Screen printing to create 3D tissue models
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ABSTRACT: 3D printing has revolutionized making tissue models, but the instruments are often
quite expensive, and the approach can involve heat and/or shear forces that can damage cells. As
a complement to more traditional 3D printing approaches, we looked at screen printing. Screen
printing is an additive manufacturing technique used to pattern inks through screens supporting
patterns onto different surfaces. It has a wide range of applications ranging from traditional
printing to printing electric circuit boards. Taking cues from this we have developed a process of
screen printing live cells along with a suitable scaffold on to different surfaces to generate in vitro
models. The process is not only inexpensive and simple to use, but it also offers a wide range of
advantages like the ability to use a range of bioinks limited only by their gelation time, printing on

different surfaces, and the ability to autoclave all of the major components. In this paper, we



present the screen assembly and the setup we used to print the cells along with the resolution and

limits of features printed and the effect of the printing on the cells.

INTRODUCTION

3D printing as an additive manufacturing technique has been quickly developing since its
inception in the 1990°s’. Apart from its uses starting from rapid prototyping to manufacturing
various machine parts, it is also used in tissue engineering?>. Similar to traditional 3D printing,
3D bioprinting is an additive process by which layers of cells and scaffolds are deposited on to a
surface by various methods such as Needle Extrusion Bioprinting, Inkjet Bioprinting, and Laser
Assisted Bioprinting. In 3D bioprinting cells are printed in layers building more complex three
dimensional architectures®, this opens the door for vastly improved in vitro models, which
provide a critical starting point for drug screening and understanding cellular mechanisms

corresponding to different conditions®.

3D bioprinting has many advantages in creating models of tissues and organoids in vitro which
are a better mimic of the tissue or organ®. Also, 3D bioprinting has a huge potential for
developing organs for transplant. Even though 3D bioprinting has a huge potential, the cell
viability in the printed structures is very much dependent on the type of process, extrusion
technique, any thermal variations, the bioink used, and the cell physiology, which results in a
range of viabilities®’. Other than this many bio printing strategies have their own set of
drawbacks depending on the technique used for printing, also in some cases, the bioprinting
strategies result in phenotypic changes in the cells which might not be desirable® 8. The printing

time of bioprinting also depends on the gelation time of the bioink and the technique



implemented which is also detrimental in the cell viability and growth®. Other than 3D
bioprinting techniques including spheroids'?, scaffolds!!, microplates, and microfluidic devices'?

have been used to create 3D in vitro models which better mimic the in vivo environment than

traditional 2D in vitro 3.

To overcome some of the drawbacks of 3D bioprinting and to create a simple process of
creating 3D in vitro models at a small scale with a variety of bioinks and cells we developed a
process based on the traditional lithographic screen printing. In this paper, we demonstrate a
screen-printing technique to generate 3D in vifro models in a high throughput fashion. Screen
printing has been used in lithography and calligraphy for over 1000 years and has been
established as a widely used technology compared to the other printing methods because of its
low cost and its adaptability to change.'* In recent years screen printing has been employed in
the electronics industry to print layers of conductive and resistive materials onto printed circuit

17-21 " as an additive manufacturing technique to

boards!*>!®, to print sensors on different surfaces
create 3D structures®?, and to construct microfluidic devices®>*. Apart from this, screen printing

is used in synthetic biology to spatially control the growth of bacteria on different surfaces 2.

Based on this, we have developed a 3D screen printing process that allows for the creation of
3D structures using hydrogels containing live cells, allowing for the development of 3D cultures.
The screen printing process offers several advantages in constructing tissue scaffold, like the
materials required to make screens are very inexpensive and the screens can be sterilized using
an autoclave making them usable in a laminar flow hood in an aseptic fashion, also a wide range
of viscosities can be used in printing making it compatible with a large number of bioinks. The
screen printing process can also be used to print patterns of cells with hydrogel scaffolds on to

multiple surfaces in a high throughput fashion making it a good option to screen drugs. This



paper provides a proof of concept that screen printing is a straightforward technique that can be
used to develop 3D cell cultures with ease. This paper also presents the process of screen

printing, the resolution of features obtained using the process, and the effect on the cells.

