure S6).

The reliability of the ZS-EI-ELR printing was  also demonstrated
by printing different previously designed scaffold conformations.
The conformation of the structures obtained, as well as the
fibre arrangement, was observed by scanning electron microscopy
(SEM).

2.7. Stability of the printed ZS-EI-ELR structures after
lyophilisation and reconstitution

Stability of the printed ZS-EI-ELR structures was measured to
determine the possibility of scaffold storage by lyophilisation. Thus,
freshly printed scaffolds were stored at 37 ◦C for 24 h prior to cryog-
enization with liquid nitrogen and subsequent lyophilisation. Once
structures had been dehydrated, they were reconstituted in PBS.

The width of the filaments and height and diameter of the scaf-
fold were measured at each step to study conformational changes.

2.8. Cell culture and seeding

Human Foreskin Fibroblast (HFF-1) (ATCC, SCRC-1041) were
expanded in DMEM 1X (4.5 g/L glucose, Corning) supplemented
with 15 % fetal bovine serum and penicillin/streptomycin antibi-
otic solution. Cells were cultured at 37 ◦C at 90 % humidity and 10
% CO2 atmosphere, changing the medium every 2 days.

Three independent experiments, each in triplicate, were per-
formed for each test.

2.9. Cell seeding efficiency and cytotoxicity

The ZS-EI-ELR was  extruded into a 96-well plate, forming a
hydrogel at 37 ◦C. 20,000 HFF-1 cells were seeded onto the hydrogel
disc using a volume of 30 �L. Cell-seeded scaffolds were incubated
for 30 min  in order to encourage cell adhesion prior to the addition
of additional culture medium. To test seeding efficiency, the scaf-
folds were washed twice with PBS prior to addition of AlamarBlue®

reagent at 30 min, 2 and 4 h. Fluorescence intensity emission was
measured at 590 nm after excitation at 560 nm (SpectraMax M5e
(Molecular Devices) microplate reader). The value obtained was
converted into the number of cells by using calibration curves
obtained using known numbers of HFF-1 cells seeded on 96-well
plates.

Immunofluorescent analysis were also performed for the obser-
vation of the cell morphology at early cell attachment over the
ZS-EI-ELR surface, where actin fibres (red), vinculin (green) and
cell nuclei (blue) were stained. Cells were washed with PBS and
fixed by addition of 4 % paraformaldehyde (PFA) in PBS for 10 min.
After removal of the PFA, triton (1 % in PBS) was  subsequently
added on top of the scaffolds and incubated for 10 min  to induce
cell permeabilization. Fetal Bovine Serum (BSA - 1 %) was subse-

quently added as blocking solution for 30 min. Antivinculin rabbit
monoclonal antibody (AlexaFluor® 488) (1:200) (Abcam) was  used
to study focal contact formation, meanwhile cell actin cytoskele-
tons were stained with Rhodamin phalloidin (1:60) (Invitrogen)
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ig. 3. (A) Pictures of structures printed using 1) Z-EI-ELR, 2) S-EI-ELR, and 3) ZS-E
S-EI-ELR structures at concentrations of 120, 150, 180, 200, 250 and 300 mg/mL, a
he  printed Z-EI-ELR, S-EI-ELR, and ZS-EI-ELR structures at concentrations of 120, 1

nd DAPI (1:00,000) (Lonza) was used for the cell nuclei. A flu-
rescence inverted microscope (Nikon Eclipse Ti E) was used
or the staining observation, where representative pictures were
aken.

To measure the cytotoxicity, scaffolds with a diameter of 0.6 mm
ere printed and deposited onto 96-well plates. The scaffolds had

 height of 0.5 mm and presented 1.2 mm,  90◦ square pores. The
etabolic activity in the ZS-EI-ELR printed scaffold was assessed

sing AlamarBlue® reagent at 1, 3, 7, 14 and 21 days for scaffolds
eeded with 20,000 HFF-1 cells. The mean fluorescence emission
as calculated for each sample and normalized to the fluorescence

or the unseeded control.

