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Abstract
Corneal transplantation remains gold standard for the treatment of severe cornea diseases,
however, scarcity of donor cornea is a serious bottleneck. 3D bioprinting holds tremendous
potential for cornea tissue engineering (TE). One of the key technological challenges is to design
bioink compositions with ideal printability and cytocompatibility. Photo-crosslinking and ionic
crosslinking are often used for the stabilization of 3D bioprinted structures, which can possess
limitations on biological functionality of the printed cells. Here, we developed a hyaluronic
acid-based dopamine containing bioink using hydrazone crosslinking chemistry for the 3D
bioprinting of corneal equivalents. First, the shear thinning property, viscosity, and mechanical
stability of the bioink were optimized before extrusion-based 3D bioprinting for the shape fidelity
and self-healing property characterizations. Subsequently, human adipose stem cells (hASCs) and
hASC-derived corneal stromal keratocytes were used for bioprinting corneal stroma structures and
their cell viability, proliferation, microstructure and expression of key proteins (lumican, vimentin,
connexin 43, α-smooth muscle actin) were evaluated. Moreover, 3D bioprinted stromal structures
were implanted into ex vivo porcine cornea to explore tissue integration. Finally, human
pluripotent stem cell derived neurons (hPSC-neurons), were 3D bioprinted to the periphery of the
corneal structures to analyze innervation. The bioink showed excellent shear thinning property,
viscosity, printability, shape fidelity and self-healing properties with high cytocompatibility. Cells
in the printed structures displayed good tissue formation and 3D bioprinted cornea structures
demonstrated excellent ex vivo integration to host tissue as well as in vitro innervation. The
developed bioink and the printed cornea stromal equivalents hold great potential for cornea TE
applications.

1. Introduction

Corneal transplantation is considered as themost fre-
quent type of tissue transplantation. It restores visual
function and provides acceptable quality of life for the
patients with severe forms of cornea blindness [1].
However, there is a dire shortage of donor corneas
globally, leavingmillions of visually impaired patients
without treatment. This has given rise to vast research
interest on developing tissue-engineered (TE) corneal

substitutes that could mimic human cornea features
and subsequently be used as an alternative for human
donor cornea transplantations. Unfortunately, this
challenge remains yet to be accomplished due to the
extreme difficulty in mimicking the highly complex
ultrastructure of the corneal stroma. To this day, none
of the obtained TE cornea substitutes manufactured
with the conventional scaffold-based approaches have
been fully able to replicate the complexity as well as
functionality with successful innervation [2].
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3D bioprinting offers the best potential to engin-
eer artificial tissues and organs among the myriad
biofabrication techniques explored to date [3]. It
allows precise spatial placement of cells into con-
structs mimicking complex and irregular shapes of
the native tissue. Previously, human cornea stroma
mimicking structures have been 3D bioprinted
with extrusion-based printing [4], laser-assisted 3D
bioprinting [5] as well as stereolithography [6].While
3D bioprinting holds tremendous potential for fab-
rication of cornea mimicking structures, the current
technological approaches have focused in merely in
the 3D macro shapes bypassing the fine-tuned archi-
tecture of the cornea [7]. To the best of our knowledge
there are limited studies that reported the bioprint-
ing of microstructure of cornea. Kim et al induced
shear stress to a cornea-stroma derived decellular-
ized extracellular matrix bioink in extrusion-based
printing to align collagen fibrils and to mimic the
microstructure of the cornea stroma [8]. Sorkio et al
used laser-assisted 3D bioprinting to print alternat-
ively thin layers of cell-containing and acellular layers
of bioink to mimic the lamellar structure of cornea
stroma [5]. Despite the enormous potential of this
emerging technology, there are still technological
challenges limiting its wider use in cornea TE.

Hydrogel precursors with the ability to be
extruded through a small-sized nozzle and sub-
sequently forming shape-stable gels are suitable
bioink components for extrusion-based printing
[3]. Hyaluronic acid (HA) is a natural polysacchar-
ide, which can be chemically modified for many TE
applications, while being enzymatically cleared in vivo
[9]. However, pure HA has poor mechanical proper-
ties resulting in limited structural support [10]. This
could be circumvented by chemical modified of the
polymer to improve its cytocompatibility and mech-
anical properties for wider use in TE applications
[11]. One common form of chemically modified
HA used in bioinks is methacrylated hyaluronic acid
(HAMA), which could be photo-crosslinked result-
ing in enhanced printability and structural stability
[12, 13]. Previously, HAMA bioinks have been suc-
cessfully printed into scaffolds for soft and hard TE
applications [14, 15]. In addition, 3D printed HA-
modified gelatin methacrylate (GelMA-HA) scaf-
folds have been used as a substrate for rabbit corneal
stromal cells [16]. However, post-treatment process
of HAMA and GelMA-HA requires photoinitiators
and photo-crosslinking, which can possess limita-
tions on biological functionality [17, 18]. To date,
HAbased bioinks without photo-crosslinking has
not been used for 3D bioprinting of human cornea
stromal equivalents.

Click chemistry-based hydrogels are formed
spontaneously by mixing reactive compounds and
can encapsulate live cells with high viability for
long time [19]. Generally, these reactions are fast,
spontaneous, versatile and extremely selective [20].

Existing bioinks that rely on ionic crosslinking,
photo-crosslinking, or thermogelation have signi-
ficantly advanced the field. Nevertheless, they have
technical limitations in terms of themechanics, swell-
ing characteristics, degradation rates, and the cell
viabilities achievable with the printed scaffolds [21].
Conventionally, azide-alkyne cycloaddition reaction,
Diels–Alder reaction and thiol-ene chemistry are
termed as click-chemistry owing to the biortho-
gonal nature of the reactive components and the
atom economic reaction products. However, these
methods are not ideal for fabricating bioinks for
3D printing with living cells as they require strin-
gent reaction conditions, toxic catalyst, or high tem-
perature. Hydrazone crosslinking is a fast and effi-
cient pseudo click reaction formed by the dynamic
covalent coupling between biorthogonal functional
groups, namely aldehyde- and hydrazide-groups
[22]. HA-based hydrazone crosslinked hydrogels have
been previously studied for TE of cornea mimicking
structures [23, 24]. However, the gelation time of
the hydrazone crosslinking of HA-based hydrogels is
fast (<30 s) resulting in narrow biofabrication win-
dow and therefore these hydrogels could not be used
as a bioink for 3D bioprinting [24]. To date, relat-
ively few examples of click chemistry based bioinks
for extrusion printing have been reported [21].
Wang et al demonstrated extrusion-based bioprint-
ing of hydrazone crosslinked HA using large 18 G
needles [25]. In that study, smaller needles resulted
in decreased cell viability. Thus, novel bioinks that
provide ideal biofabrication window, high resolu-
tion and cell viability is greatly needed for extrusion-
based 3D bioprinting. Such bioinks could be tailored
using dynamic covalent chemistry that are fast and
efficient and do not require any catalyst or light
source.

Another key parameter for successful translation
of 3D printed structures is innervation followed by
integration to the host tissue, which are generally
overlooked in most TE applications [26]. Implanted
TE constructs typically lack preformed neuronal con-
nections and rely on host-induced innervation. The
cornea is the most densely innervated peripheral tis-
sue in the body exhibiting a complex nerve architec-
ture, distribution, and structural organization [27].
Previously, innervation of TE corneas has been
demonstrated in simple 3D in vitro models where
human cornea keratocytes, human cornea epithelial
cells and rat ganglion cells are manually combined
by stacking a few alternative layers of thin silk films
and rat collagen type 1 hydrogel [28]. On the other
hand, 3D bioprinting approaches of human pluripo-
tent stem cell derived neuronal cells (hPSC-neurons)
have utilized gelatin [29], fibrin [30, 31] andMatrigel/
alginate [32] based bioinks with extrusion printing.
These studies have focused on bioink development
and cell viability of hPSC-neurons after printing.
Thus, the full potential of utilizing 3D bioprinting
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to create human stem cell based innervated corneal
structures is yet to be explored.

To address these needs, we developed a HA-
based bioink with hydrazone crosslinking for 3D
bioprinting of human cornea stroma equivalents.
Herein, we demonstrate that the developed hydro-
gel fulfills the requirements for next generation
bioinks including excellent printability, shape fidelity
as well as cytocompatibility with human adipose stem
cells (hASC), hASC-derived corneal stromal kerato-
cytes (hASC-CSKs) and hPSC-neurons. Moreover,
we investigated several 3D bioprinting strategies for
cornea stroma generation and analyzed the micro-
structure of the resulting stromal equivalents. We
elaborated our studies by displaying tissue integra-
tion of the 3D bioprinted cornea stroma in a porcine
corneal organ culture model. Finally, to demonstrate
the utility of the developed bioink and 3D bioprin-
ted cornea stroma, we explored the innervation to the
printed cornea stroma as well as manufactured the
first 3D bioprinted cornea stromal tissue model with
innervation.

