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Cell loaded 3D bioprinted GelMA hydrogels for
corneal stroma engineering†

Cemile Kilic Bektas a,b,c and Vasif Hasirci *a,b,c,d

Tissue engineering aims to replace missing or damaged tissues and restore their functions. Three-dimen-

sional (3D) printing has been gaining more attention because it enables the researchers to design and

produce cell loaded constructs with predetermined shapes, sizes, and interior architecture. In the present

study, a 3D bioprinted corneal stroma equivalent was designed to substitute for the native tissue.

Reproducible outer and inner organization of the stroma was obtained by optimizing printing conditions

such as the nozzle speed in the x–y direction and the spindle speed. 3D printed GelMA hydrogels were

highly stable in PBS during three weeks of incubation (8% weight loss). Live–Dead cell viability assay

showed 98% cell viability on day 21 indicating that printing conditions were suitable for keratocyte print-

ing. Mechanical properties of the cell loaded 3D printed hydrogels increased 2-fold during this incubation

period and approached those of the native cornea (ca. 20 kPa vs. 27 kPa, respectively). Expression of col-

lagens types I and V, and proteoglycan (decorin) in keratocytes indicates maintenance of the phenotype

in the hydrogels. Transparency of cell-loaded and cell-free hydrogels was over 80% (at 700 nm) during

the three week culture period and comparable to that of the native cornea (85%) at the same wavelength.

Thus, GelMA hydrogels bioprinted with keratocytes mimic the biological and physical properties of the

corneal stroma with their excellent transparency, adequate mechanical strength, and high cell viability.

1. Introduction

The cornea, the outermost and transparent layer of the eye, is
about 11–12 mm in diameter and 520 µm in thickness.1

It is the principal optical element of the eye which refracts
about 65–75% of the incoming light. It also acts as a barrier
against UV radiation and external and physical objects.2 The
stroma is the thickest part of the cornea and constitutes 90%
of the thickness. Collagen type I fibers are the main com-
ponents of this layer and are organized parallel to each other
in one layer and at nearly right angles to the fibers in adjacent
layers, much like the fibers in plywood.3 This organization is
critical for both the mechanical strength and the transparency
of the cornea.4 The stroma is populated by sparsely distributed
mesenchymal fibroblasts, keratocytes, which preserve the com-
position and the integrity of the stroma through continuous

production of collagen, proteoglycan, and matrix
metalloproteinases.5

Corneal blindness caused by injuries or diseases affects the
quality of life of millions of people. It is the third major cause
of blindness after cataracts and glaucoma. Currently, trans-
plantation is the major and long-term treatment; however, due
to shortage of healthy corneas, only 1 in 70 patients is success-
ful in getting one.6 Keratoprostheses (KPro) are partly synthetic
artificial corneas for full thickness replacements. Boston KPro
and Osteo-odonto KPro are the two commonly used products
on the market.7 However, degradation of lamina, chronic inflam-
mation, complex design, long surgical procedures, and calcifica-
tion are some of their reported drawbacks.8 These imply that
alternative, efficient approaches are needed to meet the demand
and overcome the limitations of the current treatment methods.

Tissue engineering is a viable alternative to the abovemen-
tioned treatments. The complex organization, high transpar-
ency and mechanical property requirements make engineering
of the corneal stroma a great challenge. To date, a number of
scaffolds have been developed for corneal tissue engineering
by either mimicking only one layer (epithelium, stroma, or
endothelium), two layers (hemi-cornea; epithelium and
stroma), or all layers of the cornea.9–12 These constructs were
reported to be produced in various forms like foams, fibers,
films, and decellularized cornea tissue.9,11,13–16 Scaffolds were
constructed either using natural materials like silk, gelatin,
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collagen, and chitosan, or synthetic materials like polyglycolic
acid (PGA) and poly(lactic acid-co-glycolic acid) (PLGA).10,17–21

Insufficient cellular population of the scaffolds, lack of micro-
level organization of the corneal stroma, and low light transfer
were reported in these studies. Although some of the replace-
ments closely mimicked the physical/chemical organization of
the stroma, only a few could manage to reach Phase I of clini-
cal trials.22 Today there is still no engineered corneal tissue
available for routine clinical use.

