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Abstract 9 

Corneal opacities are the 4th leading cause of blindness, and the only current treatment method is the 10 
replacement of damaged tissue with a donor cornea. The worldwide shortage of donor eye bank 11 
tissue has influenced research into biomaterial substrates for both partial and full thickness corneal 12 
implantation. Here, polymer hydrogels based on natural peptides, poly-ɛ-lysine and gellan gum, can 13 
be manufactured using reactive inkjet printing (RIJ). The inks used for printing were optimised based 14 
on their rheological properties. Printing alternating layers of ink forms a unique surface pattern, based 15 
on the immediate formation of ionic bonds between polymers of opposing charges. This surface 16 
pattern resembles a repeating honeycomb-like structure, visible by both optical and scanning electron 17 
microscopy. The structure of the printed hydrogels can be modified to include pores, a feature of 18 
interest for the tissue engineering of full thickness corneal constructs. Printed poly-ɛ-lysine/gellan gum 19 
hydrogels demonstrated a transparency of 80 % and cyto-compatibility with both corneal epithelial 20 
and endothelial cells. Both corneal cell types demonstrated cell attachment across the surface of the 21 
printed hydrogel arrays, displaying their typical cell morphology. This gives confidence of the cyto-22 
compatibility of these hydrogels in vitro. Reactive inkjet printing can produce 3D structures with a high 23 
resolution, producing printed tracks in the micron range. Additionally, RIJ demonstrates versatility, as 24 
constructs can be tailored to meet various dimension and thickness requirements. Furthermore, this 25 
work demonstrates for the first time that reactive inkjet printing can been used to produce hydrogel 26 
constructs based on these two inks, with the aim of producing constructs for corneal tissue 27 
engineering.  28 
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Main Text 30 

1. Introduction  31 

Reactive inkjet printing (RIJ) is the solidification of an inkjet printed deposit through chemical reaction, 32 
a process which usually requires at least two printer heads to dispense alternative inks, that when 33 
printed together, will react to form a solid [1]. RIJ is based on the precise dispensing of ink droplets 34 
onto a substrate, which are built up to form a 3D part. In particular, drop-on-demand inkjet (DOD) 35 
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utilises piezoelectric actuation to generate a pressure pulse in the fluid ink cavity, dispensing an ink 1 
droplet. RIJ technologies have several advantages over other 3D printing methods, such as solution 2 
processability and a low cost. Furthermore, it has a high accuracy and resolution in the low micron 3 
range when depositing droplets [1, 2]. The RIJ process can be utilised in the 3D printing of hydrogels, 4 
but has the requirements that the gelation must be immediate, and ink droplets must maintain a stable 5 
3D structure [3]. Reactive Inkjet printing may be a useful tool for the manufacture of biomaterials due 6 
to its high resolution and the capability of jetting cells into 3D constructs [4]. A high resolution is 7 
important for 3D printed parts as it defines the performance of the device. In particular, for a 8 
biomaterial replacement for a complex structure such as the cornea, it is important to achieve a fine 9 
detail in order to closely mimic the native human tissue. However, the mechanism of reactive inkjet 10 
printing restricts the inks that can be used, as the rheological properties have to meet certain criteria. 11 
These criteria include a low viscosity, a suitable ink surface tension and a high contact angle when on 12 
the substrate [5]. Despite these restrictions, several materials have been printed using this technology 13 
and evaluated for their use in biomaterials and tissue engineering [1, 4, 6].  14 

Corneal tissue engineering is a branch of research focused on regenerating damaged tissues in the 15 
cornea. Damage can be caused by hereditary disease, trauma and ocular burns, resulting in corneal 16 
opacity. The current treatment method for regaining transparency in the cornea is a tissue transplant 17 
from a cadaveric donor [7]. However, there is a limited availability of donor tissue available for 18 
transplantation, with a waiting list of 10 million people worldwide [8]. The shortage of these donor 19 
cornea tissue has prompted research into finding alternative material replacements. The cornea is 20 
broken down into three main layers, a stratified epithelium, the stroma and a single layered 21 
endothelium. Based on the extent of the damage to corneal tissue, either a partial or full thickness 22 
replacement is required. Amniotic membrane has been used clinically as a treatment for corneal 23 
opacity following limbal stem cell deficiency (LSCD). The amniotic membrane acts to reconstruct the 24 
corneal epithelium and provides mechanical support as well as anti-fibrotic properties [7]. However, 25 
due to the use of donor tissue, there is a risk of infection, disease transmission, and tissue variability 26 
between donors.  The corneal endothelium (CE) can become damaged due to diseases such as 27 
Fuch’s dystrophy, a hereditary disorder which results in oedema and, as a result, the loss of corneal 28 
transparency. This is currently treated using a partial transplant, where donor corneal endothelial cells 29 
on the Descemet’s membrane replace damaged CE during endothelial keratoplasty. A biomaterial 30 
alternative may be advantageous as opposed to the donor tissue due to the risk of graft failure and to 31 
tissue rejection [9]. Corneal stroma regeneration following damage requires a full thickness transplant. 32 
Several biomaterials have been trialled as alternatives to eye bank tissue for stromal regeneration, 33 
including collagen hydrogels. Although they demonstrated high biocompatibility and transparency, 34 
they were mechanically inferior to native corneal tissue [10]. The complexity of the corneas multilayer 35 
structure and the strict criteria for biomaterial replacements has limited the number of full thickness 36 
implants that have made it through to clinical trials [11].  37 