2. Materials andmethods

2.1. Synthesis and characterization of the bioink
components
Four bioink components were synthesized for this
study. Grafting of dopamine to hyaluronic acid
(HA-DA) was done as previously described [24]. The
degree of dopamine modification was ascertained by
Shimadzu UV-3600 plus UV–vis–NIR spectropho-
tometer at 275 nm against the standard curve pre-
pared over a concentration range of 50–400 µM by
dissolving commercial dopamine hydrochloride in
phosphate buffered saline (PBS). Additionally, the
conjugation of dopamine on the HA was further
verified by attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectroscopy by scanning
the materials in the range of 4000–650 cm−1 with
32 scans at a resolution of 4 cm−1. The conjuga-
tion of carbodihydrazide (CDH) on hyaluronic acid
(HA-CDH) was carried out by carbodiimide coup-
ling chemistry and the percentage hydrazide con-
jugation was determined by trinitrobenzene sulfonic
acid (TNBS) assay [33]. The same hydrazide con-
jugation protocol was followed to conjugate CDH
on dopamine-modified hyaluronic acid (HA-DA-
CDH). The synthesis of HA-Aldehyde (HA-Ald) was
conducted as previously described [34]. We recor-
ded the proton nuclear magnetic resonance (1H-
NMR) spectra of synthesized HA-DA and HA-Ald
at 298 K in D2O using Zeol ECZR 500 instrument
to validate and quantify the degree of modifica-
tions of dopamine and aldehyde respectively. The
synthesized, HA-CDH, HA-DA-CDH and HA-Ald
components were sterilized with UV for 20 min
and dissolved into sterile PBS at a concentration of
10 mg ml−1.

2.2. Preparation of the bioinks
In this study, we prepared two HA-based hydrazone-
crosslinked bioinks to evaluate the effect of
conjugated dopamine on the bioink characteristics.
The first bioink contained HA-CDH and HA-Ald
as crosslinking components (HA bioink) and the
other HA-DA-CDH and HA-Ald (HA-DA bioink).
Unmodified sodium hyaluronate (Novamatrix, Nor-
way) was used as a primary rheological modifier and
fully dissolved in sterile 5× PBS with 0.4 M NaCl at
a concentration of 1% (w/v). The OptiCol™ Human
Collagen Type I (Cell Guidance Systems Ltd, Cam-
bridge, UK) was added to the bioink to gain better
cytocompatibility and to act as an additional rheolo-
gical modifier. Human Collagen Type I was neutral-
ized to a pH of 7.4 with 1 MNaOH in the presence of
10×Dulbecco’s phosphate buffered saline (Carl Roth,
Karlsruhe, Germany). The final bioinks consisted of
HA-CDH (HA bioink) or HA-DA-CDH (HA-DA
bioink) and both supplemented with HA-Ald, rhe-
ological modifiers and cell culture medium in ratios
10:10:10:4, respectively. The mixing of the compon-
ents was done using a dual syringe system, where two
syringes were combined with a female–female Luer
lock. After thorough mixing, the bioink was placed
in a 30 cc Nordson EFD syringe barrel (Ohio United
States), and the cartridge pistonwas placed in the bar-
rel immediately. The bioink was allowed to crosslink
at room temperature (RT) for 60min before printing.

2.3. Injectability and shear-thinning/self-healing
properties
To determine the injectability and shear-thinning
property of the HA and HA-DA bioinks, we meas-
ured the viscosity and flow property of both bioinks
under continuous flow (0.01–10 s–1), and with a peri-
odic shear rate of 0.01 and 10 s–1 up to seven cycles
with 60 s of holding time for each cycle using 12 mm
stainless-steel parallel plate geometry in TA instru-
ments’ DHR-II rheometer. To further evaluate the
strain recovery of the fully crosslinked hydrogels, stor-
age modulus (G′) and loss modulus (G′′) was meas-
ured under alternating low (1%) and high oscillation
strain (50%) conditions at 25 ◦C and 1 Hz oscillation
frequency for seven cycles with 60 s of holding period
in each step using 12mmdiameter stainless-steel par-
allel plate geometry.

2.4. 3D bioprinting setup
Here, we used extrusion-based 3D bioprinting with
3D-Bioplotter®Manufacturer Series by EnvisionTEC
(Gladbeck, Germany). The barrel with a bioink was
loaded into the low temperature printhead of the
3D bioprinter. About 32 G blunt needles (CellInk,
Sweden, Gothenburg) with length of 0.50 inch and
innerdiameter of 100 µmwere used for printing. The
printhead temperature was adjusted at 20 ◦C and
the printing was carried out at RT. 3D models in
stl format were created with Perfactory RP Software
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(EnvisionTEC, Gladbeck, Germany) and the inner
parameters including printing patterns were adjus-
ted in Visual Machine (EnvisionTEC, Gladbeck, Ger-
many) 80 µm slice interval was used for all printed
structures, and needle height at first layer was adjus-
ted at 0.07 mm.

2.5. Printability
The effect of the covalent grafting of dopamine com-
ponent on the bioink printability was evaluated. For
this, HA and HA-DA bioinks were printed with two
different printing parameters, 0.8 bar and 15 mm s−1

and 1.0 bar 6 mm s−1. Grid structures of two lay-
ers with dimensions of 20 mm × 20 mm were prin-
ted. Distance between filaments in each layer was set
at 2.0 mm. Images were taken after every printed
layer with a high-definition charged coupled-device
(CCD)-camera attached to the dispense head mount
to evaluate the printability and filament formation of
the two bioinks.

2.6. Shape fidelity
The stacking ability of the 3D printed HA-DA bioink
was investigated by printing 3D cylinders with a dia-
meter of 13 mm and height of 1 mm, consisting of
13 printed layers. The line distance used was 400 µm
and the alternative layers were set in 90◦ angle. The
stacking ability of the resulting 3D structure was eval-
uated visually. For further exploring the shape fidel-
ity of the HA-DA bioink, the filament thickness and
pore factor (Pr) of printed structures was measured
as a function of time in multilayered structures. For
this, HA-DA bioink was 3D printed in grids with six
layers with dimensions of 15 mm× 15 mm. Distance
of 2.50 mm were used between the printed lines and
alternative layers were printed at 90◦ angle. Printing
pressure of 1.0 bar and speed of 6.0 mm s−1 was used.
The samples were imaged immediately after printing
and after seven days submerged in PBS at 37 ◦C. The
thickness of the printed hydrogel filaments and pore
geometry was quantified with Image J image pro-
cessing and analysis software (n= 6). For each printed
sample and time point, the filament thickness of six
adjacent layers was evaluated from nine different fil-
aments. Three randomly selected pores in each prin-
ted sample were included in image analysis. Pr was
counted according to the following equation, where L
means perimeter of the pore and A the pore area,

Pr=
L2

16A
.

2.7. Degradation study of the printed HA-DA
bioink
To study the degradation and swelling characterist-
ics of the printed structures, three parallel printed
samples were subjected to neutral pH conditions.
Briefly, cylindrical 3D structures (Ø = 12 mm) were
printed with HA-DA bioink with 13 printed layers.
The initial weight of the hydrogels was recorded. The

gels were then submerged in 3 ml of PBS with pH
7.4. To observe swelling and subsequent degradation
characteristics of the gels, the gels were re-weighed,
placed in the incubator (37 ◦C), and the buffer was
replaced daily for the first four days and subsequently
every alternate day until 14 d. At each timepoint,
the buffer was removed carefully, and the gels placed
on the slides were dried to remove excess buffer
that might introduce errors in the calculations. The
remaining weight percentage was calculated by using
the formula:

Remaining weight% =
Measured weight

Initial Weight
× 100.

2.8. Operational stability of printed HA-DA bioink
To characterize the mechanical stability of the 3D
bioprinted structures of HA-DA bioink immersed in
PBS, we performed rheology using a TA instruments’
DHR-II rheometer at different timepoints for the
printed structures. The oscillatory frequency sweep
consisted of varying frequency of the deforming force,
between 0.1 and 10 Hz with a constant strain value
of 1% as determined from the amplitude sweep was
performed to compare the stability by measuring the
change in storage modulus of the HA-DA bioink
immersed in PBS for 6 h, 24 h, 96 h, 168 h and
336 h. During this period, the storage modulus value
at 1 Hz frequency was compared between gels of dif-
ferent timepoints to evaluate the operational stability
of the printed constructs. All the measurements were
performed with triplicates (n= 3).

2.9. Transparency analysis
The optical properties of theHA-DAbioinkwere ana-
lyzed by measuring its refractive index and trans-
mittance. The refractive index was determined with
surface plasmon resonance (SPR) equipment Navi™
210A (BioNavis, Tampere, Finland). SPR Navi™ Lay-
erSolver™ software was used to calculate the refract-
ive index at wavelength 670 nm from the measured
SPR curves. All pre-cleaned golden multi-parametric
(MP)-SPR sensors were measured in air to acquire
the backgrounds. Calibration of the SPR equipment
was done separately for each gold sensor. Thereafter,
the bioink samples (80 µl) were prepared onto the
sensors and allowed to crosslink for 1 h in humid
environment before measurements. The refractive
index was measured from two points from each
sample (n = 4). The optical transparency of the
HA-DA bioink was further evaluated by measuring
the transmittance with a spectrophotometer (Lamda
35 UV/VIS Spectrophotometer, Perkin Elmer) at the
visible wavelength range (400–700 nm). The bioink
samples (n= 2)were prepared into 1.6ml semi-micro
cuvettes (light path 10 mm, Sarstedt), centrifuged
(1000× g, 1 min) to remove air bubbles and allowed
to crosslink in humid environment. The transmit-
tance was measured after 1 h and 2 h of crosslinking.
An empty cuvette (air) was used as a blank.
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2.10. Self-healing and compression tests
The self-healing property of the HA-DA bioink was
validated qualitatively with gel block fusion test and
quantitatively with mechanical compression test. For
these the bioink was prepared into two syringes. Red
food dye with concentration of 4.2µl ml−1 wasmixed
to the HA-DA bioink in the other syringe. The col-
orless and dyed bioinks were crosslinked in syringes
for 24 h and cut into disc-shaped pieces. The pieces
were cut into halves with a scalpel, and the cut sur-
faces of colorless and dyed bioink discs were posi-
tioned in tight contact and placed in a closed, humid
environment. The self-healing was evaluated after
24 h visually and by lifting and pulling the struc-
tures with tweezers. The evaluation of the macro-
scopic self-healing properties was based on the ability
of the bioink to maintain its structure under grav-
ity and pulling force. Additionally, self-healing capa-
city was evaluated with a compression test utilizing a
DHR-II Hybrid rheometer (TA Instruments). Bioink
discs after 24 h of self-healing time (24 h self-healing,
n = 3) was inserted between 12 mm parallel-plate
geometry and exposed to an axial force with a dis-
placement rate of 1.00 mmmin−1. A force curve was
recorded and plotted against compression percent-
age. Same measurements were conducted to uncut
bionink discs (control, n= 3) and bioink discs cut in
half prior to measurements (0 h self-healing, n = 3).
In this study, compressive modulus was calculated for
the HA-DA bioink discs, since the cornea faces signi-
ficant intraocular pressure in its native environment.
The compression modulus was calculated using the
following formula:

Strain : ε=
∆L

L
,

whereL is original sample length and∆L is the change
in length.

Compressive modulus =
σ

ε
,

where σ is the compression stress.

2.11. Cells
hASCs were isolated mechanically and enzymatically
from subcutaneous adipose tissue samples accord-
ing to previously published protocols [35]. The
isolated hASCs were characterized for their sur-
face marker expression by flowcytometry (FACSAria;
BD Biosciences, Erembodegem, Belgium) as shown
previously [5]. Thereafter, hASCs were cultured in
a medium containing DMEM/F-12 (Gibco™) sup-
plemented with 5% human serum (type AB male,
HIV tested from BioWest, Nuaillé, France), 1%
GlutaMAX™ Supplement (Gibco™) and 1% peni-
cillin/streptomycin (Gibco™) (hASC proliferation
medium). Human ASCs were passaged upon conflu-
ency using TrypLE™ (Gibco™) and used for printing

at passages 4–5. For printing, hASCs were enzymatic-
ally detached with TrypLE™, centrifuged and resus-
pended in culture medium for counting. Thereafter,
hASCs were centrifuged, supernatant was removed,
and the cells were resuspended in culture medium
and mixed in HA-DA bioink with a cell density of
1.1× 106 cells ml−1.

Human ASCs have been previously shown to
differentiate toward corneal stromal keratocytes
(CSKs) in vitro [36, 37] and in vivo [38]. Here,
we differentiated hASCs toward CSKs for seven
days before using them for printing. For differ-
entiation, hASCs were plated with cell density of
7000 cells cm−2 in a medium containing Advanced
DMEM (GibcoTM), 1% GlutaMAX™, 1% penicil-
lin/streptomycin supplemented with 10 ng ml−1

basic fibroblast growth factor (PeproTech, Lon-
don, United Kingdom), 0.1 mM ascorbic acid-2-
phosphate (Sigma-Aldrich, United States) and 1 µM
retinoic acid (Sigma-Aldrich) (CSK differentiation
medium). For printing, hASC-CSKs were prepared
as described above for hASCs. To further validate the
differentiation protocol for hASC-CSKs, we plated
hASCs on Costar® 24-well TC-treated well plate wells
(Corning Incorporated) with cell seeding densities
of 4500 and 7000 cells cm−2 and cultured the cells
in CSK differentiation medium up to 28 d in 2D cul-
tures. FreshCSKdifferentiationmediumwas changed
three times a week. Primary human cornea stromal
keratocytes (hCSKs), isolated and cultured as previ-
ously described [4, 39], were used as controls.

Three printing strategies were explored in search
of the most promising manufacturing strategy for 3D
bioprinted corneal stroma. First, hASCs were prin-
ted and maintained in hASC proliferation medium
after printing. Second, pre-printing differentiation
approach was explored. Here, hASC-CSKs were dif-
ferentiated for seven days before printing and main-
tained in the same CSK differentiation medium
after printing. Third, post-printing differentiation
approach was explored. Here, hASCs in hASCs pro-
liferation medium were 3D bioprinted into cornea
stroma mimicking structures, and differentiation
toward CSKs was started after the printing process
by placing the printed samples in CSK differentiation
medium. Same cell density was used in all approaches
and all the 3D printed cornea stromal structures were
cultured in vitro up to 21 d.

Differentiation of hPSCs into neurons has been
previously shown [40]. Here, human embryonic stem
cell line Regea 08/023 was used and hPSCs were pre-
differentiated into neuronal cells (maturation stage,
day 32 in differentiation protocol), before printing.
For printing, neurons were detached with StemPro
Accutase (Thermo Fisher Scientific), centrifuged,
resuspended in culture medium and mixed in HA-
DA bioink with density of 10 × 106 cell ml−1. After
printing, Neurobasal medium supplemented with
0.5% N2 supplement, 0.5 mM GlutaMAX (all from
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Thermo Fischer Scientific), 0.1% penicillin/strepto-
mycin (Lonza), 20 ng ml−1 brain-derived neuro-
trophic factor (BDNF, R&D Systems, Minneapolis,
United States), 10 ngml−1 glial-derived neurotrophic
factor (GDNF, R&D Systems) and 500 µMdibutyryl-
cyclicAMP (db-cAMP, Sigma-Aldrich) was used. All
cell cultures were maintained at 37 ◦C in a 5% CO2

atmosphere and 95% humidity.
For assessing the cytocompatibility of the HA-DA

bioink, cell containing bioinks were printed into 2D
structures, where ten parallel lines were printed with
two overlapping layers. Falcon®35 mm TC-treated
cell culture dishes (Corning®) were used as printing
substrates in all studies. The distance between lines
was set at 1 mm. For hASCs and hASC-CSKs print-
ing pressure was set at 1.0 bar and printing speed of
6.0 mm s−1 was used. For hPSC-neurons, printing
parameters of 0.9 bar and 9.0 mm s−1 were chosen.
The printed 2D line structures were allowed to sta-
bilize in 37 ◦C for 15 min before merging the struc-
tures to culture medium. For printing cornea stroma
equivalents, 3D structures with ten layers were prin-
ted. Line distance of 400 µmwas used. Each layer was
printed at 90◦ angle to the previous layer. A stabiliza-
tion period of 1 h in 37 ◦Cwas used for the 3D cornea
stromal equivalents.

2.12. 3D bioprinted human cornea stroma with
innervation
hPSC-neurons were added to the periphery of the
printed cornea stroma equivalents to establish a
proof-of-concept of 3D bioprinted cornea stroma
with innervation. For this, hPSC-neurons were prin-
ted to periphery of the cylindrical stroma structure
administrated as a hollow cylinder (Ø = 12 mm)
surrounding the printed cornea stromal equival-
ent. Here, two experimental groups were explored:
(a) cornea stromal structure without cells as con-
trol group and (b) cornea stromal structure with
pre-differentiated hASC-CSKs as target cells for the
neurons. The printing pressure and speed for each
bioink were: 0.9 bar and 11.9 mm s−1 for HA-
DA bioink containing hPSC-neurons, 1.5 bar and
6.8 mm s−1 for blank HA-DA bioink, and 0.9 bar and
10.5 mm s−1 for HA-DA bioink containing hASC-
CSKs respectively.

2.13. Cytocompatibility
Cell viability in HA-DA bioink was evaluated
for all investigated cell types with LIVE/DEAD®
Viability/Cytotoxicity Kit for mammalian cells
(Thermo Fischer Scientific) according to the man-
ufacturer instructions. The viability of hASCs, hASC-
CSKs and hPSC-neurons determined after one and
seven days of printing from samples printed in line
pattern. Furthermore, cell viability for 3D stromal
mimicking structures with hASCs and hASC-CSKs
was verified at the same time points and methods as
described for line pattern.

PrestoBlue™ viability assay (Thermo Fischer Sci-
entific) was performed at days 1, 3 and 7 for hASCs
and hASC-CSKs printed in line patterns and in 3D
stromal mimicking structures. The manufacturer’s
instructions were followed in detail for the analysis.
For hASCs and hASC-CSKs printed in line patterns
three to seven printed samples were analyzed in all
three time points. For 3D bioprinted stromal equi-
valents with hASCs and hASC-CSKs four printed
samples were included in cell proliferation analysis at
each time point.