Gelatin is one of the most widely used natural materials
because it is inexpensive, is available from a range of different
sources, does not induce any antigenic response, and is suit-
able for attachment by cells due to its natural cell binding
motifs like arginine–glycine–aspartic acid (RGD).23 Hydrogels
composed of gelatin are highly attractive and widely studied in
corneal tissue engineering.19,24 Hydrogels, hydrophilic poly-
meric networks, are appealing for corneal tissue engineering
applications due to their similarity to the natural extracellular
matrices, biocompatibility and structural integrity.25

Researchers have employed a variety of chemicals for the cross-
linking of the gelatin like glutaraldehyde, carbodiimide, and
NHS.26,27 However, these approaches have several disadvan-
tages like inability to load cells during gel formation, long pro-
cessing time, and the use of toxic or bioactive chemicals in
crosslinking. Gel formation through photocrosslinking using
UV or visible light, therefore, is a popular hydrogel forming
technique due to the fast and controllable polymerization and
the ability to load cells and other biological molecules into the
hydrogel during crosslinking. Gelatin can be conveniently
modified by methacrylation and form photocrosslinkable
methacrylated gelatin (GelMA). Very short UV exposure (as
short as 5 s) and the absence of organic molecules make
loading of cells possible during crosslinking.16,28 GelMA has
been used in many tissue engineering applications including
meniscus,29 skin,30 and bone.31 Its suitability for corneal
wound healing when used together with thiolated gelatin has
also been reported.32 Our group has reported for the first time
the use of GelMA hydrogels in corneal stroma engineering.16

The hydrogels were highly promising in terms of stability, bio-
compatibility, and transparency. However, they lacked the
internal organization of a typical corneal stroma that is crucial
for producing a satisfactory corneal stroma. In this study, we
improved our product by introducing organization of the kera-
tocytes within the hydrogel that highly mimics the organiz-
ation in the native structure of the corneal stroma by employ-
ing 3D bioprinting. Thus, we achieved organized placement of
the keratocytes within the hydrogels to form a construct that
more closely mimics the natural tissue.

3D printing is commonly used to build complex structures,
including scaffolds, by layer-by-layer deposition of biomaterials
by using computer aided design (CAD) data sets.25,33 3D bio-
printed corneal tissue equivalents have significant potential
because of their transparency, high water content and the elas-
ticity requirements of the tissue. These requirements of the
tissue are provided by the hydrogels and complex organization
of the tissue is mimicked by 3D bioprinting.

3D printing of corneal stroma constructs is very new and a
few strategies have been reported by a small number of
researchers.34,35 However, either the inability of the proposed
model to mimic the natural organization of the corneal stroma
or the high complexity of the system has limited the wide-
spread use of this technique.

In this study, a highly transparent GelMA hydrogel was pro-
duced, preparation conditions were optimized, and hydrogels
loaded with stromal keratocytes were printed using a simple
pneumatic extrusion based bioprinter. The model consisted of
parallel fibers within a layer, and adjacent layers at 90° to each
other as in the native structure of the stroma. The organization
of the stroma was mimicked for the first time by 3D bioprint-
ing of GelMA hydrogels. High cell viability, transparency and
adequate mechanical strength obtained with these hydrogels
make the construct a strong alternative to the allografts, which
are already in short supply.

2. Materials and methods
2.1 Methacrylated gelatin synthesis

Methacrylated gelatin (GelMA) was synthesized from the reac-
tion of methacrylic anhydride (MA) (Sigma Aldrich, USA) and
type A porcine skin gelatin (70–100 bloom, Sigma Aldrich,
USA) as described previously.16 Briefly, 10% (w/v) gelatin solu-
tion was prepared in phosphate buffered saline (PBS, pH 7.4,
10 mM) at 60 °C. MA was added to the solution at 50 °C slowly
to yield a 20% (v/v) final concentration. After 1 h, the reaction
was stopped with warm PBS at 40 °C. Excess methacrylic acid
and salts were removed by dialysis (SnakeSkin CO 10 000,
Hyclone, USA) against distilled water at 40 °C. The resulting
solution was freeze dried (Labconco Freezone 6, USA) and
stored at +4 °C until further use.

2.2 1H nucleic magnetic resonance (1H-NMR) of GelMA

Lyophilized GelMA and gelatin were dissolved in D2O (30 mg
mL−1) at 40 °C. 1H NMR spectra were obtained using a Bruker
DPX 400 spectrometer (Germany) at a 1H resonance frequency
of 400 MHz. The degree of methacrylation was 70% as
reported earlier.16

2.3 Preparation of GelMA hydrogel slabs

Hydrogel slabs were prepared on polydimethylsiloxane (PDMS)
(Slygard 184, Dow Corning, USA) templates. PDMS templates
were prepared by mixing a PDMS prepolymer and catalyst,
pouring into glass Petri dishes and curing at 70 °C for 3 h. The
resultant PDMS film was peeled off and small discs with
different dimensions were prepared (h = 0.5 mm/r = 3.5 mm
and h = 8 mm/r = 5 mm). 15% GelMA solution (GelMA15) (w/v,
in PBS) was prepared in the presence of 0.5% Irgacure 2959
photoinitiator (2-(hydroxyl)-4-(2-hydroxyethoxy)-2-methyl-
propiophenone, Sigma Aldrich, USA) (w/v). The solution was
poured into the PDMS templates, incubated for 15 min at
4 °C, and crosslinked for 5 s with OmniCure (S1500, Lumen
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Dynamics, Canada) (15 mW cm−2, at 365 nm) at a distance of
3 cm. The hydrogels were labeled as GelMA15-Slab.