.10. Viability of the printed ZS-EI-ELR cell-loaded bioink

6 × 106 HFF-1 cells were mixed into a 180 mg/mL  final concen-
ration of the ZS-EI-ELR in the cell culture media at 4 ◦C. Scaffolds
ith a diameter of 0.6 mm  and height of 0.5 mm were printed
nder sterile conditions and designed to contain 1.2 mm,  90◦ square
ores. Immediately after printing, scaffolds were placed into cul-
ure medium and incubated at 37 ◦C for a 21-day period. Live and
ead stain (LIVE/DEAD Viability/Cytoxicity Assay Kit, Invitrogen)
as performed over printed structures according to the manu-
acturer’s instructions and cells were visualized using a Nikon
clipse Ti (Japan) fluorescence microscope, obtaining images at

 h and 1, 3, 7, 14 and 21 days after printing. The percentage of
iving cells was calculated using imaging software (imageJ) tak-
, showing the stability over time. (B) Images of the printed Z-EI-ELR, S-EI-ELR, and
ELR at 250 mg/mL, all of them in PBS. Scale bar: 1 mm.  (C) Calculated Pr values for
0, 200, 250 and 300 mg/mL in PBS.

ing into account the proportion of stained cells of each colour.
Additionally, confocal images were taken, where cross sections of
stained bioprinted structures at day 15 were observed. A confo-
cal microscope Leica SP8 X coupled with an APO 10X/0.75 IMM
CORR CS2 objective was used for this purpose. Taken images were
analysed by using the Leica Application Suite X (LAS X) soft-
ware.

In order to test the applicability of the printed process with other
cell lines, Human umbilical vein endothelial cells (HUVECs) (Lonza,
cc-2517) and Normal Human Adipose-Derived Mesenchymal Stem
Cells (hMSCs) (ATCC, PCS-500-011) were used.

HUVECs were cultured in endothelial growth medium (EGM-2)
supplemented with the EGM-2 SingleQuots Supplements required
for their growth (Both purchased from Lonza). Incubation condi-
tions were set at 37 ◦C and 5 % CO2.

hMSCs were cultured in DMEM 1X (Corning, 1 g/L glu-
cose) supplemented with 10 % fetal bovine serum and peni-
cillin/streptomycin antibiotic solution. Cells were incubated at
37 ◦C, 90 % humidity and 10 % CO2 atmosphere.

For this experiments, the ZS-EI-ELR was dissolved in the cor-
responding cell media, and cells were loaded by achieving a final
concentration of 180 mg/mL  of the bioink (a number of 7 × 106

HUVEC cells per millilitre and 6 × 106 hMSCs cells per millilitre was

used). Fibres of the different cell lines were bioprinted into differ-
ent experiments and viability and cell morphology were tested in
the same way  as explained for the HFF-1 cell line, until 7 days of
incubation time.
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Fig. 4. A) Plots of viscosity vs. shear rate for the ZS-EI-ELR. B) Evaluation of the viscosity of the ZS-EI-ELR with temperature. C) Evolution of the storage modulus (G’) with
time.  D), E), F) Printed scaffolds observed by SEM at different magnifications. Scale bar for d) and e) 1 mm;  for f) 50 �m.  G), H), I) Images of a printed scaffold after printing,
lyophilisation and rehydration, respectively. Scale bar: 1 mm.

Fig. 5. A) Percentage of HFF-1 seeding efficiency on a ZS-EI-ELR hydrogel surface. B) Alamar blue reduction of cells seeded upon a ZS-EI-ELR printed scaffold. C) Immunostaining
of  actin (red), vinculin (green), and nuclei (blue) of HFF-1 cells at early adhesion for different time points (30 min, 2 h, 4 h and 24 h) over ZS-EI-ELR hydrogels. Scale bar 100 �m
(ns  P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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ig. 6. Viability of HFF-1 cells loaded into 3D printed constructs during static culture
or  21 days. Deposited cell loaded ZS-EI-ELR bioink was  used as control. (ns P > 0.05;
P  < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

.11. Cell morphology and spreading

Morphology of HFF-1 cells loaded onto ZS-EI-ELR bioink printed
caffolds was observed by inverted microscopy. Fluorescent stain-
ng of F-actin and cell nuclei was performed using DAPI/Phalloidin
Invitrogen), respectively. The printed scaffolds were previously
ashed with PBS and fixed, permeabilized and blocked as explained

n Section 2.9, but increasing the incubation times (PFA, 1 h; triton 1
 in PBS), 30 min; (BSA - 1 %), 1 h). Reagents were diluted in PBS con-
aining 1 % FBS at 1:60 (Phalloidin) and 1:50 (DAPI) v/v. Phalloidin
as incubated for 30 min  and washed with PBS, whereas DAPI was

dded for two minutes. The stained scaffolds were then washed
hree times with PBS before visualization.