2.14. Indirect immunofluorescence (IF) staining
The cell morphology, proliferation, expression of
cornea stroma specific markers and tissue formation
after 3D bioprinting were investigated with IF stain-
ings after 1, 3 and 7 days of printing. For hASCs
and hASC-CSKs printed in line patterns, previously
described protocol was followed [41]. Primary anti-
bodies rabbit anti-Ki67 1:200 (Millipore) and goat
anti-lumican 1:200 (R&D Systems) were used. As
secondary antibodies, Alexa-Fluor conjugated 488
donkey anti-rabbit IgG and 647 donkey anti-goat
IgG (both fromMolecular Probes, Life Technologies)
were used. Phalloidin-Tetramethylrhodamine B iso-
thiocyanate (Sigma-Aldrich) was used for staining
the cellular cytoskeleton and actin filaments of the
printed cells and ProLong™Gold AntifadeMountant
with 4′,6-diamidino-2-phenylindole (DAPI) (Invit-
rogen™) was used for staining the nuclei. To evaluate
the effectiveness of the differentiation protocol in 2D,
primary antibodies including mouse anti-collagen I
1:100 (Abcam), rabbit anti-collagen V 1:100 (Milli-
pore), goat anti-vimentin 1:200 (Millipore), mouse
anti-α-smooth muscle actin (α-SMA) 1:400 (R&D),
rabbit anti-aldehyde dehydrogenase 3A1 (ALDH3A1)
1:200 (Abcam), mouse anti-keratan sulfate (KS) 1:50
(Santa Cruz, Texas, United States) and rabbit-anti
keratocan 1:100 (Santa Cruz) were explored. As sec-
ondary antibodies, Alexa-Fluor conjugated 488 don-
key anti-rabbit IgG, 488 donkey anti-goat IgG and 568
donkey anti-mouse IgG in 1:400 dilution (all from
Molecular Probes, Oregon, United States) were used.

3D bioprinted cornea stromal equivalents were
fixed for IF after 14 and 21 d of printing with 4%
paraformaldehyde (PFA) an washed thoroughly with
PBS. Samples were blocked and permeabilized in PBS
with 5%BSA and 0.2%Triton-X-100 overnight in RT.
Primary antibodies goat anti-lumican 1:50, α-SMA
1:400, goat anti-vimentin 1:200, rabbit anti-connexin
43 1:50 (Abcam) were used. Primary antibodies were
diluted in the blocking solution over three nights.
Thereafter, samples were washed in the blocking buf-
fer for 48 h. Used secondary antibodies are described
above. The secondary ab solutions were prepared
in the blocking buffer and incubated for 48 h in
RT. Nuclei were counterstained with Hoechst 33342
(Invitrogen by Life technologies). Thereafter, thor-
ough washing with PBS was done for 48 h. Finally,
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the samples covered with VECTASHIELD® Antifade
Mounting Medium (Vector Laboratories, California,
United States). The samples were kept in +4 ◦C at
least over night before imaging.

IF staining of hPSC-neurons printed in two-
layered lines was performed after 1 and 7 days of
printing by following previously published protocol
for 2D [42]. Printed 3D stromal equivalents with
innervation were analyzed after 7, 14 and 21 d of
printing following previously established protocol
[43] with minor modifications. Primary antibod-
ies for hPSC-neurons in two-layered lines included
mouse anti-βIII-tubulin (βIII-tub) 1:1000 (Sigma-
Aldrich), rabbit anti-microtubule-associated protein
2 1:400 (MAP2, Merck) and rabbit anti-Ki67 1:400
(Millipore). Mouse anti-neurofilament heavy chain
1:500 (NFH, Sigma-Aldrich) was chosen as a primary
antibody for neuronal extension visualization in 3D
bioprinted cornea stromal equivalents. Secondary
antibodies conjugated with Alexa Fluor 488 or 568
and washes with DAPI (2D samples), or Hoechst
33342 (3D samples) were used, followed by mount-
ing with Vectashield (Vector Laboratories). Alexa
Fluor™ 647 Phalloidin (Thermo Fischer Scientific)
was incubated with secondary antibodies to visualize
cytoskeleton of the hASC-CSKs.

IF stainings were visualized with Olympus IX
51 Fluorescence microscope (Olympus, Tokyo,
Japan) and with LSM 800 confocal microscope (Carl
Zeiss, Jena, Germany). Images were edited using
ZEN Black Edition (Carl Zeiss Microscopy GmbH),
Image J and Corel PHOTO-PAINT™ software (Corel
corporation).

2.15. Hematoxylin and eosin (HE) staining
HE staining was carried out for cryosections from
the 3D bioprinted stromal mimicking structures after
21 d of printing and human donor corneas were
used as a control. HE staining was carried out fol-
lowing standard procedures and observed under a
Nikon Eclipse TE200S microscope (Nikon Instru-
ments Europe B.V., Amstelveen, Netherlands).

2.16. Gene expression analysis
Differences in relative expression level of lumican
gene (LUM) and vimentin gene (VIM) were stud-
ied further with quantitative real-time polymerase
chain reaction PCR (qPCR) as described previ-
ously with small modifications [44]. Total RNA was
extracted from 3D printed stromal structures after
14 d of culture using TRI reagent (Sigma-Aldrich).
RNA was purified from endogenous DNA using
Dnase I (Thermo Fisher Scientific, Waltham, MA,
USA). hCSKs from human corneas and undifferen-
tiated hASCs in 2D cultures were used as a control
for qPCR. Samples were collected from two indi-
vidual experiments. Three printed samples were
studied for each sample condition in both experi-
ments (n = 6). TaqMan® Gene Expression Assays

(Applied Biosystems Inc, Massachusetts, United
States) were used for PCR reaction: LUMICAN
(HS00929860_m1), VIMENTIN (Hs00958111_m1)
and GAPDH (Hs99999905_m1). The results were
analyzed using 7300 System SDS Software (Applied
Biosystems Inc.). 2−∆∆Ct method [45] was used
for the relative quantification of LUM and VIM. The
values for each sample were normalized to expression
levels of GAPDH. The expression level of undifferen-
tiated hASCs in 2D cultures was set as the calibrator
(fold change equals 1).

2.17. Porcine cornea organ culture
The corneal organ culture using excised porcine
corneas was conducted as previously described [5, 24]
with slight modifications. Briefly, fresh porcine eyes
were stripped of excess tissue and disinfected with 2%
povidone iodine (Betadine®, Leiras, Helsinki, Fin-
land), and the corneas were dissected from the eyes
in aseptic conditions. The corneas were cultured par-
tially submerged in Advanced DMEM supplemented
with 1% GlutaMAX™, 1% Penicillin-Streptomycin
and 0.25 µg ml−1 amphotericin B (Thermo Fisher
Scientific) at +37 ◦C in 5% CO2 for two days prior
to implantation of the 3D bioprinted stromal mim-
icking constructs printed with hASC-CSKs. hASC-
CSKs containing 3D stromal mimicking structures
were cultured for seven days before implantation.
Implantation was performed on a Barron artificial
anterior chamber (Katena products Inc., Denville, NJ,
USA), to allow handling of the cornea during the
operation. A 5 mm trephine (Robbins Instruments,
Chatham, NJ, USA) was used to make a partial thick-
ness cut to the center of the cornea. The stromal tis-
suewas removed from the trephined area using a cres-
cent knife (Bauch&Lomb Inc., Rochester, NY, USA).
The trephine was also used to punch out a 5 mm
diameter piece from the 3D printed stromal con-
struct, then placed into the stromal wound bed. After
implantation, the corneas were moved from the arti-
ficial anterior chamber back into culture plates and
cultured partially submerged in hASC-CSK medium
for 21 d at +37 ◦C in 5% CO2. For analysis, the
corneal organ cultures were fixed in 4% PFA for 4 h
at RT, rinsed with PBS and incubated in 20% sucrose
solution overnight at +4 ◦C. Thereafter, the samples
were embedded in Tissue-Tek OCT (Science Services,
Munich, Germany), snap frozen at liquid nitrogen
and stored in −80 ◦C. For IF and HE staining, cryo-
sections of 10 µmwere prepared and air dried for 1 h
at RT. The cryosections were IF stained as described
above. Mouse anti-human cytoplasm STEM121 1:80
(Takara Bio Inc., Japan) was used to detect hASC-
CSKs in porcine cornea organ cultures.

2.18. Statistical analysis
The statistical significance of shape fidelity ana-
lysis, PrestoBlue™ cell proliferation as well as
qPCR data was determined with non-parametric
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Mann–Whitney U test. P-values ⩽ 0.05 were
considered statistically significant. The statistical data
analysis was carried out with IBM SPSS Statistics
software.

2.19. Ethical issues
This study was carried out under approvals from the
local ethics committee of the Pirkanmaa hospital dis-
trict Finland that allow to extract and use hASCs
for research purposes (R15161), to use human donor
corneas unsuitable for transplantation for research
purposes (R11134) and to use hPSCs in neuronal
research (R20159). New cell lines were not derived for
this study.

3. Results

3.1. Developed HA-DA bioink demonstrates
excellent printability and shape fidelity
The degree of dopamine functionalization on HA-
DA was determined to be 4.5 mol% with respect
to the disaccharide repeat units of hyaluronan using
a best-fit line drawn through the linear portion of
the standard curve by UV–vis spectrophotometric
method. Similarly, the 1H-NMR analysis (supple-
mentary figure 1(a)) indicated the degree of modi-
fication to be 5 mol% by calculating the ratio of the
N-acetyl peak of HA at 1.96 ppm and the aromatic
protons of dopamine between 6.7 and 7.5 ppm for
HA-DA. Further the dopamine conjugation on HA
was ascertained by analyzing the ATR-FTIR spectra of
free DA,HA andHA-DA in (supplementary figure 2).
The DA showed the following characteristic peaks
consistent with the literatures: 3345 cm−1 (amine
N–H stretching), 3039 cm−1 (aromatic O–H stretch-
ing), 2946 cm−1 (alkyl C–H stretching), 1614 cm−1

(amine N–H bending), 1493 cm−1 (aromatic C = C
stretching) and several peaks in the 650–1300 cm−1

region due to the aliphatic chains [46]. Both the HA,
and HA-DA showed broad peaks at 3100–3600 cm−1

due to the stretching vibrations of –OH groups, and
amine N–H groups. We also observed the peaks
around 1033–1152 cm−1 due to the C–O–C hemi-
acetal saccharide units in the hyaluronan backbone.
The asymmetric stretching vibrations of carboxylate
around 1375–1405 cm−1, the symmetrical stretching
vibrations of –CH2 group around 2895 cm−1, the
amide I and II the bands around 1550–1561 cm−1

were also present in both HA and HA-DA. In the case
of HA-DA, the distinctive –C=O and amide stretch-
ing appears at 1645 cm−1 and 1733 cm−1 due to con-
jugation of DA on carboxyl group of HA [47]. The
hydrazide modifications on HA-CDH and HA-DA-
CDH were optimized to be 10–12 mol% with respect
to the repeated disaccharide units of HA as determ-
ined by TNBS assay. The aldehyde modification on
HA was determined to be 11 mol% by 1H-NMR ana-
lysis (supplementary figure 1(b)) by integrating the

ratio of the N-acetyl peak of HA at 1.96 ppm and
t-butyl carbazate methyl peaks at 1.22 ppm.