2.4 Preparation of 3D printed GelMA hydrogels

GelMA15 solution was prepared as mentioned above and
loaded into a 3 mL Luer lock syringe compatible with a
Bioscaffolder® (SYS-ENG, Salzgitter-Bad, Germany) 3D Printer
low temperature dispense head, and incubated at 4 °C for
15 min. GelMA was printed at a movement speed of the nozzle
in the x–y direction (Fxy) of 100, 200, or 300 mm min−1, a
spindle speed (R/S) of 0.01, 0.02, or 0.03 dots per mm, and
from a nozzle with a diameter of 0.26 mm (25 ga × 1

2 Luer
stubs, Instech, USA). The layer thickness and the distance
between two strands were set as 0.14 mm and 1 mm,
respectively.

After observation under a stereomicroscope, the following
parameters were chosen for further studies: (1) Fxy 200 and
R/S 0.01 (GelMA15-001), (2) Fxy 200 and R/S 0.2 (GelMA15-
002), and (3) Fxy 300 and R/S 0.03 (GelMA15-003). Rectangular
prism GelMA hydrogels (14 × 14 × 2 mm3 were prepared for
mechanical tests, and 14 × 14 × 0.5 mm3 hydrogels were pre-
pared for other studies (Table 1). Constructs were plotted
according to a model prepared using Sketchup (Google Inc.,
USA) and loaded to the CAM (Computer Aided Manufacturing)
software (Prim-CAM, Einsiedeln, Switzerland) of the
Bioscaffolder®. Two dimensional (2D) layers were deposited
perpendicular to each other at every layer. Models were cross-
linked and stored as mentioned above.

2.5 Characterization of the hydrogels

2.5.1 Stereomicroscopy. 3D printed hydrogels were exam-
ined with a Nikon SMZ1500 stereomicroscope (USA) to study
the pattern. Hydrogels were stained with Coomassie blue
(Sigma Aldrich, USA) (0.1% w/v in PBS) to ease the
observation.

2.5.2 Scanning electron microscopy. Hydrogels were lyo-
philized, coated with Au–Pd under vacuum and examined with
a SEM (SEC, Mini-SEM, South Korea) at 5–20 kV.

2.5.3 Equilibrium water content (EWC) of gelMA hydro-
gels. Hydrogels were incubated in PBS containing 0.5 mg mL−1

sodium azide at 37 °C. After 24 h of incubation in a shaking
incubator, excess liquid on the hydrogels was removed gently
with filter paper and wet weights (Ww) were recorded.
Hydrogels were then rinsed with distilled water, lyophilized

and weighed (Wd). The equilibrium water content (%) was cal-
culated from the following equation:

EWC ð%Þ ¼ Ww �Wd

Ww
� 100 ð1Þ

2.5.4 In situ degradation in PBS. Initial weights (W0) of the
hydrogels were determined after lyophilization (n = 3).
Samples were then incubated in PBS (pH 7.4, 10 mM) at 37 °C
in a shaking incubator for three weeks. At predetermined time
points (days 1, 7, 14, and 21) samples were rinsed with dis-
tilled water, freeze dried and weighed (Wd). The remaining
weight (%) was determined according to the following
equation:

Remaining weight ð%Þ ¼ Wd

W0
� 100 ð2Þ

2.6 In vitro studies

2.6.1 Preparation of cell loaded hydrogel slabs. Human
corneal keratocytes (HKs) were isolated and kindly provided by
Prof. Odile D’amour (Banque de Cornées des Hospices Civils
de Lyon, Lyon, France). Passage 5–15 cells were stored frozen
in their medium supplemented with 15% dimethyl sulfoxide
(DMSO, AppliChem, USA) in liquid nitrogen. To culture HKs,
cells were thawed and centrifuged, and the cell pellet was sus-
pended in HK medium (growth medium contains Dulbecco’s
Modified Eagle’s Medium–Ham’s nutrient mixture F12
(DMEM–HAM’s F12, 1 : 1, Thermo Fisher Scientific, USA),
newborn calf serum (Thermo Fisher Scientific, USA) (10%),
amphotericin B (Sigma Aldrich, USA) (1 μg mL−1), penicillin
(100 UI mL−1), and streptomycin (Sigma Aldrich, USA) (100 μg
mL−1), and Human basic fibroblast growth factor (bFGF, Cell
Signaling Technology, Inc., USA) (10 ng mL−1)). Cells were cul-
tured in tissue culture polystyrene (TCPS) flasks in a CO2 incu-
bator (SanyoMCO-17 AIC, Japan) at 37 °C. Cells were trypsi-
nized using trypsin-EDTA (0.25%, Sigma Aldrich, USA) at con-
fluence and counted with a NucleoCounter (Chemo-Metec,
Denmark). 1 × 106 cells per mL was taken in a separate centri-
fuge tube, centrifuged and suspended directly with GelMA
solution prepared with growth medium. The gel precursors
were exposed to UV as mentioned above (Fig. 1A). The hydrogel
was washed several times with growth medium and incubated
in the same medium at 37 °C in a CO2 incubator. The medium
was changed every two days.