Poly-ɛ-lysine (pɛK) hydrogels cross-linked using bis-carboxylic acids and carbodiimide chemistry have 38 
been researched by our group for various ocular applications. The pɛK hydrogel’s high transparency, 39 
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water content, handleability and natural antimicrobial properties promote suitability for a corneal 1 
bandage lens for reducing bacterial and fungal infections [12, 13]. The same hydrogels have been 2 
evaluated for use in replacing native donor tissue when restoring damaged corneal endothelium. The 3 
hydrogels demonstrated bio-compatibility by evaluation of attachment, growth and monolayer 4 
formation of a corneal endothelial cell line and primary pig corneal endothelial cells on the gels [14]. 5 
Additionally, hydrogels based on pɛK have been fragmented to include pores throughout their 6 
structure. These fragmented hydrogels supported the migration of corneal stromal cells into their 7 
porous network [15]. Gellan gum (GG) was selected as the negatively charged component to form the 8 
ionic bonds. GG is a natural polysaccharide, produced by the bacterium Sphingomonas elodea, and 9 
is often used as a plant based alternative to gelatin, boasting similar properties. Furthermore, GG is 10 
water-soluble, demonstrates a high melting point, transparency, biocompatibility and a strong gelling 11 
ability [16, 17] and has also been researched for tissue engineering applications, including wound 12 
dressings and cartilage repair [18-20]. The fast gelation of GG demonstrates suitability for a reactive 13 
inkjet printing applications. Furthermore, the high transparency and inherent bio-compatibility 14 
suggests GG is an appropriate material for a biomaterial, in particular for a corneal application. The 15 
amine groups on the pɛK backbone are positively charged, which enables them to form ionic bonds 16 
with negatively charged polymers. This mechanism forms a physical hydrogel based on differences in 17 
electrostatic charge. Negatively charged polymers that could be coupled with pɛK to form a hydrogel 18 
include; alginate, gellan gum, pectin and carrageenan [21]. Ionic bonds form between the positive 19 
NH3+ and the negative COO- groups on the polymer chains, as shown in Figure 1. The electrostatic 20 
interaction occurs immediately when the two polymers are combined. This immediate reaction and 21 
their rheological properties allows these two hydrogels to be suitable for manufacture using RIJ.  22 

This work focuses on the optimisation, characterisation and reactive inkjet printing of two natural 23 
polymer inks, poly-ɛ-lysine and gellan gum to produce a hydrogel substrate. Rheological evaluations 24 
identified suitable concentrations of the polymer inks for RIJ and various prints were performed with 25 
and without the inclusion of porosity. The cyto-compatibility of the hydrogels was evaluated using 26 
corneal epithelial and endothelial cells to establish their potential as a substrate for corneal tissue 27 
engineering. To the best of our knowledge, there have been no examples of the reactive inkjet 28 
printing of hydrogels based on these two polymers published previously.  29 

2. Materials and Methods  30 

2.1 Ink preparation  31 

Hydrogels made by ionic cross-linking between poly-ɛ-lysine and gellan gum was trialled with various 32 

polymer concentrations. Poly-ɛ-lysine (peK) (Zhengzhou Bainafo Bioengineering Co., Ltd., Zhengzhou 33 

City, China) (MW = 2kDa) was made up to 10 and 20 wt % in DI water and left on a roller until fully 34 
dissolved. Gellan gum (GelzanTM CM, Sigma-Aldrich, UK) (MW= 500 kDa) was made up to 0.35, 0.5 35 
and 0.75 wt % in DI water. The GG inks were left to dissolve for three hours at 60 °C under constant 36 

stirring. The pH of peK and GG inks following dissolution in DI water were 5.5 and 6.7 respectively.  37 
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 1 

Figure 1: Schematic of the chemical structure of natural polymers poly-ε-lysine and gellan gum and 2 
how they react to form a solid hydrogel (Single column figure) 3 

2.2 Rheological evaluations  4 

Rheological measurements were performed to establish the viscosity of the inks under various 5 
temperature and shear rate conditions. An Anton Paar MCR 302 Rheometer was used (Anton-Paar, 6 
Graz, Austria) with a 6cm 1° angle cone configuration. A shear rate ramp was performed from 1-100s-7 
1 at 20 °C to establish the viscosity of the inks. A temperature ramp was performed at a constant 8 
shear rate of 50 s-1 to establish the change in viscosity with temperature from 0-70 °C.  9 