The printability of HA-based bioinks was first
assessed by measuring the viscosity of both HA
and HA-DA bioinks. The viscosity value was less
than 100 Pa for HA bioink which indicates high
fluidity (figure 1(a)). In contrast, HA-DA bioink
showed initial mounting shear rate with measured
viscosity values of over 2000 Pa. As the shear rate
was increased, the HA-DA bioink showed increased
shear thinning behavior, confirming its injectabil-
ity without clogging in the nozzle during print-
ing. To understand the robustness of the bioinks,
we performed further shear-thinning experiments
under the application of periodic low (0.01 s−1)
and high shear rate (10 s−1). Here, HA-DA bioink
exhibited excellent shear-thinning ability within the
performed seven cycles (figure 1(b)). Interestingly,
the HA-bioink crumpled into pieces on the rheo-
meter plate after four cycles (figure 1(c)). There-
after, we evaluated the elasticity of the bioinks
by measuring the storage and loss modulus under
periodic low and high strain. The HA-DA bioink
(figure 1(d)) showed higher storage modulus under
the application of 1% strain on the first cycle com-
pared to the HA bioink (figure 1(e)). Although the
shear strain was increased periodically, the HA-DA
bioink showed excellent modulus recovery, exhibit-
ing its efficacy as a shear-thinning and self-healing
composition.

The printability of theHA-based bioinkswas eval-
uated by printing two-layered grids. The HA bioink
did not form filaments upon printing (figure 1(f))
and behaved fluid-like and failed to maintain the
printed grid structure during the printing process.
In contrast, the HA-DA bioink displayed excellent
filament formation with both investigated print-
ing parameters resulting in uniform filaments and
a clear grid structure. Here, a 90 min biofabrica-
tion window was obtained for the HA-DA bioink
for printing. Subsequently, we analyzed the shape
fidelity of HA-DA bioink further by printing six
layered lattice structures. Immediately after print-
ing the lattice line thickness of 334 ± 58 µm was
measured (figure 1(g)). Only slight increase up to
363± 77µmwas seen during seven days in culture. Pr
of 0.95 ± 0.04 was obtained immediately after print-
ing and it decreased only slightly after seven days of
culture down to 0.92± 0.02 (figure 1(h)). After seven
days of culture, the printed lattice structureswere uni-
form with clear visible grid structure and open pores
(figure 1(i)).

The structural stability of the printed 3D HA-
DA cylinders was also measured. The swelling prop-
erty of the printed construct (figure 1(l)) immersed
in phosphate buffered saline (PBS, pH 7.4) was ana-
lyzed by calculating the change in weight % over
14 d (figure 1(k)). Interestingly, we observed swelling
within 3 h of the immersion of the printed constructs
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Figure 1. The HA-DA bioink shows high resolution printing with excellent shape fidelity and self-healing properties. (a) Shear
thinning of HA-DA and HA bioink under continuous flow. The shear thinning of (b) HA-DA and (c) HA bioink under cyclic
strain. (c) Strain recovery of the fully crosslinked (d) HA-DA bioink and (e) HA bioink. (f) Printability of HA and HA-DA
bioinks with two different printing parameters. Scale bars 5 mm. Shape fidelity of the printed HA-DA bioink structures evaluated
with (g) filament thickness and (h) pore factor. (i) Images of printed lattices after the printing and seven days in culture. Scale
bars 5 mm. (j) Storage modulus of the 3D bioprinted structures indicating structural stability in culture. (k) Degradation and
swelling behavior of the printed structures upon time. (l) Transmittance of the HA-DA bioink. (m) HA-DA bioink shows tissue
self-healing properties in quantitative mechanical compression test.

into PBS, then a slight weight loss until day 4. There-
after, no further weight loss until day 14 was detec-
ted. The free HA and collagen added to the bioink

formulation, although improved the printability of
the ink, might have caused this anomalous obser-
vation within early timepoints. We also observed a
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slight reduction of the storage modulus of the gels
immersed in PBS on day 1 (24 h, 188 ± 34 Pa)
compared to storage modulus of the gels at 6 h
(164 ± 17 Pa) (figure 1(j)). The reduction of the
amount of materials in the printed constructs payed a
predominant role in early timepoints. Upto day 7, the
gradual auto-oxidation of dopaminemoiety at pH 7.4
resulted in a slight increase in storage modulus which
was evidence from the transparent color change in to
slight yellow. The storage modulus at 336 h remained
higher compared to 6 h, further emphasizing the
important role of dopamine inmaintaining the struc-
tural stability of the constructs.

The transmittance of the HA-DA bioink was
measured after 1 and 2 h of crosslinking to analyze
transparency (figure 1(l)). After 1 h, the transmit-
tance of HA-DA bioink was 71.9 ± 1.3% at 400 nm
and 94.1 ± 1.5% at 700 nm. After 2 h, transmit-
tance was 71.6 ± 1.0% at 400 nm and 94.3 ± 1.5%
at 700 nm. Refractive index of the HA-DA bioink was
measured at 1.343± 0.000 52 after 1 h of crosslinking.

We also assessed the self-healing properties of the
HA-DA bioinks after one day (figure 1(m)). After
24 h of self-healing, the reassembled hydrogel discs
were cohesively bound to each other (supplement-
ary figure 3(a)). The control HA-DA hydrogel discs
withstood high compression and recovered perfectly
after compressive loadwas removed. The reassembled
hydrogel discs broke ideally from the cut seam (sup-
plementary figure 3(b)) and breaking point of the
reassembled hydrogel discs was also observed in the
force curves. Sample with 0 h of self-healing was
notably weaker than other samples and significantly
lower axial force (0.14 ± 0.041 N, n = 3) as well as
lower compression percentage (54.0± 1.3%, n= 3) at
the breaking point compared to 24 h self-healing and
control discs. On the contrary, force curves of control
and 24 h of self-healing hydrogel discs were very sim-
ilar and breaking of 24 h self-healing discs occurred
with a high compression percentage (66.0 ± 1.33%,
n = 3) and higher axial force (0.32 ± 0.066 N,
n= 3) than with 0 h self-healing discs, indicating self-
healing capacity of the hydrogels. Compressive mod-
ulus for the HA-DA bioink was 10.3 kPa after 24 h of
crosslinking.

3.2. Cytocompatibility of HA-DA bioink with
hASCs and hASC-CSKs
To explore the cytocompatibility of the HA-DA
bioink, we 3D bioprinted hASCs and hASC-CSKs
into two layered lines and 3D cornea stromal equi-
valents. Thereafter, we evaluated the viability of the
cells after one and seven days of printing. High cell
viability of>95%was detected with both cell types in
printed lines with hardly any dead cells (figure 2(a)).
The number of dead cells did not increase upon cul-
ture. High cell viability was also detected in prin-
ted 3D stromal structures. There, hASCs survived
the printing process slightly better compared to

hASC-CSKs (figure 2(a)), where the number of dead
cells increased a bit upon culture in 3D cornea stroma.
Despite, majority of the printed cells were viable after
seven days of printing. Cytocompatibility was fur-
ther confirmed by IF staining and PrestoBlueTM ana-
lysis. IF staining of the printed lines with phalloidin
revealed elongated cell morphology of both cell types
already after 1 day (figure 2(b)). A clear increase in cell
number was detected with hASCs until day 7 during
which they remained aligned according to the original
printing pattern. Number of hASC-CSKs increased
slightly between day 1 and 3. However, no evident cell
proliferation was demonstrated thereafter for hASC-
CSKs. Both cell types showed positive expression
of proliferation marker Ki67 after printing. Print-
ing of both cells resulted in patterned cell struc-
tures and organization. PrestoBlueTM analysis con-
firmed proliferation of the printed cells in HA-DA
bioink (figures 2(c) and (d)). hASCs showed signi-
ficantly higher cell proliferation in both two layered
lines and 3D stromal structures at day 7 compared
to day 1 and 3 (p < 0.001). With hASC-CSKs, an
increase in proliferation was seen from day 1–3 in
two layered lines (p < 0.001), whereas a drop in pro-
liferation was detected in 3D stromal structures at
day 3. The cell proliferation between day 3 and 7 was
on similar level in two layered lines for hASC-CSKs.
In 3D stromal structures, slight increase in prolifera-
tion was seen with hASC-CSKs when comparing day
7 against day 1, but it was not statistically signific-
ant. These results are in line with previous findings
with hASCs, where decreased cell proliferation capa-
city was detected upon differentiation toward osteo-
genic lineage [48]. In addition, hASC-CSKs demon-
strated strong expression of lumican (figure 2(e)).
To further evaluate tissue formation in the printed
stromal structures, we carried out confocal imaging
for the 3D stromal structures after 14 d of printing.
Positive staining against gap junction protein con-
nexin 43 (Cx43)was detected for both cell types indic-
ating formation of cell–cell interactions in the printed
structures (figure 2(f)). Elongated cell morphology
and cellular networks were also seen in 3D confocal
images for both cell types (figures 2(g)–(h)).