Table 1 3D bioprinting parameters used after optimization studies

Spindle Speed (R/S)
(dots per min)

Nozzle Speed (Fxy)
(mm min−1) Total number of layers Abbreviation

0.01 200 15 – mechanical tests GelMA15-001
5 – in situ and in vitro tests

0.02 200 10 layers-mechanical tests GelMA15-002
3 layers- in situ and in vitro tests

0.03 300 10 layers-mechanical tests GelMA15-003
3 layers- in situ and in vitro tests
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2.6.2 Preparation of 3D bioprinted hydrogels. 106 cells per
mL of GelMA15 solution (15%, w/v, in HK medium) were pre-
pared. Cell loaded solution (bioink) was introduced to the
syringe and incubated for 15 min at 4 °C. Printing of this bioink
was carried out as in section 2.4. After crosslinking, 6 mm dia-
meter hydrogels were punched, washed twice with growth
medium, and incubated in a CO2 incubator at 37 °C (Fig. 1B).

2.6.3 Microscopical studies
2.6.3.1 Cell viability. Cell viability was assessed by using a

Live–Dead cell viability/cytotoxicity kit (Thermo Fisher
Scientific, USA). Hydrogels were removed from the culture on
days 1, 7, 14 and 21, and double stained with Calcein-AM
(2 μM in PBS) and ethidium homodimer (EthD)-1 (4 μM) for
30 min at room temperature (RT). Hydrogels were examined
under a Zeiss LSM 800 (Germany) Confocal Laser Scanning
Microscope (CSLM). Semi-quantitative image analysis (n = 3)
was performed using ImageJ NIH software to determine the
viability of keratocytes (%) in the hydrogels according to the
following equation:

Viability of cells ð%Þ ¼ LiveCells ðGreenÞ
Total Cells ðGreenþ RedÞ � 100 ð3Þ

Metabolic activity of the cells was monitored using Alamar
Blue® assay (Invitrogen Inc., USA). Samples (n = 3) were incu-
bated in Alamar Blue solution (10% v/v in colorless growth
medium) for 2 h. Reduction (%) of the dye was calculated
according to the manufacturer’s instructions using absorbance
values obtained at 570 nm and 595 nm.

2.6.3.2 Immunofluorescence staining. Hydrogels were
removed from the growth medium, HKs were fixed with 4%
paraformaldehyde (PFA, Sigma Aldrich, USA) (w/v) for 30 min
at RT, and their cell membranes were permeabilized with 1%
Triton X-100 (AppliChem, USA) (v/v, in PBS) for 5 min. For

blocking, samples were incubated in 1% bovine serum
albumin (BSA, Sigma Aldrich, USA) (w/v, in PBS) at 37 °C for
1 h. Solutions of primary antibodies against collagen type I
(1 : 100 v/v), collagen type V (1 : 100 v/v), decorin (4.8 µg mL−1),
and α-SMA (1 : 100 v/v) (all from Abcam Inc., MA) were pre-
pared in 0.1% BSA (w/v, in PBS). Hydrogels were incubated
with these primary antibodies overnight at 4 °C. The next day,
samples were washed with PBS twice for 5 min and incubated
with secondary antibodies (either anti-rabbit or anti-mouse
Alexafluor 488 secondary antibody) (Invitrogen Inc., USA)
(1 : 100 v/v in 0.1% BSA in PBS) at 37 °C for 1 h. Hydrogels
were then rinsed twice for 5 min and nuclei of the cells were
stained with DRAQ5 (Thermo Fisher Scientific, USA) (1 : 1000
v/v in 0.1% BSA in PBS) for 1 h, at RT. Hydrogels were rinsed
twice and stored in PBS until examination by CLSM.

2.6.4 Mechanical properties of cell loaded and cell free
hydrogels. Cell loaded (1 × 106 cells per mL) and cell free
hydrogels were prepared and tested mechanically under com-
pression (n = 5) by using a 10 N load cell (Univert, Canada) at a
displacement rate of 1 mm min−1 speed at room temperature.
Hydrogels were tested on days 1, 7, 14 and 21 and kept in
growth medium until testing. Compressive moduli of the
scaffolds were calculated from the slope of the very first linear
region of the stress strain curve according to the study by
Harley et al., (2007).36 The following equations were used in
the calculations:

Stress : σ ¼ F
A

ð4Þ

Strain : ε ¼ Δl
l

ð5Þ

CompressiveModulus :
σ

ε
ð6Þ

Fig. 1 Schematic representation of preparation of human keratocyte (HK) loaded hydrogels. (A) GelMA slabs, and (B) 3D bioprinted GelMA
hydrogels.
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where F: applied force (N), A: cross-sectional area (mm2), l:
initial sample length (mm), and Δl: displacement