RESULTS

Screen assembly, printing process and durability

The process of multilayered screen printing on a hydrogel surface is shown in Figure 1. The
process of screen printing begins with the assembly of screens, this process is not only
inexpensive but also does not require any specialized equipment (Supplementary Figure 1). The
screens used are constructed using a reinforced wooden frame and a silkscreen, with a water-
resistant emulsion making them a cost effective way (each screen costing around 10 USD) of
printing hydrogel scaffolds for cells. The water-resistant emulsion along with the reinforced
wooden frame makes the cleaning of the screens easy. The screens can be sterilized using an
autoclave, which makes them suitable to be used in an aseptic process (Supplementary Figure 2).
For this paper, we are focusing on the use of gelatin, but any material that gels in approximately
3-10 minutes works well with the process. Materials that gel faster than 3 minutes require
working extremely rapidly, and those that gel slower than 10 minutes risk losing the resolution of
the printing process. Once the gelatin or the hydrogel components set into the required pattern,
the coverslips can be placed in a well plate and growth media can be then added on top of the

coverslips or the glass slides with the pattern for the cells to grow in.



We observed that the screens can be washed, sterilized, and reused over 30 times, before

noticing the wear and tear in the minute details of the hardened emulsion, and loss of tension in

the mesh. The screens can also be recycled by removing the emulsion coating using ethanol and

reapplying a new coat of sensitized emulsion and photomasking new patterns.

The process of screen printing can be used in combination with multiple types of inks with

varying viscosities and other properties, for example, the electronics industry uses various

conductive and resistive and photosensitive inks with widely ranging properties*’, this makes

the screen printing process readily usable with a range of bioinks, supplemented with various

ECM proteins and other media components with a minimum amount of tweaking to the process.

Additionally, the screen printing process can be used to print a wide range of substrates ranging

from absorbent materials like paper, cloth used in traditional lithography to non-absorbent

surfaces like glass, metal, ceramics, and plastic circuit boards?’, this makes the screen printing

process easily adaptable to print on various materials like ranging from semi-permeable

membranes to glass slides and coverslips or other substrates based on the user requirement.
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Figure 1. (A) Schematic of screen printing process with hydrogels and showing patterning for
two layers. (B) Multilayered print as proof of principle, a hydrogel containing dye was screen

printed on another layer of hydrogel with a UMBC patterned screen.

Resolution testing

To test the resolution of the screen printing process, we started with three different patterns at
varying sizes. Since the mesh size of the screens is 125 um, we began testing out starting at
double the mesh size to create reliable patterns on the screens. Even though feature sizes between
250 pum and 400 pum can be photomasked onto screens and printed, the ease of making the
screens and the reproducibility was an issue at this size. This is was mainly due to the resolution
limit of an inkjet printer, which makes the individual features overlap on the transparent sheet
and the difficulty in washing the small features when transferred on the emulsion coated
silkscreen due to the rapid photo hardening of the emulsion in the minute details in the patterns.
So patterns with features having a thickness starting from 400 um, which had much greater
reproducibly and reliability were used in resolution testing. Since all patterns can be constructed
as a combination of lines, curves, and dots, we chose a set of parallel lines, a set of concentric
circles, and a set of dots of varying sizes for resolution testing. A 10% w/vol solution of gelatin
at 35°C is used as the bio ink in printing these structures. The size of the patterns on the
transparent sheet (the diameter of the dots, the thickness of the lines and the concentric circles)
showed an average difference of the 75 um from the sized programmed to print in the Adobe

[lustrator (Supplementary Figure 3). These assembled screens are used to print patterns using a



20 pl volume of 10% w/vol gelatin solution on to a clean glass slide and then the dimensions of
these printed patterns are then measured. Figure 2A-E shows the height heat maps of the features

at a range of magnifications.

From that data, it can be observed that the small structures (below 500 um) have an inflated
size and the larger structures (above 500 um) have a reduction in the dimensions (Figure 2F).
Even though there is a very small disparity of an average of 90 um in the sizes of the patterns
printed, from the intended size of the print, this does not affect the shapes of the pattern, i.e. all
the minute details in the pattern are transferred on the print with only a slight difference in size,
but not the shape of the pattern (Figure 2C-E). This size difference in the pattern is due to the
initial stages of the transparent sheet printing (Supplementary Figure 3) which can be fixed by
adjusting the sizes in the Illustrator to obtain more accurate sizes in the final structures. Also, it
can be noted that very fine details from the screen are transferred onto the prints. Using the three-
dimensional heatmaps of the scanned prints the heights of the prints are obtained (Figure 2G).
The height varies from 1pum to 4um of the individual structures. This height of the structures can
be manipulated to an extent by printing layers on top of each other creating a 3D structure for the

cells to grow in.