.12. Statistical methods

Each experiment was performed in triplicate. For statistical
nalysis of the data, the Graph Pad software was  used. The mean
nd standard deviation were calculated and tested for normality
sing a D’Agostino-Pearson test and for homoscedasticity. Results
ere normalized when needed. Assuming a Gaussian distribution,

 2-way ANOVA was applied for the data, followed by a Tukey’s
ultiple comparison test between groups. When only two groups

eeded to be compared, a student’s t-test was performed.
Obtained values were represented by their significance level: ns

 > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

. Results and discussions

.1. Design, construction and characterization of the novel
S-EI-ELR

The amino acid sequence of the novel designed recombinamer
S-EI-ELR can be found in Table 1, as well as the sequence of previ-
usly developed recombinamers that have been already reported
nd will be used as control. Both Z-EI-ELR [28] and S-EI-ELR [29]
how a similar structure to the ZS-EI-ELR but lacks from the silk
omain and the zipper domain respectively (Fig. 2). The EI-ELR [27]

s also taken into account as it lacks both reinforcement sequences.
DNA sequencing and restriction mapping analysis of the ZS-

I-ELR showed the correctness of the gene construction process
data not shown). Once the recombinant plasmids were cloned into
scherichia coli, positive clones showing the highest ELRs expression
evels were stored as glycerol stocks for their indefinitely produc-

ion.

Recombinamer was  successfully bioproduced and purified
ollowing an inverse temperature cycling protocol [33]. After
yophilisation, production yields of around 150 mg  per litre of
Applied Materials Today 18 (2020) 100500 7

bacterial culture were achieved. The obtaining product was
characterized by SDS-PAGE (Figure S1), amino-acid composition
analysis (Table S1), mass spectrometry (MALDI-TOF, Figure S2),
1H NMR, (Figure S3) and DSC (Figure S4). All the analyses con-
firmed the purity and correctness of the biosynthetic process in
terms of sequence and molecular mass (see Supplementary mate-
rial).

3.2. Printability characterization

As a result of the developed innovative molecular design of the
ZS-EI-ELR, the following dynamic cascade behaviour is expected
during the printing process in a kind of domino effect:

An initial increase in temperature from below to above the
transition temperature of the hydrophobic elastin-like blocks trig-
gers hydrophobic assembly of the amphiphilic EI-blocks, thus
resulting in a rapid sol-gel transition. This first gel state is then fur-
ther reinforced by the subsequent and progressive emergence of
two new intramolecular interactions that generate two  additional
supramolecular structures, namely Leu-zippers [28] and �-sheets,
formed by the Z and silk-like blocks, respectively. The hypothesis
of this work is that, as intermolecular interactions are essentially
nonexistent when the ELR solution is kept below the Tt of the I
block, the system behaves as a solution with low viscosity and
high injectability. If deposited on a substrate that is kept above
Tt, the sol rapidly changes to a gel and, although this initial gel
state formed simply by the weak hydrophobic association of the
I blocks is unstable and not suitable per se for 3D printing, this
hydrophobic association triggers the intermolecular interaction of
the remaining Z and silk-like blocks, as reported previously [28].
In a relatively rapid manner, the first and, somewhat more slowly,
second gel states will stabilize and improve the mechanical char-
acteristic of the final gel to achieve a stable system that maintains
its size and shape for long periods irrespective of whether the gel
is kept immersed in an aqueous medium.

To test our hypothesis, printability was the first parameter to
measure.

As the unique behaviour of our ink recombinamer is related to
the ITT, a special cooling cartridge was  designed, printed using a
stereolithography printer and implemented in the 3D bioprinter.
This cartridge was  used to regulate the temperature of the ZS-EI-
ELR in the reservoir, before deposition onto a heated bed to provide
the required fast transition.

Printability was studied at different ZS-EI-ELR concentrations
ranging from 120 to 300 mg/mL. To test the need for inclusion of
both the Leu-Zipper and silk sequences into the ZS-EI-ELR, a Zipper-
containing elastin-like recombinamer lacking silk-like domains,
known as Z-EI-ELR [28], and a silk-elastin like recombinamer lack-
ing Leu-Zippers, known as S-EI-ELR [29], were also printed in the
same conditions (their respective amino-acid sequences are shown
in Table 1).