2.6.5 MMP activity of the cell loaded hydrogels. MMP
activity in the supernatant of cell culture media was measured
by using a fluorometric MMP assay kit (SensoLyte ® 520
Generic, AnaSpec Inc., USA) according to the manufacturer’s
instructions. Briefly, cell culture media were collected at every
media change, centrifuged for 15 min at 1000g, +4 °C, and
stored at −80 °C until use. At the end of 21 days of incubation,
collected culture media were thawed and incubated in 1 mM
4-aminophenylmercuric acetate (APMA, Component C of the
kit that is diluted with Component D) for 3 h at 37 °C to acti-
vate the MMPs. Samples were then loaded into 96 well plates
(50 μL per well) and MMP substrate solution (50 μL per well)
(Component A of the kit that is diluted with Component D)
was added and incubated for 1 h, at RT. To stop the reaction,
Component E was added (50 μL per well) to the wells and fluo-
rescence intensity was measured at Ex and Em = 490 nm and
520 nm, respectively. Assay buffer (Component D)-containing
wells served as the substrate control. Relative fluorescence
units (RFU) were obtained by subtracting the control substrate
reading from all readings. MMP activity in μM was calculated
according to a calibration curve plotted by using the
5-FAM-Pro-Leu-OH standard (Component B) (Fig. S1†). The
number of cells in each sample was used to normalize the
MMP activity results.

2.6.6 Transparency of the hydrogels. Cell loaded (1 × 106

cells per mL) and cell free hydrogels were scanned in the
250–700 nm range by using a Multiscan UV Visible spectro-
photometer (Thermo Scientific, USA) on days 1, 7, 14, and 21.
Wells containing only growth medium served as the blank.
The average value of blanks was deducted from the sample
readings and transmittance values were obtained.

2.7 Statistical analysis

The GraphPad Prism program (Version 6.01) was used for stat-
istical analysis. Two-way analysis of variance (ANOVA) with
Tukey’s post hoc test or Student’s t test was used depending on
the number of comparisons. Data are given as mean ± stan-
dard deviation (SD) (n = 3) and p ≤ 0.05 was reported as stat-
istically significant.

3. Results and discussion
3.1 Optimization of printing conditions

Models created by the Sketchup program were transferred as .
stl files to the 3D printer, Bioscaffolder®. A low temperature
dispense head was used and the fiber thickness was controlled
with parameters such as the movement speed of the nozzle in
the x–y direction (Fxy, mm min−1) and spindle speed (R/S, dots
per min). The thickness of the fibers decreased as Fxy
increased (Fig. 2). On the other hand, the fiber thickness
increased as R/S increased. Printing conditions were optimized
as presented in Fig. 2A. It was observed that the nozzle speed

has an optimum at 200 mm min−1 when the spindle speed
was set at 0.01 or 0.02 dots per min. Under these conditions,
the gaps are well defined and the line thicknesses are quite
consistent (Fig. 2B). Similarly, the model was properly printed
at 300 mm min−1 nozzle speed and 0.03 dots per min spindle
speed. These parameters were used in the following studies.
Hydrogels which were prepared as slabs (section 2.3) were
labeled as GelMA15-Slab. All 3D printed and slab hydrogels
were stable after crosslinking. SEM images of the selected
hydrogels clearly show the patterns and open pore structure of
the scaffolds (Fig. S2†). Hydrogels retained a significant
amount of water in their structures (ca. 90%), which is impor-
tant to give cells space to proliferate.

3.2 Degradation of hydrogels under in situ conditions

The in situ stability of the hydrogels was studied by incubating
in PBS (pH 7.4, 10 mM, 0.5 mg mL−1 sodium azide) for three
weeks. 3D printed and slab hydrogels were very stable and lost
only 8% of their initial weights in 21 days (Fig. 3). Degradation
rates of all hydrogels were similar and there was no statistically
significant difference between them. The high stability of the
hydrogels is most probably due to two reasons: (1) a high UV
intensity was used in crosslinking, and (2) 3D printed hydro-
gels were incubated at 4 °C prior to crosslinking for physical
gelation. The stability of the hydrogels, therefore, was
enhanced due to dual crosslinking mechanisms which are
physical (low temperature) and chemical (due to UV exposure).
Other researchers reported similar results in terms of
enhanced stability and mechanical properties due to physical
gelation prior to chemical crosslinking.37–39 This phenomenon
is known as the sol–gel transition which is induced thermally
and a physical crosslinking takes place through noncovalent
interactions.40 Most of the natural polymers like cellulose,41

agarose,42 and gelatin43 exhibit sol–gel behavior upon reduced
temperature. Researchers suggest that crosslinking after these
physical associations results in a more efficient covalent bond
formation due to increased proximity of the polymer chains.38

In this study, physical gelation enhanced the production of the
planned pattern and product; otherwise it is impossible to
obtain printed architecture in a liquid phase.