3.3. 3D bioprinting of cornea stromamimicking
structures using HA-DA bioink
Next, we explored three different printing strategies
for TE of cornea stroma and explored the resemb-
lance of the printed constructs upon culture. In first
approach, undifferentiated hASCs were printed and
maintained in their proliferation medium also after
bioprinting. In pre-printing approach, hASCs were
differentiated toward CSKs before printing. In post-
printing approach, differentiation of hASCs toward
CSKs was commenced after printing by placing the
printed structures in CSK differentiation medium.
Here, the 3D bioprinted structures utilizing all three
printing strategies demonstrated that hASCs and
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Figure 2. Cytocompatibility of HA-DA bioink with hASCs and hASC-CSKs. (a) Viability of cells printed as lines and 3D
structures after the following and 7 days of printing (live cells= green, dead cells= red). (b) Cell migration (phalloidin= red)
and proliferating cells (Ki67= green) of hASCs and hASC-CSKs in printed lines at one, three and seven days after printing. Scale
bars 500 µm. Cell proliferation of hASCs and hASC-CSKs in printed in lines (c) and 3D structures (d) after 1, 3 and 7 days of
printing analyzed with PrestoBlueTM (∗∗ = p< 0.001). (e) Cell morphology, proliferation and cornea stroma marker expression
in printed lines after 7 days of printing. Proliferating cells were stained against Ki67 (green), cell morphology was visualized with
phalloidin (red) and cornea stroma marker expression detected with lumican (purple). Scale bars 200 µm. (f) Confocal images of
the cell–cell interactions in 3D bioprinted stroma after 14 d since printing. Cellular cytoskeleton visualized with phalloidin (red)
and cell–cell interaction with gap junction protein Cx43 (green). (g) 3D rotated confocal images of cells in 3D structures after
14 d of printing. (h) Side view of 3D bioprinted structures from 3D rotated confocal images. Scale bars 100 µm ((f)–(h)) nuclei
are visualized with DAPI and Hoechst 33342 (blue).

hASC-CSKs were organized sparsely throughout the
3D structure when examining the cross-sections with
HE stainings (figures 3(a) and (b)). hASCs showed
elongated cell morphology throughout the printed

structure. Similar organizationwas detectedwith pre-
printing differentiating hASC-CSKs. In contrast, far
less elongations were seen in the cross-sections of
post-printing differentiated hASC-CSKs (figures 3(a)
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Figure 3. 3D bioprinting strategies for human cornea stroma structures. (a) HE stainings from cryosections after 21 d of printing
for hASCs, pre-printing differentiated hASC-CSKs and post-printing hASC-CSKs where differentiation of cells was initiated after
3D bioprinting process. Scale bars 500 µm. (b) Cell distribution, morphology and orientation in 3D bioprinted structures
visualized with phalloidin (red) from cryosections after 21 d of printing. Scale bars 200 µm. Confocal maximum intensity
projection images of the cells in 3D bioprinted stroma 14 d after printing visualized with phalloidin (red) (c) confocal maximum
intensity projection images of vimentin (purple), Cx43 (green) and α-SMA (red) (d), and lumican (red) (e) after 21 d of printing.
Scale bars 100 µm (d), (e). (f) Lumican (purple) expression visualized from cryosections after 21 d of printing. Scale bars 200 µm.
(g) qPCR analysis of LUM and VIM (∗ = p< 0.05, ∗∗ = p< 0.001). hCSKs were used as a control. Transparency of the 3D
bioprinted corneal stroma structures after 14 d in culture (h). Nuclei are visualized with Hoeschst 33342 (blue).

and (b)). Initial organization of the printed cells into
lamellar structureswas seenwith all approaches. Con-
siderable differences were seen in cell morphology
upon culture between the different printing strategies
(figure 3(c)). hASCs showed elongated cell morpho-
logywith dense cellular networks in the printed struc-
tures. The hASC-CSKs in both pre-and post-printing
approaches showed more dendritic cell morphology
with roundish cell bodies and thin cellular extensions.
All the printing strategies resulted in formation of
cell–cell interactions detected with positive staining
against Cx43 (figure 3(d)). The number of cell–cell
interactionswas higherwith hASCs andpost-printing
hASC-CSKs.

Vimentin is a major structural intermediate fila-
ment protein expressed in low levels in normal CSKs
[49]. Here low expression of vimentin was detec-
ted with hASC-CSKs in both pre-and post-printing
approaches in IF staining (figure 3(d)), whereas
expression was absent in hASCs. In qPCR analysis,
all bioprinted samples showed increased expression
of VIM compared to the undifferentiated hASCs in
2D cultures (figure 3(g)) (p< 0.001). Increased VIM
expression was detected with hASC-CSKs in pre-
printing approach compared to 3D bioprinted hASCs
(p < 0.05). On the contrary, hASCs showed posit-
ive expression of α-SMA in IF staining, whereas little

or no expression α-SMA was seen in hASC-CSKs
in both pre- and post-printing approaches. Lumican
is a member of the small leucine-rich proteoglycan
family, and a major KS proteoglycan found in corneal
stroma [50]. The highest lumican expression was
detected in printed structures prepared with hASC-
CSKs in pre-printing strategy shown here by confocal
maximum intensity projection images (figure 3(e))
and IF staining of histological sections (figure 3(f))
with fibrillar organization and density. In addition,
low positive staining was detected in printed struc-
tures with post-printing strategy with intracellular
and granular expression pattern (figure 3(e)). In
qPCR analysis, both pre-printing and post-printing
approaches showed increased LUM expression com-
pared to undifferentiated hASCs in 2D (p < 0.001)
and 3D printed hASCs (p< 0.01) (figure 3(g)). How-
ever, the expression of both LUM and VIM was
lower in hASC-CSKs compared to the hCSKs used
as a positive control (p < 0.001). This data sug-
gests that the two printing strategies have resulted
in structures where differentiation of hASCs toward
the cornea keratocyte lineage has been induced. To
validate the effectiveness of the pre-printing protocol
toward CSK lineage, we carried out more detailed
characterization of the cells in 2D cultures with IF.
There, positive expression of cornea stroma specific
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Figure 4. 3D bioprinted stromal structures in porcine organotypic cultures after 21 d of culture. Implantation of 3D bioprinted
structures to the porcine corneas in a Barron artificial anterior chamber (a) porcine cornea with 3D bioprinted stromal
mimicking structure after implantation (b) HE staining of organotypic cultures with 3D bioprinted cornea stroma mimicking
structure (indicated with dashed line) (c) central human corneal stroma (d) Scale bars 200 µm ((c), (d)). (e) Integration of the 3D
bioprinted stroma into host tissue visualized from cryosections with human cell specific marker STEM121 (green) and phalloidin
(red). (f) The human corneal stroma is shown as a control. Scale bars 500 µm ((e), (f)). (g) High-magnification images of the
interface between 3D bioprinted structure and the porcine stroma from HE and (h) IF stainings at the basal side of the implant.
Cells that were negative for STEM121 (green) were seen in the printed structure (market with white ∗) indicating integration of
host cells to the printed stromal structure. High-magnification images of the apical side 3D bioprinted structure from (i) HE and
(j) IF stainings. (k) 3D bioprinted structures in organotypic cultures showed expression of cornea stroma marker Lumican (red).
(l) Human cornea was used as a control. Scale bars 100 µm ((g)–(l)) Nuclei are visualized with Hoechst 33342 (blue).

markers ALDH3A1, Col V, vimentin, and keratocan
was detected (supplementary figure 4) in both hASC-
CSKs and hCSKs used as a control.

While inspecting the transparency illustrated by
photography (figure 3(h)) of the printed structures
after 14 d of printing, some opacity of the prin-
ted structures with hASCs was detected. In contrast,
samples printed with pre-and post-printing differen-
tiation approaches showed transparent structures.

