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Abstract

We previously reported a single-cell adhesion micro tensile tester (SCApTT) fabricated from IP-S photoresin with two-photon
polymerization (TPP) for investigating the mechanics of a single cell-cell junction under defined tensile loading. A major
limitation of the platform is the autofluorescence of IP-S, the photoresin for TPP fabrication, which significantly increases
background signal and makes fluorescent imaging of stretched cells difficult. In this study, we report the design and fabrica-
tion of a new SCApTT platform that mitigates autofluorescence and demonstrate its capability in imaging a single cell pair
as its mutual junction is stretched. By employing a two-material design using IP-S and IP-Visio, a photoresin with reduced
autofluorescence, we show a significant reduction in autofluorescence of the platform. Further, by integrating apertures onto
the substrate with a gold coating, the influence of autofluorescence on imaging is almost completely mitigated. With this
new platform, we demonstrate the ability to image a pair of epithelial cells as they are stretched up to 250% strain, allow-
ing us to observe junction rupture and F-actin retraction while simultaneously recording the accumulation of over 800 kPa
of stress in the junction. The platform and methodology presented here can potentially enable detailed investigation of the
mechanics of and mechanotransduction in cell-cell junctions and improve the design of other TPP platforms in mechano-
biology applications.
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1 Introduction

The study of mechanical properties of cell-cell junctions
has seen increased interest in recent years due to advanced
technologies that allow for precise cell manipulation and
complex microstructures with fine resolution to interact
with cells. For studying cell-cell junction mechanics, two
common approaches are dual micropipette aspiration (DPA)
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(Tabdili et al. 2012; Vedula et al. 2009) and single cell force
spectroscopy (SCFS) (Friedrichs et al. 2013; Panorchan
et al. 2006). In DPA, two cells are suctioned onto the tip of
two micropipettes, brought into contact and subsequently
pulled apart, while the force within the junction is deter-
mined based on the deflection of the micropipette tips. A
major limitation of this experimental setup is that cells are
not given time to form mature focal adhesions, which play
a critical role in adhesion-mediated mechanotransduction
(Esfahani et al. 2021). In addition, this platform has dif-
ficulty in combining mechanical measurements with fluo-
rescence microscopy (Gonzélez-Bermudez et al. 2019). In
SCEFS, one cell is attached to an atomic force microscopy
(AFM) probe and brought into contact with another cell
on a petri dish, and then the cells are pulled apart while
force is read with the AFM. While this technique allows
for a high force sensing resolution, a major limitation is the
difficulty in continuously observing the cell-cell junction
during stretching due to the orientation of the stretching
direction with respect to the imaging plane. In addition, like
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with DPA, mature cell-cell junctions cannot form without
sacrificing throughput.

To address these limitations, our group designed a single-
cell adhesion micro tensile tester (SCApPTT) platform, which
allows for stretching a single pair of cells connected by a
junction while imaging it and recording stress and strain
(Esfahani et al. 2021). In addition, cells are allowed time for
prolonged growth on the platform to form mature cell-cell
junctions and focal adhesions, and since an array of these
platforms are fabricated on one substrate, parallel operation
and high throughput is achieved. However, a major limita-
tion of this platform for studying mechanotransduction is the
optical properties of IP-S, the photoresin it was originally
fabricated with, which produces high autofluorescence dur-
ing fluorescent imaging. Fluorescent imaging is critical in
investigating mechanotransduction, as it allows for real-time
visualization of the expression and organization of proteins
tagged with fluorescent markers as well as investigation of
force-induced protein unfolding with fluorescence resonant
energy transfer (FRET). By enabling fluorescent imaging on
this platform, a variety of mechanotransduction responses
can be further studied. For example, initiation of mecha-
notransduction responses in both adherens junctions and
desmosomes can be studied with FRET sensor incorporated
into E-cadherin, a-catenin, and desmoplakin. Further, the
dynamics of downstream responses, such as reorganiza-
tion of F-actin and intermediate filaments, as well as clus-
tering of junctional proteins, can be investigated. Finally,
force transmission through the junction and onto cell-ECM
junctions can be studied using DNA-based tension sensors
and traction force microscopy. The high background signal
produced by IP-S makes conducting these types of studies
difficult, especially FRET studies, due to its inherently weak
signal.

In this report we detail the design and fabrication of a
new multi-material based SCAPTT platform compatible
with fluorescent imaging. The platform takes advantage
of IP-Visio, a new photoresin developed by Nanoscribe
with reduced autofluorescence, and IP-S, which was found
to have superior mechanical properties and produce more
stable platforms than IP-Visio alone. In addition, we incor-
porated integrated apertures made by evaporating gold on
to the substrate to prevent the illumination of IP-S, further
reducing background noise and improving signal-to-noise
ratio during imaging. With this design, we demonstrated the
ability to image F-actin and the nucleus in a pair of keratino-
cytes as they are stretched up to 250% strain, allowing us to
observe junction rupture and F-actin retraction while simul-
taneously recording the accumulation of over 800 kPa of
stress in the junction. The platform presented here will ena-
ble potential studies on mechanotransduction at the cell-cell
junction by monitoring fluorescently tagged proteins and
tension levels in mechanosensitive networks using FRET,
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and the fabrication technique can be integrated into other
TPP-printed platforms for use in cell mechanics studies.