3.3 In vitro studies

3.3.1 Live–Dead cell viability test of keratocytes in 3D
printed hydrogels. Human keratocyte (HK) loaded hydrogels
were double stained with Calcein AM (stains live cells green),
and ethidium homodimer (stains dead cells red) in order to
study the viability of the cells in the 3D printed hydrogel lines.
Fig. 4A shows high viability of cells on day 21 (results of days
1, 7, and 14 are given in Fig. S3†). The depth profile of day 21
shows a homogeneous distribution of cells within the hydro-
gels throughout the 500 μm thickness of the structure
(Fig. 4A). The fraction of live cells in the hydrogels was calcu-
lated using the NIH Image J program (Fig. 4B) which indicates
that over 95% of the cells were alive in all types of hydrogels
for 3 weeks. High viability of HKs indicates that the printing
conditions are appropriate for cell viability. Other researchers
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reported a wide range of viability results (35%–92%) for cells
in GelMA hydrogels.39,44–46 A number of processing conditions
such as GelMA concentration, crosslinking and printing para-
meters all affect cell viability and the result of our present
study is one of the best.

Mesenchyme-derived fibroblasts, keratocytes, are sparsely
distributed in the stroma and normally form an intercon-
nected cellular network.5 However, HKs loaded in 3D printed
hydrogels were mostly round in shape, most probably due to a
tight network caused by physical crosslinking prior to UV
exposure. This might limit the mobility of the cells and

prevent cell interaction and elongation. Studies suggest that
cells try to form stable contacts with the surrounding cells
through their extensions and if this contact does not occur,
they retract them.47 Cells in the hydrogels, therefore, might
not interact with each other due to dense crosslinking and
may not elongate. Similar results were reported by other
researchers; for example gradually increasing concentration of
GelMA hydrogels (from 5% to 30%) led to an increase in cross-
link density and rigidity and thus to more round shaped
cells.39 In several studies, researchers attempted to develop
new methodologies like pre-crosslinking of the hydrogel solu-
tion (GelMA + gelatin or alginate) physically by thermal or
ionic interactions to enhance printability of GelMA at low con-
centrations (≤5%).39,46 Alternatively, the cell density can be
increased to obtain more interacting cells. A common seeding
density of cells reported as 2 × 106 cells per mL by many
studies35,48 can be used to enhance the interactions of the
cells with each other. Morphology of the constructs was also
shown to affect the behavior of cells. In a recent study, cells
grown on curved constructs spread, elongated, produced an
aligned extracellular matrix (ECM), and expressed corneal
stromal cell markers without the need for any additional
cues.49 The 3D printed construct proposed in our study, there-
fore, may be further improved by mimicking the curvature of
the cornea either by printing on a curved template or cross-
linking the printed structure while on a curved template for
the construct.

3.3.2 Cell proliferation in 3D printed hydrogels. Alamar
Blue assay was used to study proliferation of cells in the hydro-
gels. The results were compared with the number of cells

Fig. 2 Printing conditions and appearance of 3D printed GelMA hydrogels. (A) Print condition optimization of the hydrogels under varying con-
ditions of speed of the nozzle in the x–y direction (Fxy, mm min−1) and spindle speed (R/S, dots per min). Dotted red lines indicate parameters
selected for use in the following studies. (B) Stereomicrographs of the hydrogels. The scale bar is 1 mm.

Fig. 3 In situ stability test of 3D printed hydrogels (in PBS, pH 7.4,
10 mM) for 3 weeks. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 4 CLSM images showing results of Live–Dead cell viability assay of 3D printed and slab GelMA hydrogels on day 21. (A) Live–Dead assay with
red showing dead (ethidium homodimer-1) and green showing live cells (calcein). Color coded depth profile of the same images showing the distri-
bution of live keratocytes in 3D printed GelMA hydrogels (red: surface and blue: bottom). Scale bars: 100 μm. Dotted red lines indicate line borders.
(B) Quantitative analysis carried out using the NIH ImageJ program shows viability of cells (%) over a period of 3 weeks.

Fig. 5 Proliferation of human keratocytes in 3D Printed and GelMA15-Slab hydrogels over 3 weeks. (A) Alamar Blue assay shows proliferation of
cells in the hydrogels as indicated by the reduction % and (B) Live–Dead viability assay images (Fig. 4B and Fig. S3†) were used to count the number
of cells per image (n = 3) with the NIH Image J program.
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determined with the NIH Image J program using the Live–
Dead viability assay images obtained by confocal imaging
(Images of Fig. 4B and Fig. S3† were used in these determi-
nations) (n = 3) (Fig. 5). The number of cells was found to be
much lower than that on TCPS (data not shown) because they
were entrapped in the hydrogels. The cell number (or activity)
in slab gels was higher on days 1 and 7 than those 3D printed
hydrogels both in Alamar Blue and Live–Dead tests (Fig. 5).
The cell numbers in the 3D printed samples did not change
significantly during the incubation period. However, the
number of cells in the GelMA15-Slab hydrogels decreased sig-
nificantly from day 7 to day 14 in both Fig. 5A and B. The
reason can be the degradation of the hydrogels which lead to
material and cell loss. High crosslinking density is expected
due to the physical gelation step prior to UV exposure as dis-
cussed above and this might limit the mobility of the cells,
nutrient and oxygen transport throughout the hydrogels.