2.3 Contact angle and surface tension measurement 10 

Contact angle and surface tension measurements were performed using a Kruss DSA 100 (KRÜSS 11 
GmbH, Hamburg, Germany) to characterise the ink stability. For contact angle measurements, the 12 
inks were dispensed onto a glass slide in 5 µl droplets. Once dispensed, Advance software captured 13 
an image of the droplet and measured the average contact angle. Surface tension measurements 14 
were used to determine if the inks would form a stable droplet, this was done using a pendant drop 15 
method. The inks were loaded into a syringe and manually dosed until a large droplet was released. 16 
This droplet was captured by the camera and the measurement performed.  17 

The density of the inks was established using a DMA 35N density meter (Anton Paar, Graz, Austria). 18 
The ink was manually drawn up into the density meter, and the density automatically calculated. This 19 
measurement was taken at least three times and an average taken.  20 

2.4 Z number  21 

The Ohnesorge (Oh) number relates viscous forces of liquids to their inertial forces and surface 22 
tension: 23 

Oh =	 !
"#$%

           24 

   (1) 25 
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Where: μ is the dynamic viscosity of the liquid, ρ is the density of the liquid, σ is the surface tension 1 
and L is the drop diameter. The Z number is the inverse of the Oh number and describes the 2 
printability of inks.  3 

Z = 	 &
'(

            4 

   (2) 5 

2.5 Inkjet printing conditions  6 

Inkjet printing was performed using a MicroFab Jetlab 4 system (Microdrop Technologies GmbH, 7 

Germany). The waveforms were optimised for 20 wt % peK and 0.35 wt % GG, Table 1. Track 8 

optimisation was performed for both inks and a range of parameters were found to be suitable for 9 

printing uniform tracks. For 20 wt % peK, speeds of 10, 15, 20, 25, 30 mm/s were trialled, and step 10 

spacings of 0.05, 0.1 0.15, 0.2 mm. For 0.35 wt % GG, speeds of 10, 15, 20, 25, 30 mm/s and step 11 
spacings of 0.025, 0.05, and 0.1 mm were trialled. The tracks produced at each of these different 12 
settings were analysed by optical microscopy to establish their uniformity. The track thicknesses of 13 
the printed inks were measured and averaged using ImageJ software. 14 

Table 1: Waveforms of chosen concentrations of poly-e-lysine and gellan gum for inkjet printing when 15 

using an 80 µm printhead  16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

For 20 wt % peK, a step spacing of 0.1 mm and a velocity of 15 mms-1 was used. For 0.35 wt % GG, a 29 

step spacing of 0.1 mm and a velocity of 20 mms-1 was used. The two inks were deposited in an 30 

 20 wt % peK 0.35 wt % GG 

Rise Time 1 30 µs 30 µs 

Dwell Time 50 µs 60 µs 

Fall Time 15 µs 10 µs 

Echo Time 30 µs 45 µs 

Rise Time 2 50 µs 5 µs 

Idle Voltage 5 V 5 V 

Dwell Voltage 65 V 80 V 

Echo Voltage -50 V - 80 V 

Frequency 300 Hz 500 Hz 
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alternating fashion with a layer of GG deposited first, followed by a layer of peK on top. A single ‘pass’ 1 

refers to a layer deposited by the inkjet printer, the pass number can be increased to increase the 2 
thickness of the printed construct. Alternating inks were printed immediately on top of the previous 3 
layer, each pass taking 80 seconds with a 3 second pause in between for the system to adjust the 4 
printing channel. A code was used to define the printed shapes, which was input into the jetlab 5 
software in a text file format. An array was coded using the ‘array’ function, and the x and y 6 
dimensions and number of passes were defined. A porous bitmap was coded using the ‘bitmap’ 7 
function, where a file name was inserted which corresponded to a jpeg file of a porous design created 8 
in paint, Figure 2. 121 mm2 square arrays were printed at 1, 3 and 5 passes of each ink. 121 mm2 9 
porous bitmaps were printed with 1 and 5 passes of each ink. The printed hydrogels were left to set at 10 
room temperature under ambient conditions.  11 

 12 

 13 

Figure 2: Bitmap used to generate porous hydrogels from printed pεK and GG inks. (Single column 14 
figure) 15 

2.6 Optical microscopy 16 

Images of printed tracks were taken using a Nikon Ti-E fluorescent microscope. Samples were 17 
visualised at 4X magnification on a brightfield channel and images taken using Nikon software (both 18 
Nikon Instruments, UK).  19 

2.7 SEM imaging  20 

Printed hydrogel samples were left to dry out in a desiccator and mounted onto carbon strips on SEM 21 
stubs. These were chromium sputter coated using a Q150T ES coater (Quorum, Sussex, UK) prior to 22 
imaging. SEM images were taken using a S4800 SEM (Hitachi, Tokyo, Japan) at a low and high 23 
magnification. Images were taken at a 45 ° angle to visualise the surface topography. 24 