500um dot

.,,
k

-« Lines
E 1000 -+ Circles )
E = Dots = -+ Lines
= E - Circles
€ 2 = Dots
= - 4l
S 800 £
= Qo
- o
5 £
o -
& 600 - )
> >
2 -
Q
< 400
0
400 600 800 1000 400 600 800 1000
Intended size of the print (sm) Intended size of the print (um)

Figure 2. Heat map of a feature (A) one dot of 500um diameter size in a grid of dots(20x, n=3)
(B) part of a line 500pum thick in a set of lines(20x , n=3); Set of (C) parallel lines (D) concentric
circles (E) dots printed using 10%w/vol gelatin solution as the bioink in the screen printing
process(5x, n=6); Resolution data of the (F) size and (G) height of the features; A set of 3 prints
per size per pattern have been taken and 6 images at 5x resolution was used to measure the x-y

dimensions and 3 images at 20x resolution were used to collect the height data.



Multilayered printing

To print a wider variety of structures and also to accommodate multiple cell types and different
bioinks, we used the screen printing process to print multiple layers on top of each other. For this
we chose a crosshatch pattern obtained by using the set of parallel lines printed on top of each
other (Figure 3A-B). To observe the increase in height of the structure a first layer is printed, and
the height of this layer is measured and then a second layer is printed perpendicularly on top of
the first and the height of the structure is measured. From the height analysis of the two layers it
can be observed that the height of the structures is increased by adding a second layer (Figure
3C), which serves as an indication that more complex patterns can be obtained by multilayered
printing. To add to this, we have printed a smaller dot pattern on top of larger diameter dots. A
dot pattern of 250 um size is printed above a 600 um dot pattern and the aligned dots are imaged
and analyzed. Figure 3D shows the heatmap of the multilayered dot print and Figure 3E shows
the height profile of the print. From the heatmap and the height profile, it can be noted that the
height of the feature can be increased by adding layers of prints. This serves as an indication that
the height of prints in the screen printing process can be increased by adding layers on top of
each other and also that this process can be used to encapsulate multiple cell types and different

bioinks to produce complex patterns, with varying height in a simplistic fashion.

Traditionally screen printing has been used to print a few thin layers of inks either on top of
each other or aligned on the side of each other to print the required pattern. Here in this paper,
we demonstrate that both of these can be done manually to achieve a complex pattern composed
of various bioinks and multiple layers. Using this manual process 3-4 layers can be easily
printed, on top of each other, but this process can be automated to add more layers to create

much complex structures.
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Figure 3. Heatmaps, showing multilayered printing of (A) the first layer of 400um lines (20x)
and (B) the second layer of the 400pum (20x) (C) Height data of multilayered prints constructed
using 400um and 500pum width series of lines (D) heat map of the aligned dots of 200pum on top
600um dots (20x) and (E) the height profile of the multilayered feature showing an increased
height; A set of 3 prints per pattern per size were taken and all the dimensions were measured at

20x magnification.

Effect of the printing on the cells

Colorectal adenocarcinoma cells (Caco-2) were used to test the effect of the printing process
on cell survival. To test the effect of the screen printing process on the cells, Caco-2 cells are
mixed with 10% w/vol gelatin solution and printed onto coverslips and then live/dead assays
were used to visualize and measure the viability of the cells. Figure 4A-B shows the live dead
images of the Caco-2 and the gelatin bioink printed onto a glass slide using a 500um line pattern
and cells in the just the Caco-2 and the gelatin mixture as a control. To further quantify the cell

survival during the screen printing process and to compare it to the viability of the cells passed

10



through a 30G needle, cells were printed using a 125um screen, extruded thourgh a 30G needle
using culture media and gelatin as the bioink (Figure 4C, Supplementary Figure 4). From the
data it can be observed that screen printing the cells using gelatin as the bioink has similar
viability as the control (Figure 4C). The cells printed using just the mixture of cells and media
have shown a decreased viability compared to the other conditions, this might be due the direct
exposure of cells to the sheer of squeegee and the screen, this can be easily avoided by using a
suitable bioink, which can be observed in the gelatin cell prints which show as similar viability
as the control. So, this process can be used to print live cells into structures using suitable bioinks

to generate 3D in vitro models.