Filaments of ZS-EI-ELR were deposited with high precision, thus
allowing the formation of structural matrices that show contour
accuracy in time and space (Fig. 3B). In all cases of ZS-EI-ELR print-
ing, the deposited fibres were smooth and linear. A Pr value was
calculated to determine how the printed structure differs from the
designed one (Fig. 3C). When this value ranges from 0.9 to 1.1, the
3D printed structures exhibit correctly deposited fibres with con-
trolled printability. Moreover, the fibres did not fuse when printed
on top of each other, thus resulting in mechanical stability and
avoiding structural collapse. Higher Pr values were obtained at
concentrations higher than 180 mg/mL.
In comparison to the printability of ZS-EI-ELR, Z-EI-ELR results
in globular and less homogenous fibres, although fibre collapse is
also avoided at 180 mg/mL  (Fig. 3B), thus confirming that the Zipper
sequence plays a role in the resolution of fibre deposition. Printing
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ig. 7. Microscope images of ZS-EI-ELR bioink scaffolds loaded with HFF-1. Dapi/P
nd  L/D assays over a 21-day culture. Scale bar for dapi/phalloidin: 500 �m;  for live

ith S-EI-ELR results in an irregular deposition above 200 mg/mL,
ith the structure not being maintained at lower concentrations.

he Pr values for these two recombinamers are also lower than
hose for the ZS-EI-ELR, as shown in Fig. 3C.

As a control, an EI recombinamer was also tested at high concen-
ration (250 mg/mL) and found to be unable to form stable fibres
hen printed alone, thus showing the need for the addition of

einforcement gelation sequences, as expected.

The fact that better Pr values were obtained into the recombi-

amers with the Zipper domain included proves the second part of
ur hypothesis. The inclusion of this reinforcement seems to avoid
arly filament collapsing after printing.
in staining of a complete printed structure and a magnified zone into the middle,
: 200 �m.

3.3. Stability of the printed structures in excess of aqueous
medium

In addition to an improved printability, constructs printed with
ZS-EI-ELR showed vertical stability even when immersed in a fluid,
with both freshly printed and incubated scaffolds being found to
retain their structure for at least 40 days after immersion in an
aqueous medium (Figure 3A-3).
This was  not the case for the Z-EI-ELR constructs despite the
fact that they showed early reliability that allowed the printing of
height-stable structures (Figure 3A-1). The S-EI-ELR construct, in
turn, was  unable to retain its structure even in the early stages
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ig. 8. Confocal images of the staining of a cross-section of the bioprinted ZS-EI-ELR
green)  and dead cells (red) places distributed within the scaffold. A depth colour c

Figure 3A-2) as the amphiphilic EI tetrablock is solely responsible
or initial crosslinking and shows some degree of fluency as the
ilk-like block requires more time to freeze the printed structures.
he need for inclusion of both the zipper and silk sequences within
he chain of the ZS-EI-ELR is therefore clear as both reinforcement
equences working in cascade seem to endow the printed structure
ith a specificity during gelation that cannot be achieved by the

ame sequences acting separately. Our rationale for construction of
he ZS-EI-ELR ink construction has been thus proved to be correct.

.4. Rheological properties of the ZS-EI-ELR

Once printability had been tested, the behaviour of the ZS-EI-
LR when subjected to extrusion also needed to be tested as the
hysical properties of the ink appear to have an effect on scaffold
eposition and, therefore, resolution. As such, rheological exper-

ments were performed to simulate the printing process and to
elp to understand how the forces ejected govern performance of
he ink. The ZS-EI-ELR was initially characterized by measuring the
ependence of viscosity on shear rate. A wide range of shear rates

ere used to cover the different shear rate conditions found during

xtrusion (Fig. 4A).
The viscosity of ZS-EI-ELR increases with concentration, reach-

ng a maximum of 5 Pa.s at 300 mg/mL  and a minimum of 0.2 Pa.s
k loaded with HFF-1 cell. A) actin fibers (green) and cell nucleus (blue), B) live cells
is included.

at 180 mg/mL. Whereas no dependence on shear rate is observed at
low concentration (Newtonian fluid), an evolution of the viscosity
with shear rate is detected at higher concentrations for shear rates
higher than 400 s-1. This latter behaviour corresponds to a Bingham
plastic.