2.8 Percentage light transmittance  25 

The transparency of the printed and cast pɛK/GG hydrogels was measured using percentage light 26 
transmittance. Cast hydrogel samples were also prepared using 20 wt % pɛK and 0.35 wt % GG. 1 g 27 
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of GG was pipetted into each well of a 6 well plate and left in the freezer for 20 minutes. After this 1 
time, the plate was removed and enough pɛK added to cover the surface of the GG. The hydrogel 2 
was left to react as the GG thawed. For percentage light transmittance, the cast hydrogel sheets were 3 
punched into thin 6 mm Ø discs and transferred into a 96 well plate (Costar, Corning, UK) with no 4 
gaps surrounding the edge of the hydrogel. 50 mm2 arrays of pɛK/GG samples were printed using 15 5 
passes of each ink. The printed hydrogels were hydrated in water and removed from the glass slide 6 
and transferred into a 96 well plate. 100 µL of DI water was added to the wells containing both cast 7 
and printed hydrogels, and a water control was included. The microplate was read using a FLUOstar 8 
Omega microplate reader (BMG LABTECH GmbH, Ortenberg, Germany) and the absorbance was 9 
recorded across the visible light spectrum. Absorbance was converted into percentage light 10 
transmittance: 11 

Transmission	(%) = 	10(*	,-./0-1234) × 100     (3) 12 

2.9 Cell culture on printed hydrogels  13 

Cell culture was performed on 75 mm2 hydrogel arrays and porous bitmaps, both printed with 5 14 
passes of each ink onto glass coverslips. Hydrogels were UV sterilised and washed in 70 % ethanol 15 
for 1 hour, followed by multiple sterile PBS washes. The hydrogels were left in PBS overnight 16 
incubated at 37 °C and cells seeded the following day. Immortalised, transformed human corneal 17 
epithelial cells (HCE-Ts) were grown in DMEM F12 culture medium (Sigma-Aldrich, UK) with 10 % 18 
fetal bovine serum (FBS) (Biosera, Labtech, UK), 1 %  (v/v) penicillin streptomycin and 1 % (v/v) 19 
fungizone (Sigma-Aldrich, UK). Immortalised, transformed human corneal endothelial cells (HCEC-20 
12s) (RRID:CVCL_2064) ACC 646, DSMZ) were cultured as previously described [22], in Medium 21 
199 and Hams F12 1:1  (Invitrogen, UK) with 5% (v/v) fetal bovine serum (FBS) (Biosera, Labtech, 22 
UK) and 1 %  (v/v) penicillin streptomycin (Sigma-Aldrich, UK). Both cell culture types were passaged 23 
using trypsin\EDTA (Sigma-Aldrich, UK) for 5 minutes and incubated at 37 °C. Trypsin was 24 
deactivated using the appropriate culture medium, and detached cells were collected. The cells were 25 
centrifuged at 1000 rpm for 5 minutes, and the cell pellets re-suspended in culture medium, diluted to 26 
a density of 5x104 cells cm-3. Cells were seeded on top of the printed hydrogels in a small amount of 27 
culture media and left to incubate at 37 °C for 2 hours to allow for cell adhesion. After this time, 20 µL 28 
of the appropriate culture medium was added to each well and the cells were left to incubate. HCE-T 29 
and HCEC-12 cells were grown on the printed square arrays and porous hydrogels for 10 days. Cell 30 
culture medium was changed every 3 days.  31 

2.10 Immunostaining  32 

HCE-T and HCEC-12s were stained with DAPI and Phalloidin to evaluate the cell morphology and 33 
attachment to the printed hydrogel structure. Immunostaining was performed on cells after 10 days in 34 
culture. Prior to immunostaining, the media was removed from around the hydrogel, and both cells 35 
types washed 3 times with PBS. Then, 10% (v/v) neutral buffered formalin (Sigma-Aldrich, UK) was 36 
added to cover the cells, and they were left to fix for 10 minutes. Following this, the cells were again 37 
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washed 3 times in PBS. To permeablise the cells, 1 % (v/v) Triton X-100 (Sigma-Aldrich, UK) was 1 
added to each well, and left for 10 minutes at room temperature. Again the cells were washed in PBS 2 
3 times. 100 µL of a 1:30,000 solution of DAPI (Thermo Fisher Scientific, UK), was added to both 3 
HCE-T and HCEC-12 fixed cells, and the plates were left for 30 minutes at room temperature in the 4 
dark. The cells were then washed in PBS containing 0.1% (v/v) Tween-20 (PBST) (Sigma-Aldrich, 5 
UK). 100 µL of a 1:100 solution of 488 phalloidin (Thermo Fisher Scientific, UK) was added to the 6 
cells, and the plates were again left for 30 minutes at room temperature in the dark. The cells were 7 
then washed for the final time with PBST and were stored at 4 °C until they were imaged.  8 