3.4. Integration of 3D bioprinted corneal stromal
structures to host tissue
Having explored the 3D bioprinting of human cornea
stroma with HA-DA bioink we next assessed the per-
formance of the printed cornea stromal constructs
upon implantation in an ex vivo cornea organ cul-
ture model. Pre-printing differentiation strategy was
chosen based on the results in previous experiments.
We performed an anterior lamellar keratoplasty pro-
cedure for excised porcine corneas (figures 4(a) and
(b)) and transplanted the 3D bioprinted cornea
stroma onto the wound site. The integration of
the printed structure to the host cornea was evalu-
ated after 21 d in culture with HE and IF staining

from cryocross-sections. The implanted 3D bioprin-
ted cornea stromal structures maintained in place
during the culture period without additional means
of securing the implant in place or with the help
of stromal pocket approach. After 21 d, the 3D
bioprinted cornea stromal structures showed excel-
lent attachment and adhesion to the host cornea
(figure 4(c)). Human cornea was used as a control
(figure 4(d)). IF staining showed the STEM121 pos-
itive cells in the printed structure indicating the pres-
ence of human cells in the porcine ex vivo model
(figure 4(e)) and control human cornea (figure 4(f)).
High magnification images (figure 4(g)) demon-
strated that the printed structure is tightly attached
to the underlying host stroma. Moreover, cells that
were negative for STEM121 were seen inside the prin-
ted structure when inspecting the interface of the
implanted structure and host cornea (figure 4(h))
indicating migration of porcine cells to the prin-
ted structure. Additionally, on the apical side, host
porcine epithelium had grown over the 3D bioprin-
ted cornea structure (figure 4(i)). Stratified por-
cine cornea epithelium covered the STEM121 posit-
ive human cell containing printed stromal structures
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Figure 5. Innervated 3D bioprinted cornea stromal equivalent. (a) Viability of the neuronal cells in bioink printed in lines after
one and seven days of printing (live cells= green, dead cells= red). (b) Expression of neuronal markers βIII-tub (red) and MAP2
(green) of cells in printed lines after 1 and 7 days of printing. (c) Positive staining of proliferation marker Ki67 (magenta) in
printed lines after 1 and 7 days of printing. (d). Schematic illustration of innervated experimental groups: 3D bioprinted cornea
stroma equivalent in which neuronal cells are bioprinted to the periphery of the cornea (position highlighted with purple square).
Target at the central cornea is (i) bioink without cells (control) or (ii) bioink including hASC-CSKs (position highlighted in
yellow square). Illustration created with Biorender.com. Development of innervation over the time in 3D control group (e) and
with hASC-CSKs as target cells at the center (f) morphology of the neurons is stained with NFH (green) and hASC-CSKs with
phalloidin (magenta). Scale bars are 100 µm.

(figure 4(j)). Finally, slight expression of lumican
was detected also in printed structure in ex vivo
cultures (figure 4(k)) although the expression was
moderate compared to lumican expression seen in
native human cornea (figure 4(l)).

3.5. 3D bioprinting cornea stromamimicking
tissue with innervation
The cytocompatibility of hPSC-neurons with HA-DA
bioink was investigated with LIVE/DEAD analysis.
The neurons showed good viability. The majority of
the cells were viable after 1 day of printing and the
number of dead cells decreased after 7 days of print-
ing when observed visually (figure 5(a)). Neuronal
phenotypewas addressedwith expression of neuronal
markers βIII-tub and MAP2. The neurons showed
short neurite growth already after 1 day of printing,
and after 7 days of printing clear neuronal network

with long axons following the printed line patternwas
formed (figure 5(b)). Number of proliferating (Ki67
positive) cells was detected in both time points, but
the number of positive cells was decreased after 7 days
(figure 5(c)). Taken together, these findings indicate
good cytocompatibility of the HA-DA bioink with
hPSC-derived neuronal cells.

The innervation into 3D bioprinted stromal
equivalents was successfully added by printing
the neuronal cells to the periphery of the struc-
ture (figure 5(d)). The development of innerva-
tion into the printed stromal equivalents temporally
was studied for control group without target cells
(figure 5(d)i) or printed structures with hASC-CSKs
as target cells (figure 5(d)ii). The samples without tar-
get cells were cultured for 21 d and the samples with
hASC-CSKs as target cells for 14 d. In both groups
long neurite growth toward the central cornea was
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detected over time (figures 5(e) and (f)). However,
the innervation seemed to develop faster and earlier
in the samples with hASC-CSKs as target cells. There,
the long axons expressing NFH can be seen at the
central part of the 3D cornea structure among hASC-
CSKs already after 7 d, whereas in the control group
axons cannot be seen in bioink without the target
cells until 14 d of culture. Similar axonal growth was
reach in the control group only after 21 d of culture.
In the co-culture group axons growing among and
between the hASC-CSKs seemed to form bundles of
several axons after 14 d of printing (figure 5(f)).

4. Discussion

Bioinks are materials that contain a single or multi
component matrix components with a living cells
or growth factors that are loaded into 3D bioprint-
ers to produce native tissue-like constructs [51]. A
few requirements have been set for bioinks to per-
form well in 3D bioprinting, including good printab-
ility and shape fidelity, sufficient structural stability,
biocompatibility and effective biological perform-
ance. Traditional bioinks have been compromising
printability for cytocompatibility, whereas the next
generation of bioinks should aim to overcome these
concessions by offering optimal performance with
both features [10]. Importantly, physical printing
process is only a short window in the lifespan of
a printed constructs and system must support and
facilitate tissue formation after it is printed [52].Mak-
ing tissue constructs with the desired functional and
biomechanical properties from available biomaterials
remains a challenge also in 3D bioprinting of corneal
tissues [53].

Previously, cornea stroma mimicking struc-
tures have been printed using bioinks comprising
of methacrylated gelatin [6], sodium alginate and
gelatin [54], methacrylated collagen and sodium
alginate [4], corneal stroma-derived decellularized
extracellular matrix [8], light-activated decellular-
ized extracellular matrix bioinks with ruthenium/
sodium persulfate [55], collagen type I and agarose
[56], blends of human collagen type I with human
plasma and thrombin [5] and a bovine cornea-
derived decellularized extracellularmatrix [57]. Here,
we tackle the challenges in cornea TE by develop-
ing a next generation bioink for 3D bioprinting of
cornea stromal equivalents. Clinically suitable and
biodegradable HA was chosen as a base of the bioink.
To increase tissue adhesive property, dopamine was
covalently grafted to the polymer backbone, and
dynamic hydrazone crosslinking was used for sta-
bilizing the printed structures. To our knowledge,
this is the first study to exploit HA-based bioinks
with dynamic covalent chemistry for 3D bioprinting
of cornea.

Viscosity is the resistance of a fluid to flow
under the application of stress and has a great

influence on both the print fidelity and efficiency
of cell encapsulation [3]. In this study, we explored
the viscosity profiles of the developed bioinks as
a function of shear strain. The HA bioink res-
ulted in low viscosity and a fluid-like behavior.
Moreover, a lack of filament formation and shape
retention was witnessed in 3D printing, indicat-
ing that the hydrazone crosslinked HA bioink is
not suitable for 3D bioprinting with low concen-
trations. The covalent grafting of dopamine moi-
eties to the polymer backbone was necessary to
obtain bioink composition with high viscosity, good
printability and shape fidelity. The viscosity meas-
urements of the HA-DA bioink indicated second-
ary interactions mediated by the dopamine moiety
which induced physical associations like H-bonding,
and ionic interactions with collagen present in the
formulation [58]. Since the developed bioinks are
based on pre-crosslinking before printing, it was very
important to assess the mechanical stability of the
bioinks under dynamic loading. Generally, the pre-
crosslinking approach imparts higher extrusion force
during printing which further results in impaired
printed structures. The HA-DA bioink (figure 1(d))
showed higher storage modulus under the applic-
ation of 1% strain on the first cycle compared to
the HA bioink (figure 1(e)), which further proved
the important role of dopamine in stabilizing the
printed structure. Dynamic hydrazone crosslinking
chemistry together with dopamine mediated sec-
ondary interactions thus provided excellent struc-
tural stability to the HA-DA bioink compared to the
HA-bioink as evidenced from the rheological meas-
urements. In mechanical compression test, the HA-
DA bioink withstood high compression forces and
recovered perfectly after removal of the compressive
load. Compressive modulus of 10.3 kPa was meas-
ured for cell-free HA-DA bioinks in this study. In a
previous study, compressive modulus of the 3D prin-
ted GelMA structures for cornea stroma was 10 kPa
after one day of printing [59]. Thus, HA-DA bioink
shows comparativemechanical properties to the pho-
tocrosslinkable hydrogels used in 3D bioprinting of
cornea. Moreover, HA-DA bioink demonstrated self-
healing properties.

Previously, blends of tissue adhesive gallol-
functionalized HA and gelatin have been explored as
bioink for extrusion printing [60]. There, the gallol-
modification of extra cellularmatrix (ECM) compon-
ents allowed shear-thinning properties by dynamic
hydrogen bonds on short timescales. However, only
short-term stability of six days in culture was repor-
ted. In other study, catechol-modified HA bioink
was combined with alginate for increased printability
of the covalent cross-linking hydrogels [61]. Cross-
linking of thiolated Pluronic F-127 with dopamine-
conjugated gelatin and dopamine conjugated HA res-
ulted in thermoresponsive bioinks for neural and glial
applications [62]. Structural stability for this bioink
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was reached either with photopolymerization of
methacrylated gelatin functionalized with dopamine
or by metal complexation of dopamine conjugated
gelatin using ferric nitrate. Unlike the many bioinks
that are subjected to photo- or ionic-crosslinking after
passing the nozzle tomaintain the fidelity of the prin-
ted structures, the developed hydrazone crosslinked
HA-DA bioink does not require any post-processing
steps to gain sufficient stability upon culture. This is
highly advantageous that promote simplified printing
process when upscaling the manufacturing process of
3D bioprinted corneal stroma equivalents.