It is known that the stresses involved during bioprinting can result in cell damage, reduction in
cell viability and also phenotypic changes in some cases’. Since the cells passing through the
screen printing process experience the stress only for a few seconds while passing through the
screen, we assessed the effect of this process immediately after the printing. From the results it
was observed that with the use of a scaffold the cells experience no significant damage in

comparison to control.
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Figure 4. (A) Florescent of images of Caco-2 cells A) printed using a 125 um mesh size with a
500 pum line pattern and B) media control stained using calcein-AM (green) the live cells and
ethidium homodimer-1(red) for the dead cells (C) Viability of the Caco-2 cells printed using a

screen of 125 um mesh size along with the control and a 30G needle (n=4)
DISCUSSION

In this paper we created a completely manual process which can be easily reconstructed
without the requirement of any specialized equipment and which can be used in an aseptic
fashion for mammalian cells, but also this process can be augmented by higher rigidity scaffolds

or automation or different substrates to create a much more complex plethora of models. The
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resolution of the screen printing process can also be increased by using finer mesh screens,
tweaking the emulsion formulations, and using high resolution photomasks, we chose a 125um
mesh size screen in order to accommodate for the mammalian cells without getting obstructed by
the screen, a commercially available emulsion and an inkjet printer for printing the photomasks
to keep the process easily reproducible. 3D bioprinters are used to print features of varying size
ranging from 10pum to 1000pm?®2° depending on the cell type and application for example a
resolution of around 200um is found to be suitable for blood vessels and organoids®’, a finer
resolution of 50pum is needed to print cell laden microfluidic devices®!, and a much less
demanding resolution of around 500um is needed to construct renal tubes*2. The screen printing
process could easily be used to print the structures of similar resolution with ease, to create these
models. Also, it can be noted that we have used glass slides to test the resolution of the screen
printing process for the purpose of imaging, there can be a slight spreading or absorption of the
bioink when using a permeable or semi permeable substrate which needs to be tuned to achieve
the optimal setup for each application. In this paper we developed a simple process similar to
traditional lithographic screen printing technique to print thin structures of gelatin, but with
automation, and gels with the right structural rigidity and binding properties a 3D structure
which a higher level of complexity and height can be generated like the 3D screen printing

process?> 3,

Resolution of the features is an important factor for any printing process. Depending on the
mechanism of crosslinking of the hydrogel, predominantly and whether the gel is synthetic or
naturally derived the resolution of bioprinting varies with a much finer resolution with the
synthetic gels and a relatively coarser resolution with the naturally derived hydrogels®*. Recently,

much finer resolution of around 20um has been achieved even by using naturally derived

13



hydrogel like collagen, but this comes at a cost of extruding the cells separately, and not along
with the collagen, since the collagen has to be acidified and printed onto a pH-buffered support
bath to achieve a fine resolution®. Also, it has been shown the encapsulating cells within the
hydrogel (gelatin) can lower the resolution of the printing process*®. Screen printing being an
analog process supporting a wide range of inks from a thick paste to a gelatinous liquid in a short
span of time, can be used as a potential technique to print small sized in vitro models with

various cell type, bioinks in a quick way.

The resolution of the features achieved by the screen printing technique can be as fine as 50um
with a very precise margin®® 3738, For the purpose of this paper we chose to create a simplistic
manual process, without the need of specialized equipment which can be easily replicated, from
this process we developed patterns of the order of 100um which is very much comparable to that

of the 3D bioprinting techniques?'.

We quantified the effect of the screen printing process on the cells and found no significant
damage to the cells compared to the cells extruded by needed or the control with the use of a
suitable bioink. Unlike traditional bioprinters which sometimes experience a thermal variation or
a long extrusion channel for a significant amount of time, the screen printing process is very
quick i.e. the time the cells are passed through the screen or experience any stress is 1or 2
seconds which might help in reducing cell damage and may not present any phenotypic changes.
This can be supported by the viability of the cells using the gelatin scaffold, but further testing on
multiple cell types at different time points after the printing is needed to accurately determine the

effect of this process on the cells.
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Screen printing has been used for thousands of years, and it has applications in fields as
diverse as art and electronics. The power of the technique is that it allows on to combine multiple
kinds of approaches. One can screen print on a wide range of materials from cloth to scaffolds to
silicone, and one has the potential to integrate electronics into the system. The question we had
was whether we could print mammalian cells and their synthetic extracellular matrix in this
system, if so, we would have the possibility of being able to leverage the vast experience and
range of materials associated with the technique. The work here demonstrates that not only can
we print mammalian cells and their extracellular matrix or hydrogel systems, but we can do so

reproducibly, with good resolution and cell viability.