3. Results and Discussion 9 

3.1 Ink Preparation  10 

The original concentrations of pεK and GG were chosen with an excess of pεK, roughly 2 orders of 11 
magnitude more concentrated than GG. This was due to the differences in the molecular weight of the 12 
two polymers, as pεK has a low average molecular weight of 2 kDa, and GG has a higher molecular 13 
weight of 500 kDa. An excess of pεK was required to provide a bridge between the carboxyl groups 14 
and reduce electrical repulsion [23]. Furthermore, when a lower concentration of pεK is used, all of 15 
the amine groups are utilised in the electrostatic interaction, whereas with an excess of pεK, there are 16 
free amine functionalities available which act as cell binding sites, encouraging cell adhesion [24].  17 

3.2 Rheological evaluations  18 

Shear rate ramps were performed to establish the viscosities for various concentrations of poly-ɛ-19 
lysine and gellan gum for use in inkjet printing (Figure S1A). As the concentration of the pɛK ink 20 
increases from 10 wt % and 20 wt %, the viscosity increases from 2.6 to 8 cP.  Increasing the 21 
concentration of the GG ink from 0.35 wt % to 0.75 wt % increases the viscosity from 15 cP to 61 cP, 22 
with the viscosity of the 0.5 wt % GG ink in the middle at 38 cP. A suitable range for inkjet printing is 23 
0-20 cP [25], which suggests that at room temperature, the 0.5 and 0.75 wt % GG inks are too 24 
viscous to print. The influence of the temperature on the viscosity of gellan gum inks was evaluated 25 
(Figure S1B). For all of the GG inks, increasing the temperature decreased the viscosity to 3% of its 26 
original value. At a temperature of 0 °C, the GG inks had viscosities in the range of 176 – 430 cP. The 27 
0.35 wt % GG ink decreased in viscosity to 6 cP at around 23 °C. Increasing the concentration of GG 28 
to 0.5 wt % required a higher temperature of 26 °C to reduce the viscosity to 9 cP. Finally the 0.75 wt 29 
% GG ink reduced in viscosity at 30 °C to 16 cP. The data shows that increasing the temperature 30 
above room temperature reduces the viscosity of GG inks into a more printable range. 31 

Ink 
Contact Angle 

(°) 
Viscosity (cP) 

Density (kgm-

3) 
Surface tension (Nm-1) 

Ohnesorge 
number 

Z number 
(1/Oh) 

pɛK 31.5 0.008 951 0.070 0.109 9 
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Table 2: Rheological properties of 20 wt % pεK and 0.35 wt % GG 1 

 2 

3.3 Ink stability    3 

The contact angle of varying concentrations of both pɛK and GG were performed to establish how the 4 
ink interacts with the substrate, a glass slide. The contact angle of poly-ε-lysine was shown to reduce 5 
with increasing concentration, whereas the opposite trend was true for the increasing concentration of 6 
gellan gum. These trends are likely due to the effect on the overall charge of the ink. All of the contact 7 
angles were in the range 25-39 ° which shows that they have a high wettability. A low contact angle 8 
may introduce issues with the resolution of the print, as the ink would spread across the surface of the 9 
substrate before gelling.  10 

The surface tension of 10 and 20 wt % of poly-ε-lysine and 0.35, 0.5 and 0.75 wt % gellan gum were 11 
evaluated, to further establish how printable the inks are when jetted. All of the inks have a surface 12 
tension in the range 70-73 mN/m, as they are all dissolved in DI water, which has a known surface 13 
tension of 72 mN/m. The jetlab4 printer has an optimal range for the surface tension of inks, which is 14 
between 20-70 mN/m [25]. The inks were trialled in the printer despite being just outside of this range, 15 
as the waveforms could be optimised to induce the jetting of the inks. The Z number was calculated 16 
for 10 and 20 wt % pεK, and 0.35, 0.5 and 0.75 wt % GG, as the rheological properties of these inks 17 
were found to be close to the printable range. These were used as the appropriate concentration of 18 
ink going forwards. A printable ink should have a z number in the range of 1-14 [26, 27]. Based on the 19 
equation for Ohnesorge number, inks with z numbers at the lower end of this range demonstrate high 20 
viscosity. Although within the ideal range of 1 to 14, 0.5 and 0.75 wt % GG inks were discounted as 21 
their viscosities of 37 and 60 cP made them too difficult to expel through the printhead. At this stage, 22 
0.35 wt % GG was taken forward, with a z number of 5 due to its lower viscosity of 15 cP. 10 wt % 23 
pεK had a high z number of 23, which was outside of the ideal Z number range. Due to its low 24 
viscosity of 2.6 cP, this ink formed many satellite droplets when printed using inkjet. Satellite droplets 25 
are by-products of droplet formation that reduce the quality of the print [28]. For this reason, 20 wt % 26 
pεK was chosen, as its higher viscosity of 8 cP reduced the z number to 9, which was within the 27 
printable range. Furthermore, this eradicated the presence of satellite droplets, which were seen 28 
when the 10 wt % pεK was printed. Further contact angle measurements were performed with 20 wt 29 
% pεK, and 0.3 wt % GG, using a cast hydrogel as the substrate, Table 3. Understanding this value is 30 
important as it defines the minimum possible printed track thickness and the likelihood of the inks 31 
spreading on the hydrogel surface. In RIJ, the resolution is heavily controlled by the spreading 32 
behaviour of the inks on the substrate. If the inks have high spreading, the resolution of the print will 33 
be reduced as the layers of hydrogel build up. A high resolution, in at least the micron range, is 34 
important to achieve a fine detailing when manufacturing complex biomaterial parts. A contact angle 35 
that is too low, typically less than 65 ° [29], will result in ink spreading across the substrate surface. 36 