3.3.3 Mechanical properties of cell loaded hydrogels under
compression. Mechanical properties of cell loaded and cell
free (control) 3D printed and slab hydrogels were determined
under compression (Fig. 6). Results showed that the compres-
sive modulus of only the cell loaded 3D printed hydrogels
increased significantly from day 1 to day 21 and there was no
statistically significant difference between other groups
(Fig. 6). The compressive modulus of the native human cornea
was reported to be between 27 and 41 kPa by several
researchers.50,51 In this study, the compressive modulus of the
3D printed hydrogels was around 10 kPa at the beginning of
the test and it increased significantly up to 20 kPa in cell
loaded hydrogels. It, therefore, seems that the activity of HKs
contributes to the mechanical properties of the constructs
through the synthesis of collagens and proteoglycans (see
Fig. 7). Earlier studies by our group had also shown that the
culture of the corneal keratocyte seeded scaffolds for a month
enhances the mechanical properties of the construct
significantly.52,53 We have also shown recently that the chemi-

cal composition of the final hydrogel construct can be modi-
fied with introduction of other polymers like poly(2-hydro-
xyethyl methacrylate) (pHEMA) to enhance mechanical pro-
perties.54 The slight but not significant increase in the com-
pressive modulus of other samples, unseeded controls and
slab hydrogels may be attributed to the nonenzymatic glyca-
tion through crosslinking of proteins by reducing sugars
during incubation in the growth medium.55,56

In this study, compressive tests were carried out to give an
idea as to where the product stands in terms of mechanical
strength compared to native cornea. Besides, compression
tests for corneal constructs are a very widely reported and rec-
ommended technique in the literature37,57,58 since the cornea
faces significant intraocular pressure in its native
environment.

3.3.4 Extracellular matrix synthesis by human keratocytes
entrapped in the 3D printed hydrogels and hydrogel slabs.
ECM synthesis of the HKs entrapped in 3D printed gels and
slab hydrogels was studied on day 21 by staining with HK
specific collagens (types I and V) and proteoglycan (decorin),
with α-SMA serving as a control marker.16,18 Micrographs
showed that collagens and decorin were synthesized by only
the cells at the edge of the lines (Fig. 7) because very low or no
signal was detected in the cores. Similarly, only the HKs close
to the surface of the hydrogel slabs synthesized ECM mole-
cules as was observed during CLSM studies. These results
suggest that cells at the surface have more growth medium
and oxygen in the environment and thus could express ECM
molecules, while those inside the hydrogels, though alive,
could not (Fig. 4, Live–Dead analysis); apparently, they could
not produce the ECM because they were not metabolically
active. The high crosslinking density of 3D printed hydrogels
due to strong UV intensity and dual crosslinking may have
restricted the mobility of the cells, and limited their access to
oxygen and growth medium, and there was no ECM
expression. HKs in GelMA15-001 and GelMA15-002 hydrogels,
however, expressed more collagen and decorin compared to
GelMA15-003 hydrogels. This may be because of the smaller
surface area of GelMA15-003 hydrogels due to their fibers
being thicker than other 3D printed hydrogels. Alpha smooth
muscle actin (α-SMA) expression could not be detected or was
significantly lower than other corneal keratocyte specific
markers. In intact cornea, HKs are relatively quiescent. Their
function is to maintain the levels of collagen and other ECM
components and they do not normally express α-SMA.
However, upon injury keratocytes are transformed to myofibro-
blast-like cells which are characterized by pharmacologic, mor-
phologic and biochemical features similar to those of myofi-
broblasts.59 Significantly lower expression of α-SMA suggests
that the keratocytes did not transform into myofibroblast-like
cells and preserved their keratocyte features.

The expression of cornea-specific proteins and proteogly-
cans can be enhanced by increasing the loaded cell density to
help cells to communicate with each other. Crosslinking con-
ditions (photoinitiator concentration, UV duration and dis-
tance) can be optimized to obtain hydrogels with lower cross-

Fig. 6 Compressive moduli change of cell loaded IN 3D printed,
unloaded 3D printed, cell loaded GelMA15-Slab and unloaded GelMA15-
Slab hydrogels over 3 weeks. IN: with cells. *p < 0.05, **p < 0.01, and
***p < 0.001.
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linking density to enhance the growth medium and oxygen
transport into the hydrogels.