In contrast to many other developed inks, which exhibit high
viscosity when low shear forces are applied [34,35], shear thin-
ning is not a required parameter to achieve good printability in
ZS-EI-ELR. This is because, in this case, the rapid viscosity increase
that enables good printability is guided by the ITT instead of by
shear forces. The lower initial viscosity of the ZS-EI-ELR compared
to others also facilitates its handling.

Gelation is a key aspect of ZS-EI-ELR fibre deposition (Figure
S7) as it depends on the ITT. The initial viscosity of the ZS-EI-
ELR stored in the cartridge can be controlled by increasing the
temperature. To study this parameter, oscillatory measurements
were performed for a temperature ramp from 4 to 37 ◦C. Changes
in the conformation of ZS-EI-ELR were observed by plotting G’
and G” vs temperature (Figure S8), and the complex viscosity
magnitude was  extracted from the complex modulus magnitude

(Fig. 3B). The lowest available viscosity of 0.5 and 2.2 Pa.s for con-
centrations of 180 and 250 mg/ml, respectively, was obtained at
temperatures lower than 12 ◦C. Viscosity then increased with tem-
perature up to a temperature of 25 ◦C, where the polymer gels with



10 S. Salinas-Fernández, M. Santos, M. Alonso et al. / Applied Materials Today 18 (2020) 100500

F  hMS
m or dap
i

a
d
t
S

s
m
s
b
i
w
m
t
n
s
b

s
v
t
d
t
f

ig. 9. Microscopy images of live/dead and dapi/phalloidin staining for HUVEC and
aximum intensity of the Z stacking is shown. Scale bar for the live/dead: 100 �m;  f

n  the graph above. (ns P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

 viscosity of around 600 Pa.s and some degree of concentration-
ependence. To ensure better fibre resolution, the temperature of
he cartridge should be set to slightly lower than the ITT (Figure
4).

Annealing of the hydrogels formed with the ZS-EI-ELR was
tudied over time, showing that maturation of the �-sheet arrange-
ents enhances the stability of the structures. Evolution of the

torage modulus G’ was recorded for different curing times. As can
e seen in Fig. 4C, the storage modulus was higher at each measur-

ng time as concentration increased. Moreover, its value increased
ith time during the experiment, with this increase being more
arked over the first 7 days and then becoming less pronounced,

hus suggesting completion of �-sheet formation. The final G’ stiff-
ess measured corresponds with the measurement of the natural
tiffness, ranging from ∼100 Pa for very soft tissues such as fat or
rain to >10,000 Pa for muscle.

Given the results obtained, a 180 mg/mL  ZS-EI-ELR solution was
elected as optimal. This concentration was the lowest that pro-
ides linear, smoothly printed fibres that avoid collapse. In addition,
he lower viscosity of the 180 mg/mL  ZS-EI-ELR facilitates its han-

ling and reduces the shear forces required for extrusion. Using
his concentration, larger internal pores were also expected than
or higher concentrations.
Cs cells loaded into the ZS-EI-ELR and bioprinted. For dapi/phalloidin staining, the
i/palloidin XXX. Viability of the bioprinted cells was also measured and represented

3.5. Three dimensional printing of the ZS-EI-ELR ink

For a hydrogel to be considered as a good ink candidate, it
needs to show both adequate mechanical properties and to be
able to be printed with resolution, versatility and reproducibil-
ity. In this regard, ZS-EI-ELR allows the printing of scaffolds with
various conformations, preserving the structure of the computer-
designed scaffold, as can be seen in the pictures and SEM images
(Fig. 4D, 4E, 4 F). Fibres were found to be distributed one on top of
the other, merging sufficiently to provide matrix shape-retention
without collapsing, even when printed without a support for small
distances. The porosity of the surface was  also demonstrated, thus
providing anchorage points for cell interactions.

From a practical point of view, a method for ZS-EI-ELR printed
matrix preservation was studied, which is an interesting char-
acteristic to be considered for production of a cell-free scaffold
that will subsequently be used for tissue-engineering purposes.
With this in mind, scaffolds were subjected to cryopreservation
and lyophilisation (Fig. 4G, 4H, 4I). Subsequent measurement of
the height, breadth and filament width of the structures revealed

no statistically significant differences between them when freshly
printed, lyophilized or rehydrated, thus suggesting that this process
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oes not affect the internal structure of the matrix when rehy-
rated.