GG 39 0.015 999 0.0725 0.20 5 
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Whereas, a contact angle that is too high will prevent the formation of a uniform layer, due to the lack 1 
of efficient ink spreading [30]. 2 

Table 3: Average contact angle of 20 wt % poly-ε-lysine and 0.35 wt % gellan gum inks on a cast 3 
hydrogel substrate (n=3) 4 

Hydrogel ink Contact Angle (°) 

20 wt % pεK 20.4 ± 1.5 

0.35 wt % GG 21.3 ± 2.5 

 5 

The average contact angles were 20.4 ° ± 1.5 for 20 wt % pεK and 21.3 ° ± 2.5 for 0.3 wt % GG. 20 wt 6 
% pεK had a contact angle 10 ° lower on the hydrogel substrate than when analysed with a glass 7 
substrate. 0.35 wt % GG was 18 ° lower on the hydrogel substrate, demonstrating that the cast 8 
pεK/GG hydrogel is more hydrophilic than a glass slide. The hydrophilic nature of the hydrogels may 9 
incur issues with printing a high number of passes at a high resolution, as the inks are more likely to 10 
spread when printed on top of one another as opposed to on a glass substrate.  11 

3.4 Inkjet printing  12 

A further feature which effects the resolution of the construct is the formation of a stable droplet during 13 
printing [31]. Using the printer to establish a stable droplet prior to RIJ allowed for the optimisation of 14 
ink chemistry. As inks that had z numbers deemed ‘suitable’ may not have formed a stable droplet, for 15 
example the 0.5 and 0.75 wt % GG inks.  Furthermore, 10 wt % pεK was discounted after it formed 16 
satellite droplets when trying to establish a stable droplet. The chosen ink s, 20 wt % pεK and 0.35 wt 17 
% GG, both formed stable droplets when analysed for inkjet printing. Track optimisation was carried 18 
out to identify optimum printing parameters for printing uniform tracks of 20 wt % pεK and 0.35 wt % 19 
GG, Figure S2. This involved varying the printing speed and the step spacing for the two inks and 20 
comparing the thickness and the quality of the tracks produced. Figure S2 shows the tracks produced 21 
with the optimum parameters for each ink. The optimum parameters were established by analysing 22 
the uniformity and the thickness of the tracks. Both inks used a step size of 0.1 mm, pεK ink was 23 
printed at a speed of 15 mms-1 and GG ink at 20 mms-1. These parameters produced track 24 
thicknesses of 653.3 µm ± 53 for 20 wt % pεK and 633 µm ± 114 for 0.35 wt % GG. These two 25 
thicknesses were closely matched, with a difference of 20 µm, to improve the resolution of the printed 26 
hydrogel when the inks are deposited on top of one another. 27 

 28 
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 1 

Figure 3: A-C) Optical micrographs of 121 mm2 printed pεK/GG array on a glass substrate A) 1 pass 2 
B) 3 passes C) 5 passes of each ink. Scale bar = 500 µm D) SEM micrographs of 121 mm2 printed 3 
array on a glass substrate with 1 and 5 passes of each ink. (Double column figure) 4 
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 1 

Figure 4: A) Optical micrographs of 121 mm2 printed pεK/GG porous bitmaps on a glass substrate 2 
with 1 and 5 passes of each ink. Scale bars = 500 µm and 100 µm. B) SEM micrographs of 121 mm2 3 
printed porous bitmaps on a glass substrate with 1 and 5 passes of each ink. (Double column figure) 4 
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3.5 Imaging of printed hydrogels   1 

Optical and SEM imaging was used to characterise the topography of the printed hydrogel surface. 2 
The optical micrographs show that the printed arrays form a honeycomb like structure in a repeating 3 
ordered pattern, Figure 3. The space between the centres of two adjacent droplets has been 4 
identified as 0.22 mm ± 0.018. This is close to the step spacing used for both inks at 0.15 mm, with a 5 
difference of 0.07 mm. The difference between the space between adjacent droplets and the step 6 
spacing used may be accounted for by the spreading of inks, due to their high wettability when printed 7 
onto either a glass substrate, or the hydrogel itself. Optical imaging of these printed arrays (Figure 3A-8 
C) show the distinct honeycomb structure throughout all the 1, 3 and 5 passes. SEM analysis shows 9 
that when 5 layers of each ink are printed, a repeating structure can be identified, however it has lost 10 
the clarity seen with 1 pass per ink.  The 100 and 250 X magnification used in SEM characterises the 11 
topography in more detail than optical imaging, which shows that the honeycomb structure is a series 12 
of craters in the surface. This unique crater pattern within the repeating units  is likely due to the 13 
instantaneous reaction between the opposing charges of the pεK and GG inks, as a layer of GG is 14 
printed first, followed by droplets of pεK dispensed in a layer on top. The overall repeating honeycomb 15 
structure is likely formed as the droplets dispensed in RIJ provides the minimum surface area of 16 
shapes that fit together with no gaps. 17 