The printing resolution in extrusion printing is
one the drawbacks of the technology resulting in poor
tissue mimicry. It is mainly dictated by the bioink
properties and the nozzle diameter. The combination
of high pressure and small needle diameter exposes
cells to considerable shear stress, which can lead to
cell damage and death [63]. In extrusion printing,
the resolution is typically limited in the range of
hundred micrometers to millimeters, as shear stress
at the dispenser tip, which inversely correlates with
the nozzle diameter, should be minimized to pre-
vent decrease in cellular viability [52]. In this study,
we used 32 G straight needles with inner diameter
of 100 µm for printing of living cells. Even though
relatively high printing pressure of 1.0 bar was used,
we obtained high cell viability and proliferation with
hASCs and hASC-CSKs. Previously, hydrazone cross-
linked HA gels have been printed with nozzle dia-
meters of 18–25 G [25]. However, in that study, the
forces needed for bioink extrusionwith 23G and 25G
needles were found directly to affect negatively on
cell viability. In previous studies of cornea TE, con-
ical nozzles with inner diameter ranging from 150 to
300µmhadbeen usedwith extrusion printing [4, 56].
Here, theHA-DAbioinkwith excellent shear thinning
properties upon the biofabrication window resul-
ted in high-resolution printing withmicro-extrusion.
Previously, the use of straight nozzles has been shown
to significantly decrease cell viability compared to
conical nozzles in gelatin methacrylamide bioinks
[64, 65]. In our study, printing with the straight
and long nozzles resulted in good cell viability and
tissue formation after printing, indicating that the
developed HA-DA bioink shielded cells from mech-
anical stresses during extrusion printing. In a previ-
ous study by Kim et al, extrusion printing with 30 G
nozzle diameter resulted in increased collagen fib-
ril alignment and expression of corneal stromal cell
markers with human turbinate-derivedmesenchymal
stem cell derived CSKs in decellularized cornea extra-
cellular matrix based bioink [8]. However, the use
of 30 G nozzle resulted in significant expression of
α-SMA and 25 G nozzles were used in their further
experiments due to this. α-SMA expression repres-
ents a phenotypic characteristic of myofibroblasts,
which has been shown to contribute to the loss of
corneal transparency [66]. In the present study, low

expression of α-SMA was seen with printed hASC-
CSKs in 3D bioprinted cornea stromal structures
using 32 G nozzle. Thus, the developed HA-DA
bioink provides means to challenge the technological
limitations of extrusion bioprinting in achievable
resolution. Moreover, the combination of excellent
printability and cytocompatibility indicates that the
developed HA-DA bioink has immense potential as a
next generation bioink for corneal TE.

To date, CSKs have been mainly preferred as
a cell source for 3D bioprinting of cornea stroma
[4, 67]. However, expanding CSKs in vitro is challen-
ging and there is a huge shortage of cornea donor tis-
sue limiting their use in corneal TE and cell therapy
[68, 69]. Human mesenchymal stem cells such as
hASCs have proven to be capable of producing new
ECM proteins within the host cornea stroma, mod-
ulate pre-existing scars and enhance transparency by
corneal stroma remodeling [70]. Moreover, in vitro
[36] and in vivo [38] differentiation of hASCs toward
CSKs has been previously reported and in recent clin-
ical trials moderate improvements in visual acuity
were seen, highlighting the potential of hASCs in
cornea TE applications [70]. Previously, the regen-
eration of cornea stromal mimicking structures with
hASCs has been shown using human collagen I based
bioink in laser-assisted 3D bioprinting [5]. There,
a cornea stroma mimicking structure with adequate
cell organization was achieved. Nevertheless, an addi-
tional supporting membrane was needed for suffi-
cient mechanical stability for handling of the printed
structures. Human turbinate-derived mesenchymal
stem cell derived CSKs have been also explored as an
alternative cell source for 3D bioprinting of cornea
stroma [57]. To the best of our knowledge, the present
study is the first to show 3D bioprinted cornea stroma
with hASC-CSKs relevant for clinical applications
[71].

In the present study, we explored three different
printing strategies for manufacturing corneal stromal
equivalents using hASCs as a cellular component. All
three approaches resulted in adequate cell organiz-
ation and cell–cell interaction formation. Both pre-
and post-printing differentiation approaches resulted
in cellular characteristics typical for CSKs found in
the native cornea [72]. The future success of corneal
3D bioprinting will ultimately depend on the ability
of printed cells to mediate ECM remodeling in order
to establish tissue functionality [4]. In this study,
the highest expression of lumican, a member of the
small leucine-rich proteoglycan family with reported
expression in cornea [50], as well as transparency was
found in cornea stromal equivalents 3D bioprinted
with pre-printing approach. Instead, cornea stroma
equivalents 3D bioprinted with hASCs resulted in
slight opacity. This could be caused by the high cell
proliferation of the hASCs after printing (figure 2(d))
in 3D structures. This is in line with a previous study
by Sorkio et al, where 3D bioprinted cornea stromal
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structures with hASCs showed slight opacity upon
culture [5]. It should be noted that brown coloration
is a distinct feature of dopamine-containingmaterials
due to self-polymerization of the dopamine residues
[73], but it is not seen here with the developed
HA-DA bioink upon 14 d of culture. The human
cornea has high transparency for light transmission.
The corneal light-transmittance rises, from 80% at
380 nm over 90% between 500 and 1300 nm [74, 75].
Here, the developed bioink showed transmittance
values close to the values reported for the native
cornea.

When addressing different printing strategies
for cornea TE, other aspects besides tissue mim-
icry should be considered when choosing a printing
strategy, including challenges and opportunities in
the standardization of the production process [53].
Notably, purification of the cell population would
not be possible in post-printing differentiation, leav-
ing little control on the composition of the construct
along maturation after printing. In addition, during
post-printing differentiation, human stem cells have
been shown result in the partial or total loss of the
original printed pattern [76]. Thus, pre-printing dif-
ferentiation approach holds several advantages over
other proposed printing strategies, such as better
control on the cells that will be included in the
construct [77]. Yet, it should be noted that spe-
cial attention needs to be addressed in the future
on achieving more efficient differentiation proto-
cols of hASCs toward CSK lineage as well as the
phenotype and maturation stage of the cells need
to be more thoroughly characterized for optimal
performance and microenvironment of the printed
structures.

To explore the integration of the 3D bioprin-
ted cornea stromal equivalents, they were implanted
into ex vivo porcine corneas with pre-differentiation

approach. After 21 d of implantation, without any
additional means of fixing the implant on stromal
wound, the printed cornea stromal equivalents were
well integrated to the host porcine tissue with strat-
ified porcine cornea epithelium fully covering the
implanted structure. Moreover, cells that were not
positive for human cell marker STEM-121 were seen
inside the implanted structure, meaning potential
migration of the host porcine stromal cells into the
printed structure. Host cell migration and stromal
adhesion in ex vivo models have been previously
reported to be suggestive of tissue biocompatibility
of the bioengineered corneas [78]. Importantly, the
printed stromal equivalents withstood surgical hand-
ling without any additional supportive membranes,
which is a promising improvement from the previous
work with 3D bioprinted corneal stromal mimick-
ing structures using hASCs [5]. However, the tissue
biocompatibility of 3D bioprinted corneal stromal

equivalents should be validated in in vivo setting
in the future to fully explore the suitability of this
approach for cornea TE.

Finally, restoring proper axonal integration of
implanted TE grafts with the host system are goals
in dire need of attention and action [79]. The axonal
ingrowth and elongation are supported by environ-
mental cues such as ECM components and bioact-
ive molecules. The developed HA-DA bioink con-
tains components, HA and collagen, found in native
neuronal tissues [80] offering favorable microenvir-
onment for the printed neurons. Here, LIVE/DEAD
and IF data indicated excellent cytocompatibility of
the HA-DA bioink with hPSC-neurons. Moreover,
dopamine is well known neurotransmitter improv-
ing neurite outgrowth [81]. Previously, dopamine
has been shown to promote neural network growth
in gelatin methacrylate bionk [82] as well as HA-
based 3D hydrogels [58]. Here, we demonstrated
the successful ingrowth of neuronal extensions into
the 3D bioprinted cornea stromal equivalents. Pre-
viously, the innervation has been shown to improve
viability of the 3D in vitro corneal models using
animal derived neurons [28, 83] and human-derived
neurons [84, 85]. In vivo, corneal cells secrete bioact-
ive molecules such as nerve growth factor inducing
axonal chemotaxis [83]. The innervation developed
to the 3D bioprinted cornea stromal equivalents
gradually in structures with and without target cells
in the stroma. The hASC-CSKs as target cells attracted
axons to the stroma faster, and long axons were detec-
ted among the hASC-CSKs already after 7 d of cul-
ture. In contrast, without target cells neurite growth
was detected only after 14 d culture. This 3D bioprin-
ted innervated 3D cornea model holds great potential
not only for cornea TE purposes, but also as platform
for drug screening and disease modeling.

5. Conclusions

We have developed a HA-based bioink using dynamic
covalent chemistry that fills the demands of next gen-
eration bioinks with excellent printability, stability,
cytocompatibility as well as efficient tissue forma-
tion after printing without using photo-crosslinking.
Moreover, the HA-DA bioink showed good mech-
anical and self-healing properties. Here, we demon-
strated the feasibility of the developed bioink for
3D bioprinting of human cornea stroma equivalents
using clinically potential human stem cells. These 3D
bioprinted cornea stroma equivalents showed excel-
lent integration to host tissue in ex vivo cultures.
Moreover, we manufactured the first 3D bioprinted
cornea tissue model with innervation. The developed
bioink and the printed human stem cell derived
cornea stromal equivalents hold great potential for
various future cornea TE applications.
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