.6. Cell seeding efficiency and citotoxicity

Ideally, these printed scaffolds must be able to support cell
ttachment and proliferation. As such, the HFF-1 cell line was used
o test cell-matrix interactions. The ability to promote cell adhe-
ion was evaluated initially to determine the quantity of cells that
re adhered to the ZS-EI-ELR matrix. Thus, shortly after cell seed-
ng into a moulded ZS-EI-ELR hydrogel, 39.14 % of the cells were
dhered to the surface, with this value increasing to 78.53 % after
wo hours and reaching 86.03 % after 4 h (Fig. 5A). Both the irregular
urface of the matrix and the inclusion of RGD sites in the ZS-EI-ELR
mino acid chain seem to effect the early stages of adhesion, and it
s well known from the literature that cell attachment is influenced
y several factors, including inclusion of the RGD peptide [36,37].

A staining of the HFF-1 cells seeded on top of the ZS-EI-ELR
ydrogels for actin skeleton (red), cell nuclei (blue) and vinculin
green), revealed their morphological shape, spreading, cytoskele-
al reorganization and focal adhesion distribution (Fig. 5C) for
0 min, 2, 4, and 24 h of incubation.

By washing with PBS before staining, we ensured that non-
dhered cells were discarded, which means that in spite of their
oticed rounded shape, observed cells over the matrix were
ttached to its surface. Lesser cells were observed after 30 min  over
he surface in comparison with the amount of cells attached after

 or 4 h. This observation is in line with the data obtained by the
easurement of the cell seeding efficiency.
Cells remained mostly globular at 30 min, and 2 h, showing both

ctin and vinculin initially circumscribed to the perinuclear zone.
t four hours, small irregularities in cell shape was first observed,
here some cells started to spread their actin filaments. Finally,

fter the first 24 h, several cells showed an elongated shape, where
he vinculin was overlapped with the actin filaments.

Cytocompatibility of the ZS-EI-ELR was assessed using the Ala-
arBlue assay (Fig. 4B), which showed an increase in metabolic

ctivity, especially within the first 2 weeks, most likely due to
he increase in the number of cells. Moreover, the viability of the
ells remained high throughout the 4 weeks of culture. An analysis
f variance (ANOVA) revealed statistically significant differences
n proliferation rate between culture days, with the exception of
ay 21. Thus, cells maintain their normal metabolic activity when
eeded upon the structures, thus demonstrating a friendly environ-
ent for cell proliferation.

.7. Viability and cell morphology after cell loaded 3d bioprinting
f ZS-EI-ELR

To demonstrate the utility of this material as a bioink for tissue
ngineering, in addition to promoting cell attachment and pro-
iding a non-toxic environment for cell proliferation, we need to
nsure cell support throughout the printing process. To that end,
he ZS-EI-ELR was loaded with fibroblast cells and the effect of
he shear forces exerted was measured by imaging using live/dead
taining (Figs. 6 and 7). The obtained results were compared with
he control cell loaded ZS-EI-ELR not subjected to the bioprinting
rocess.

The ZS-EI-ELR bioink showed a cell viability of 75.61 % when
rinted using a 0.25 diameter needle 4 h after printing. Non-
ignificant difference with respect to the control was  found at early
ioprinting.
By contrast, although viability is maintained by the control dur-
ng the 21-days incubation time, the amount of viable cells within
he printed sample decreased slightly to 59.91 % after three days
f cell culture. After the first days of incubation, viability subse-
Applied Materials Today 18 (2020) 100500 11

quently increased and remained high thereafter, showing values
comparable to the control samples. This initial decreasing into via-
bility demonstrated by the ZS-EI-ELR bioink has been previously
reported for other bioprinted systems and it is attributed to the
mechanical forces applied by the 3D bioprinted process, which may
contribute to alter the natural cell behaviour [38] or even to induce
cell death via membrane disruption [39].

Morphology of the cells was also characterized by
dapi/phalloidin staining to investigate cell spreading and cytoskele-
tal reorganization over a 21-day culture period. HFF-1 cells were
found to be homogeneously distributed within the printed ELR
scaffold (Fig. 7). Cell morphology was  rounded in the early stages,
as was also observed for the early attachment experiment. At
day 3, most of the cells subsequently started to develop their
characteristic filamentous shape, being completely spread at 7
days, where they revealed clear nuclei and displayed a longitudinal
profile, forming aggregates along the length of the structure. After
21 days of culture, the structure still maintained its ability to
support cell growth and proliferation.