The same imaging techniques were used to analyse printed porous bitmaps of 1 and 5 passes of pεK 18 
and GG, Figure 4. These prints were based on a 121 mm 2 circular bitmap which included spaces 19 
throughout the print. These spaces can be seen using both optical and SEM imaging methods. The 20 
pore sizes included in the bitmap were square with a width between 400 - 500 µm in size. When the 21 
optical and SEM micrographs were analysed, it was seen that at 1 pass per ink, the pores had an 22 
average width within this range, with an average of 470 µm ± 20, demonstrating a high printing 23 
resolution at a low number of passes. When the print is increased to 5 passes per ink, the size of the 24 
pores visibly reduce, with an average printed pore size of 380 µm ± 40. Furthermore, the square 25 
pores seen in prints with 1 pass per ink appear more rounded than prints with 5 passes. The 100 µm 26 
reduction in pore size and lower resolution may be due to the inks spreading before they have fully 27 
set. The repeating structure in the topography of the printed hydrogel seen in the arrays in Figure 5 is 28 
also present in the porous bitmaps.  29 

Reactive Inkjet printing allows the flexibility to print hydrogel scaffolds that can be tuned to meet 30 
specifications for different biomaterials applications. For example, RIJ of alginate with calcium has 31 
demonstrated control of macroporous constructs on a scale relevant to cell culture and tissue 32 
engineering, with printed beads of alginate demonstrating an average size of 48 µm [32]. 33 
Furthermore, RIJ has been used to print complex cellular patterns designed for neural networks, with 34 
neuronal cells present throughout the printed structure [33]. In tissue engineering of the corneal 35 
epithelium and endothelium, a thin construct is suitable to replicate the native corneal tissue. The 36 
human corneal epithelium is around 50 µm and endothelium is approximately 5 µm in thickness [34].  37 
A printed array of pεK and GG with a low number of passes boasts a unique structure which shows 38 
promise for a partial thickness corneal replacement.  39 
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3.6 Transparency of printed hydrogels  1 

The transparency of the printed hydrogels is important for a corneal tissue engineering application as 2 
the aim is to restore the transparency of the cornea following opacity. Percentage light transmittance 3 
data and photographs demonstrate the high transparency of the printed pεK/GG hydrogels shown in 4 
Figure 5. An independent T-test found no significant difference between the printed and cast hydrogel 5 
variants, which demonstrates that the manufacturing process does not affect the optical properties of 6 
the hydrogel. This is a significant finding, as RIJ is a low-cost method that achieves high resolution, 7 
tunable printed parts when compared with static casting [1, 5]. Additionally, the honeycomb 8 
topography has not significantly altered the light transmittance when compared to a cast pεK/GG 9 
hydrogel, demonstrating that the unique structure has not reduced the amount of light that can pass 10 
through the hydrogel. Both variants had a percentage light transmittance of 81-82 %, demonstrating 11 
high clarity. These values are approaching that of the human cornea at 90 % [35]. The cast pεK/GG 12 
hydrogel had a thickness of 1 mm, which is double that of the human corneas 500 µm thickness, 13 
however the printed pεK/GG hydrogel was much thinner than that of the human cornea. Therefore, 14 
more testing would be required on thicker printed samples to assess its transparency for a full-15 
thickness replacement.  16 

 17 

Figure 5: A) Percentage light transmittance of printed and cast hydrogels based on 20 wt % pεK and 18 
0.35 wt % GG. Water positive control. (n=2) B-E) Photographs of B) 100 mm2 printed pεK/GG array 19 
C) 121 mm2 printed pεK/GG porous bitmap both with 15 passes per ink. D) Printed pεK/GG array over 20 
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UoL crest E) printed pεK/GG porous bitmap over UoL crest. Scale bars = 1 mm. Dashed line outlines 1 
the edges of the printed section. (Single column figure) 2 