2 Materials and methods

2.1 TPP fabrication

TPP processing was carried out using a Photonic Profes-
sional GT (Nanoscribe GmbH) instrument and two propri-
etary photoresins, IP-S and IP-Visio, supplied by the vendor.
The 3D computer assisted designs (CAD) of SCApTT plat-
forms were compiled using the 3D graphic editor built into
COMSOL Multiphysics software. Subsequently, STL files
of 3D CAD designs were exported and converted into job
files using DeScribe software. When printing IP-S parts of
SCApTT platforms, the laser beam scanning velocity and
laser power were set to 55 mm/s and 65%, respectively. The
interlayer and raster distances (commonly referred to as
“slicing” and “hatching” distances, respectively) were set
to be 0.5 p m and 0.4 p m. For printing IP-Visio parts, scan-
ning velocity, laser power, slicing distance, and hatching
distance were 30 mm/s, 90%, 0.4p m, and 0.3 p m, respec-
tively. These small slicing and hatching distances provide
sufficiently high resolution and surface smoothness while
printing time was reasonably short (a 6 X 6 array of these
platforms can be fabricated overnight within 10-12 h). After
printing arrays of the main parts of SCApTT platforms, the
substrates were successively soaked in SU-8 developer for
30 min, rinsed with isopropanol, dried, and loaded into the
TPP tool. Similar development and drying procedures were
used after printing the top IP-Visio platforms. Before print-
ing the top IP-Visio platforms, alignment of the substrate
with already printed IP-S structures was done manually by
centering each IP-S structure in the field of view of the tool’s
optical camera. All IP-S and IP-Visio parts were fabricated
using the solid mode.

To fabricate the apertures, sacrificial shadow masks were
3D printed on the substrates using the same tool used for
printing SCApTT platforms (See Fig. 4 for detailed illus-
tration). The sacrificial shadow masks were elevated disks
supported by four tapered pillars and sized according to
the targeted aperture diameter. The size and tapered shape
of the pillars supporting the disks were selected based on
preliminary tests in which arrays of such structures were
printed with various sizes of supporting elements and sub-
jected to a gentle stream of deionized (DI) water from a
typical showerhead used for sample rinsing in a cleanroom
setting. The sizes of the supporting pillars in the structures
removed completely by the water stream were selected and
subsequently used in this study. Arrays of sacrificial disk
structures with the previously identified sizes of supporting
pillars were printed on cover slips and subsequently coated
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with a stack of 50 nm gold (Au) on 10 nm titanium (Ti)
using a Thermionics VE-420 dual source e-gun evaporator
(Thermionic Inc.). Once the metallization was completed the
printed sacrificial disk arrays were removed with a gentle
stream of DI water from a showerhead leaving only the metal
with apertures patterned on the substrates.

The deposition of the nanoporous silicon oxide layer
was done using near-room temperature plasma-enhanced
chemical vapor deposition (PECVD) on an Oxford Plasma-
lab System 100 (Oxford Instruments Inc.) tool in a mixture
of silane (SiH,), argon (Ar), and nitrous oxide (N,0). The
procedure was described previously (Charlton et al. 2014).
In brief, the main parameters of the PECVD recipe were as
follows: 25-30 °C substrate temperature, 600 mTorr pres-
sure, and 150-W RF power. Flow rates of 5% SiH, in Ar and
N,0 were 75 cm® min~! and 600 cm® min~!, respectively.
Deposition rate was approximately 100 nm per minute. From
here fabrication of the SCApTT platforms was carried out
as described above.

2.2 Cell culture and staining

A431 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Thermo Fisher) supplemented with 10% fetal bovine
serum (FBS) (Thermo Fisher) and 1% penicillin—streptomycin
(P/S) (Thermo Fisher). Keratinocyte cells (HaCaT) were cultured
in DMEM with low calcium concentration (Thermo Fisher)
and supplemented with 10% FBS, 1% P/S, and 1% GlutaMAX
(Thermo Fisher). For experiments, cells were grown in CO,
independent DMEM (Thermo Fisher) supplemented with 10%
FBS and 1% P/S.