Rounded cell morphology during the first three days of culture
was expected as previously determined also into the cell adhesion
assay thus it did not affect negatively on their viability and pro-
liferation. One of the main reasons for this behaviour is the stiffer
three-dimensional architecture of the hydrogel, formed by internal
porosity in which the cells occupy the maximum space. In fact, it
is reported that in 3D gels, cells retard their spreading in expense
of proteolytically cleavage the physical scaffold [40]. Moreover, it
is known that matrix stiffness plays an important role into cell
behaviour, guiding motility, tension and even regulation of lineage
changes [41]. As cell proliferation is enhanced in stiffer gels, obser-
vation of more spread cells at long incubation times, can also be the
result of the increment of stiffness that suffer the scaffold from the
maturation of the �-sheet interactions [41].

On the other hand, the introduction of RGD sequences into the
ZS-EI-ELR seems to improve the spreading rate of the HFF-1 cell line,
as this RGD domain acts as an anchorage point for the cells to attach
and disseminate within the scaffolds [42], indeed, higher density of
RGD has been linked with higher cell motility and spreading [43].
So, in future research, the introduction of a higher quantity of RGDs
motifs into the ZS-EI-ELR sequence could improve cell behaviour.

Confocal microscope coupled with the 10X objective allowed
the study of the distribution and viability of the cells within the
bioprinted structures, enabling a maximum depth penetration of
300 �m.  Cross-section observations of the bioprinted structures
over the Z axis revealed the porous structure of the gel, where the
cells were placed. A 10 �m layer of material was  found at the surface
of the scaffold. Once the laser surpasses this outer layer, cells seem
to be distributed evenly towards the interior showing an elongated
shape, with the actin fibres distributing into the three dimensions,
as can be seen into the actin/nucleus staining (Fig. 8A). Cells situ-
ated in the surface of the material showed a more elongated shape
that the ones in the inner parts. On the other hand, population was
maintained over the range of depth penetrated, showing the same
distribution of live and dead cells, which means that cells remain
viable within the inner part of the structure (Fig. 8B). In the light
of the observed results, it can be deduced that nutrients are free to
pass throughout the scaffold, where the cells are placed, preserving
them alive. Having into account that the printed scaffold in itself
has been designed with macroporous, showing fibres from 200 to
500 �m even the more internally placed cells are supposed to be
irrigated by cell culture media.

Similar results were obtained for the bioprinting of the ELR

bioink loaded with HUVEC or hMSCs cells (Fig. 9). By using the same
printing conditions and ZS-EI-ELR concentration, viability into the
bioink remained high for both cell lines at 7 days of fibres incuba-
tion. Morphology was  also assessed by showing spreading for the
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ajority of the cells in both cases, as noticed also for the HFF-1 cell
ine at the same days of incubation. As HUVEC cells are smaller and
o not show a fibrillary shape, as it happens with the HFF-1 or the
MSCs, they seem to respond better to the internal structure of the
rinted scaffold, even exhibiting cell aggregates.

It is important to remark that the properties of the devel-
ped ELR bioink can be enhanced by the introduction of other
elevant peptide-based biological cues within its designed chain,
hich makes this ZS-EI-ELR bioink to be positioned as a very

dvanced tool. As an example, several domains have been suc-
essfully included into other kind of ELR developed for tissue
ngineering that can be considered, such as other cell-adhesion
equences as the REDV [44], responsive for HUVEC adhesion, or the
KVAV [45] for the sustaining of neuron attachment and growth.
lso metalloproteinase cleavage sites [46] or vascular endothelial
rowth factor (VEGF) can be contemplated.

. Conclusion

A novel advanced bioink has been molecularly designed on the
asis of a protein-based material, with molecular programing of a
omplex, three-stage gelation process. This ELR-based bioink suc-
essfully overcomes the most relevant limitations found in other
atural and synthetic bioinks.

Both the mechanical and printability properties underline the
otential of this novel bioink as regards the generation of reliable
tructures based on 3D bioprinting by achieving this complex struc-
ural design. Additionally, the adequate extracellular environment
hat these new bioink provide for cell growth and proliferation has
een confirmed.

In addition to their proven structural and biological properties,
he synthetic production of the ZS-EI-ELR favors batch-to-batch
omogeneity, thus removing one of the major drawbacks of natu-
al bioinks. Moreover, this will also enable future tuneability given
he ability to incorporate sequences of interest within the amino
cid chain that may  lead to innovative properties and bioactivities,
hereby allowing the creation of tissue tailored bioinks.
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