3.7 Cyto-compatibility of printed hydrogels   3 

Human corneal epithelial cells were seeded onto both printed arrays and porous bitmaps of pεK/GG 4 
and left in culture for 10 days, Figure 6 and Figure S3. The morphology and attachment of these 5 
cells was evaluated by immunostaining using DAPI and Phalloidin. It is shown that after 10 days in 6 
culture, there is a high proportion of HCE-Ts attached to the printed pεK/GG array. These cells 7 
display a typical epithelial morphology, comparable with the cells seeded onto positive control, tissue 8 
culture plastic (TCP). These images show that the topography of the printed hydrogel surface has not 9 
affected cell attachment, and a layer of cells can grow uniformly across it. After 10 days in culture, 10 
printed bitmaps of the pεK/GG hydrogel were shown to support the attachment and growth of the 11 
HCE-T cells, which showed a similar morphology to the printed pεK/GG array and the TCP positive 12 
control. The cyto-compatibility of human corneal endothelial cells seeded onto the printed hydrogels 13 
was also evaluated by immunostaining. DAPI and phalloidin was used to highlight the morphology of 14 
HCECs on the printed pεK/GG arrays. It can be seen that they formed a layer across the surface of 15 
the printed pεK/GG array, and displayed a cobblestone morphology typical of endothelial cells. The 16 
images show a comparable HCEC attachment and morphology on the pεK/GG arrays as on the TCP 17 
positive control. This demonstrates that the unique honeycomb topography of these printed hydrogels 18 
does not affect the attachment of HCEC cells when compared with a flat surface. A similar trend is 19 
seen when the HCEC-12s were imaged on the printed pεK/GG porous bitmaps as with HCE-Ts, in 20 
that sections of the hydrogel had become detached from the glass coverslip. This resulted in a patchy 21 
distribution of HCEC cells. However, the sections of hydrogel that remained were shown to support 22 
the attachment of HCECs which demonstrated a similar morphology to the cells on printed pεK/GG 23 
arrays and TCP.  24 
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 1 

Figure 6: Human corneal epithelial cells (HCE-Ts) and Human corneal endothelial cells (HCEC-12s) 2 
seeded onto printed arrays of pεK/GG and onto tissue culture plastic (TCP). DAPI and Phalloidin 3 
stained after 10 days in culture. Scale bars equal 100 µm. Inserts in merge column show the cells at 4 
40 X magnification to further characterise their morphology. (Double column figure) 5 

These preliminary findings show that the printed pεK/GG hydrogel arrays supported the growth of 6 
monolayers of both corneal epithelial and endothelial cells. This demonstrates promise for printed 7 
pεK/GG as a partial thickness corneal replacement to treat corneal opacities caused by diseases such 8 
as LSCD and Fuch’s dystrophy. It was shown that the culture of corneal cells on printed porous 9 
bitmaps was more difficult, as the pores throughout the hydrogel structure resulted in damage during 10 
media changes. This could be overcome by increasing the thickness of the printed hydrogel 11 
structures, which would in turn increase their stability. The minimum pore size required for a corneal 12 
construct is 20 µm [36]. Therefore, the suitability of the printed hydrogel for this application could be 13 
improved by reducing the pore size so that it is closer to this value. Additionally, the reduction of the 14 
pore size would decrease the disruption of the hydrogel surface.  15 
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Further printing optimisation is also required to produce a more defined construct. This may include 1 
altering the time between passes, the droplet volumes of each ink, and the substrate that the hydrogel 2 
is printed onto. With the prints achieved in this paper, it is too early to suggest that the printed pεK/GG 3 
may be suitable for a full thickness corneal replacement, as 100s of passes would be required to 4 
produce a 500 µm thick hydrogel. However, the inkjet printed pεK/GG substrates demonstrate 5 
potential for thin cell delivery substrates for the corneal epithelial and endothelial layers to treat 6 
disorders such as LSCD and Fuchs dystrophy. A full thickness replacement may be achievable via 7 
reactive inkjet printing, as the code can be tailored to alter the structure of the overall print to 8 
distinguish between corneal layers. For instance, a 5 µm thick endothelial layer can be printed first, 9 
followed by a stromal layer which could be designed to include alternating oriented stacked lamellae 10 
replicating the human corneal stroma, finally a 50 µm epithelial layer could be printed on the top. 11 
Replicating a complex structure such as that of the human cornea is achievable with the high 12 
resolution of inkjet printing, however more optimisation of printing pεK/GG is required to achieve this 13 
target.  14 

4. Conclusions 15 

This work has shown it is possible to print porous hydrogel structures based on the reactive inkjet 16 
printing of poly-ε-lysine and gellan gum. The immediate reaction between the two inks creates a 17 
unique honeycomb-like topography, visible under optical and scanning electron microscopy. Printed 18 
hydrogels demonstrated a comparable transparency with cast hydrogels of the same chemistry, both 19 
of which are approaching that of the human cornea.  20 

Printed hydrogels supported the growth of a monolayer of corneal epithelial cells which showed 21 
significant cell attachment after 10 days in culture. Furthermore, the hydrogels supported the growth 22 
of a monolayer of human corneal endothelial cells which displayed a typical cobblestone morphology. 23 
Reactive inkjet printing allows the versatility of producing a range of constructs with various 24 
dimensions and thicknesses, and can also be tailored to include pores. This material shows promise 25 
as a potential tuneable substrate which can be tailored to suit different approaches for corneal tissue 26 
engineering.  27 
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