CONCLUSIONS

The screen printing process is a simple approach to build 3D tissue models. All the materials
required for the screens can be easily procured and constructed without the use of any
specialized equipment at very low cost with each screen costing less than 10 USD. The small
footprint of the screens and the fact that they can be easily sterilized make them easy to
incorporate in an aseptic process. While we have focused here on gelatin on glass, the process is
amenable to printing on a range of surfaces from membranes to degradable materials and can be
combined with other 3D printing techniques to build out models. One of the other attractions is
that one can print multiple replicates in parallel with the system. Given the simplicity of the
process, the time to print a model, and the ability to print multiple patterns make this a promising
technology to print multiple patterns in a short time for high throughput screening. The
resolution data acquired from the set of three prints, per size, per pattern indicates that the screen
printing process is very consistent and reproducible. Even though there is a slight margin of error

in the intended size of the print compared to the actual size of the print, the shape of the pattern
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holds very well making the prints suitable for use in developing in vitro models. The slight
variation in prints is due to the intermediate steps involved in transferring the print from the
digital version on to the screen and can be easily fixed by accounting the prints from the inkjet
printer. Printing layers on top of each other cannot only be used to increase the size of structures
but also can be used to layer multiple cell types or bioinks on top of each other, creating complex
structures to understand the interactions between the various types of cells or similar cells in
different bioinks. The live dead data suggests that the screen-printing process is equivalent to
other 3D printing approaches for cell viability, and the simplicity, cost, and ease of use make the

approach an important tool for making 3D tissue models.

MATERIALS AND METHODS

Screen assembly

The screens used are constructed using a wooden frame of size 4"x6" reinforced with staples
over which a tightly stretched silkscreen of mesh size 125um (43T, 110US) is attached. A water-
resistant photosensitive diazo emulsion Ulano-925WR-P (New York, USA) is then sensitized
according to the manufacturer’s instructions and a thin layer of the sensitized emulsion is coated
on to the stretched silkscreen and the screen is dried in a dark place overnight. The pattern of
interest is designed using Adobe Illustrator and is printed on a transparent sheet in saturated
black using an inkjet printer. This pattern is placed on the silkscreen with the dried emulsion
coating and exposed to UV light for approximately 3 minutes. This results in the hardening of
the exposed areas of the screen and the unexposed pattern is washed away with a water spray.

The screen is dried under white light for an hour and then sterilized in an autoclave.

16



Printing Process

A clean slide or a coverslip or hydrogel surface on to which the desired pattern is to be printed is
placed below an aluminum foil collar and the screen is placed on top of the collar such that the
pattern is above the slide. The required volume of gelatin or the hydrogel components mixed
together with the cells and extracellular matrix proteins (ECM) are placed next to the pattern on
the screen and an aluminum squeegee (3"x3") is used to push the hydrogel components or the
gelatin through the screen on to the surface of the slide. In this paper, a 10% w/vol solution of

gelatin at 35°C is used as the bioink which when printed on the glass slide sets into a hydrogel.

Imaging and Analysis

A 3D laser scanning confocal microscope VK-X1000 (Keyence, Japan) is used to image the
prints and the Multifile analyzer software (Keyence, Japan) is used to analyze the images and
measure the sizes of the patterns and structures obtained during the screen assembly and printing
process. Three prints of each size and shape are taken, for each print six images are taken at 5X
magnification to measure the horizontal dimensions of the prints and three images are taken at
20X magnification to measure the height of the prints. The diameters of the dots and the
thickness of the lines and concentric circles of the printed structures are then measured using the
plane measurement functions in the multifile analyzer software and the vertical profile of the
features are measured by using the profile function, and then the average height is calculated

using the area under the profile curve and the horizontal thickness of the feature.
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Cells and Live/Dead Assay

Caco-2 cells obtained from ATCC, USA were cultured using MEM alpha supplemented with
20% Fetal bovine serum. 10,000 cells were mixed with either culture media or 20ul of 10%
w/vol gelatin solution and then printed using screen printing process. Then the printed cells are

stained using 4uM of calcein-AM as live stain and 8uM of ethidium homodimer-1 as dead stain.