3.3.5 MMP activity of the keratocytes loaded into 3D
printed hydrogels and hydrogel slabs. MMP activity of the HK
loaded in 3D printed and slab hydrogels was studied for 21
days in samples obtained from the culture medium. MMPs

secreted and diffused into the culture medium were deter-
mined by using the MMP assay kit. MMP activities of the kera-
tocytes in 3D printed hydrogels gradually increased over time
but were significantly lower than those in the slabs, with the
exception of day 1 (Fig. 8). This difference can be explained by
the cell proliferation profile of the samples. As discussed in

Fig. 7 Immunocytochemistry results of 3D printed and slab hydrogels. (A) CLSM images on day 21. Draq5 is for nucleus staining (red).
Representative collagens (collagen type I and V), proteoglycan (decorin), and myofibroblast marker α-SMA are shown in green. The scale bar is
100 μm. (B) Semi-quantitative fluorescence intensity analysis of CLSM images determined by NIH Image J. n = 3. *p < 0.05 and **p < 0.01.
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section 3.3.2, proliferation of the cells in the 3D printed hydro-
gels was very low compared to cells in the Slab. MMP activity
of the HKs is given as cumulative (day 21 medium also con-
tains days 1, 7, and 14 media) and therefore the effect of the
cell number decrease is not seen on the graph. Moreover, the
decrease in the cell number can be explained by a continu-
ous increase in MMP activity. MMPs (especially collagenase
and gelatinase) are activated in injured corneas for the
wound healing mechanism.60,61 They also degrade the
GelMA constructs.16 Material loss due to collagenase activity,
therefore, may also have led to cell loss. As discussed in the
previous section (3.3.2), cells in the fibers of the 3D printed
hydrogels were most probably not metabolically active due to
limited nutrients and oxygen, which explains the low MMP
activity. For the regeneration of tissue and removal of the
constructs by the mechanisms of the host in vivo degradation
of the constructs by MMPs is essential. MMPs of the sur-
rounding tissue may also help degradation of the constructs
in vivo.

3.3.6 Transparency of cell loaded, 3D printed hydrogels.
Transparency of the cornea is its most important property

Fig. 8 MMP activities of the keratocytes in the hydrogels during 21 days
of culture. MMP concentrations were normalized by the number of cells
calculated from Alamar Blue assay (section 3.3.2). Only non-significant
data (ns) are presented on the figure.

Fig. 9 Light transmission of the 3D printed hydrogels. (A) Change of transparency of the cell free and keratocyte carrying hydrogels with incubation
time. (B) Stereomicrographs showing transparency of cell free hydrogels on day 0 (outlined in black). The scale bar is 1 mm. w: with, wo: without.
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because it is where the light is refracted onto the lens and
transmitted eventually onto the retina. Transparency of all
hydrogels was 80% or higher except for the cell loaded slab
hydrogels on day 1; it was about 75% at 700 nm (Fig. 9A and
Table S1†). The reason for this lower transparency is most
probably because of the higher density of cells in the slab com-
pared to others (section 3.3.2). Light transmittance of these
slabs, however, increased during the culture to around 83%.

In the 290–400 nm range, transmittance was lower; this is
the UVA and UVB regions and the transparency is comparable
to that of the natural cornea (∼5% at UVB and 85% at 700 nm
for a cornea of an 8 years old).62 However, transmittance at
300 nm (Table S1†) of slab hydrogels was lower than that of
the 3D printed hydrogels (Table S1†). In conclusion, although
light was scattered because of the patterns of 3D printed
hydrogels, their transparency was still comparable with each
other and with native cornea. The clarity of the 3D printed and
slab hydrogels is seen in the stereomicrographs (Fig. 9B).

In this study, GelMA hydrogels bioprinted with human
corneal keratocytes were shown to mimic the native structure
of the corneal stroma with their excellent transparency, ade-
quate mechanical strength and high cell viability. Our recent
pilot in vivo study on rabbits has also proven the biocompat-
ibility and biodegradability of the GelMA hydrogels63 which is
an important indication of the potential of GelMA hydrogels
for use in corneal stroma engineering applications.

4. Conclusion

In this study, highly transparent, biocompatible, and stable
corneal stroma equivalents were produced by a rapid and
effective 3D bioprinting method that mimics the micro-level
organization of the stroma. In addition, high cell viability
demonstrated the suitability of the printing process and con-
ditions for the production of cell seeded corneal stroma.
Synthesis of the specific collagens and proteoglycan by the
seeded keratocytes indicated the maintenance of the cell phe-
notype during printing and under culture conditions.
Optimization of the cell density in the hydrogels is necessary
to promote the natural interaction and alignment of the cells.
In vivo performance of the 3D printed hydrogels is also essen-
tial to show the compatibility of this biomaterial before clinical
studies. These findings show great promise for the application
of 3D bioprinting in corneal stroma engineering.
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