Imaging and Population Analysis:

The cells and the cells in the screen printed scaffolds were then imaged using a live cell imaging
multimode reader (Cytation 5, Biotek, USA). To quantify the data of the live dead assays a laser
scanning fluorescence microplate cytometer (Acumen, TTP Labtech, UK) and the data is
analyzed by using the cellista software (TTP Labtech, UK). The Acumen uses the High content
screening technique® to analyze the microplate assays and here the program is set to detect the

population of the live and dead cells in each cohort.
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Supplementary Information
Screen Assembly

The screen assembly begins with a wooden frame of size 4"x6" (Supplementary Figure -1A). The
wooden frame is reinforced using '4” staples (Arrow T50, USA) to maintain the structural rigidity
of the frame in the autoclaving process (Supplementary Figure -1B). A silkscreen of mesh size
125pum (43T, 110US) is then stretched on to the wooden frame and then attached to the frame
using the %4 staples (Supplementary Figure -1C). The empty screen is then cleaned using 70%
ethanol solution to degrease the mesh. The emulsion (Ulano-925WR-P) is then sensitized
(according to the manufactures instructions) by dissolving the sensitizer in the water and mixing
it in the emulsion thoroughly until an emulsion of uniform color is obtained. The emulsion is then
let to set for an hour, the sensitized emulsion can be stored in dark place at room temperature for
2 months. The emulsion is then coated on to the mesh (Supplementary Figure -1D). The emulsion
coated screen is dried overnight in a dark place. The photomasks are designed in Adobe illustrator
with the accurate pixel density corresponding to the scale and the printer resolution. The
photomasks are then printed on to a transparent OHP sheet using saturated black. The photomasks
are then placed on dried emulsion coated screens at approximately 15cm away from a UV lamp
(Black-Ray, UVP B100, 365 nm) for 3-5 minutes. The photomask is then removed, and the screens
are washed using a stream of water until the non-hardened emulsion from the patterns is
completely washed away, the screens are then set to dry (Supplementary Figure -1E). The screens
are then placed in an autoclave bag and sterilized to be using in a tissue culture hood. Once the
screens are used to print, the screens are washed with water, dried and autoclaved to be reused.
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Supplementary Figure 1: A) Empty wooden screen B) wooden frame reinforced with staples C)
Silkscreen stretched and attached to the wooden frame D) sensitized emulsion coated screen E)
Assembled screen with a concentric circle pattern of various sizes.

Sterilizing the screens:

To sterilize the screens and to make them suitable for use in a tissue culture hood, we assembled
the screens using wooden frames reinforced with '4” staples (Arrow T50, USA). The completely
assembled and photomasked screens are autoclaved at a temperature of 121°C and a pressure of
31Psig for 15 minutes and 2 minutes of dry time (Gravity-1 setting) in an autoclave. Supplementary
Figure 1 shows the images of the screens pre and post autoclave cycle, the screens remained
structurally intact, and the pattern on the mesh and the mesh itself maintained its tension, making
them suitable for printing after the autoclave cycle. This shows that after each print, the screens
can be cleaned and then sterilized using an autoclave making them suitable for aseptic use.
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PREAUTOCLAVED SCREENS AUTOCLAVED SCREENS

Supplementary Figure 2: Pre and post autoclaved screens, showing autoclaving the screens
doesn't alter their structural integrity, making them suitable for integration in an aseptic process

Size of the prints on the transparent sheets:

In the initial stages of the screen printing the patterns are designed on Adobe Illustrator and then
printed on to inkjet printer compatible OHP sheets using an inkjet printer (Epson, WF-3640). The
size of the patterns on the transparent sheets are measured using the laser confocal scanning
microscope VK-X1000 (Keyence, Japan) and the results are analyzed using the Multifile analyzer
software (Keyence, Japan). Supplementary Figure 2 shows the size of the patterns on the OHP
sheets. From this it can be observed that the inkjet printer results in a size variation of about 70
um in comparison to the designed pattern, which is carried on to the later stages of the printing
process leading to a variation of approximately 90pm in the size of the prints. This can be adjusted
by changing the size of the patterns in the Illustrator and then printing them to adjust for the
variation in the sizes on the transparent sheets and there by adjusting the size of the patterns on the
screens and finally the size of the prints.
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Supplementary Figure 3: Sizes of lines, dots and concentric circles printed on the transparent
sheet, showing an increase in size of the prints, which is translated into the later parts of screen
assembly (photomasking) and thereby effecting the sizes of the hydrogel prints

Media 125um screen print 30G needle

Live stain

Dead stain

Supplementary Figure-4: Virtual images of Live/Dead scans of the Caco-2 cells printed using the
screen printing techniques with a (125 um mesh size of screen along with a control and 30G
needle.
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