A431 cells were first fixed with 4% paraformaldehyde
diluted from 16% paraformaldehyde (Thermo Fisher) in
phosphate-buffered saline (PBS) (Thermo Fisher) for 10
min. Then, cells were permeabilized with 0.1% Triton X-100
(Sigma-Aldrich) for 5 min. To stain zyxin, anti-zyxin anti-
body (Sigma) was diluted to a ratio of 1:250 v/v in PBS,
added to the sample, refrigerated for 24 h, and finally washed
twice with PBS. Then, goat anti-rabbit IgG (H + L), Super-
clonal Recombinant Secondary Antibody, Alexa Fluor 647
(Thermo Fisher) was incubated with the sample for 1 h at 37
°C. To stain F-actin, Alexa Fluor 488 Phalloidin (Invitrogen)
was diluted to a 1X concentration in PBS and incubated
in the sample at room temperature for 30 min. Finally, to
stain the nucleus, DAPI (Thermo Fisher) was diluted 1:1000
in PBS and incubated with the sample for 10 min at room
temperature and then filled with PBS for imaging. Between
each of the above steps, the sample was washed twice with
PBS. HaCaT cells were fixed, permeabilized, and stained for
F-actin and the nucleus with the same parameters as A431
cells. Between each step, cells were washed two times by
incubating in PBS at room temperature for 4 min. These

staining protocols were kept the same for each sample under
different comparison groups in the same study.

2.3 Cell deposition and stretching

Prior to cell deposition, SCApPTT platform arrays were
placed in a glass bottom petri dish and sterilized with 70%
ethanol for 1 min and then soaked in PBS for 1 h to dis-
solve any remaining ethanol. Then, the platforms were
coated with Geltrex (Thermo Fisher) for 1 h to promote
adhesion of cells onto the platform. In preparation for cell
deposition, 2 mL of CO,-independent DMEM was placed
in the petri dish. After cells were passaged, 100 pL of cells
suspended in DMEM at a concentration of 500 cells/pL
was dropped on top of the platforms. For depositing cells
on the platforms, an Eppendorf single-cell isolation setup
was used. The setup consists of a pressure controller (Cell-
Tram 4r Air/Oil, Eppendorf) which controls the pressure
inside a microcapillary (Piezo Drill Tip ICSI, Eppendorf)
with a tip inner diameter of 6 pm. The pressure control-
ler is positioned with a 3D manipulator (TransferMan 4r,
Eppendorf), which is on a Nikon Eclipse Ti-S microscope
within a temperature-controlled chamber at 37 °C. To
deposit cells, the tip of the microcapillary is brought into
contact with a cell on the substrate. Subsequently, a nega-
tive pressure is applied to suction the cell to the tip. The
cell is brought into one side of the bowtie confinement on
top of the SCAPTT platform and the pressure is released to
place the cell. The same procedure is then repeated to place
another cell on the other side of the confinement, and this
process is repeated for each platform in the array.

The cell stretching setup consists of an AFM (Nanosurf
AG, Switzerland) on a Zeiss Axio Observer 7 microscope. A
hole is drilled in the tip of the AFM probe with focused ion
beam (FIB) etching in a FEI Helios NanoLab 660. For stretching
cells on the hybrid design, first the islands are separated
by breaking the tethers that join the islands, which were
implemented to promote stability of the structures, using the
microneedle tip used for cell deposition. The sample is placed
under the AFM and the AFM tip with a through hole is lowered
to the device to capture the pin on the forcing island. The cell
pair was stretched in increments of 5 pm by moving the AFM
tip with the AFM software and imaged at each point from 0 pm
to 50 pm (with a time of about 22 s between each image).

2.4 Signal quantification

To quantify the signal intensity from images of disks in
the initial comparison of autofluorescence between IP-S
and IP-Visio, a circular region of interest was drawn on
each disk and the intensity for each channel was calculated
with Zeiss software. An average of these values for all
disks was then calculated. For quantifying the intensity
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of stains of zyxin, F-actin, and DAPI, small regions of
interest were defined in areas with high signal with well-
defined features of the proteins, and the average intensity
of these regions of interest was calculated.

To quantify the signal intensity from images of the
original SCApPTT platform as well as the hybrid SCApTT
platform without and with integrated apertures, a small
rectangular region of interest (Fig. 5a) was defined within
the bowtie confinement area of each device imaged, and
the average intensity within the region of interest was cal-
culated with Zeiss software. Then, the average of each of
these values for the same type of platform was calculated.

To quantify the intensity of stained nuclei on the plat-
forms, a custom CellProfiler (Broad Institute) pipeline
was created to identify the nuclei and calculate their aver-
age intensity. To calculate the background signal for each
nucleus, images of the platforms without stained cells
were taken with the same image acquisition parameters.
Then, based on the border of each nuclei identified by
CellProfiler, the intensity within the regions that the nuclei
contain were calculated. The intensity of an individual
nucleus is then calculated by subtracting this value from
the original intensity, which would include signal from
both the nucleus and background. To calculate signal-to-
noise ratio, this value was divided by the background value
for each nucleus, and then these values were averaged. To
calculate the adjusted nucleus intensity, which takes into
account the potential for variability of staining between
samples, the average nucleus intensity in cells growing
on the petri dish within which the platforms are placed
was calculated, and the nucleus intensity of cells on the
platform was divided by this value. This allows us to gauge
accurately the effect SCApPTT platforms have on inhibiting
signal excitation and collection.

2.5 Stress—strain curve calculation

The top plate displacement was assumed to match the
input displacement and used to find the relationship
between pixels and distance in pm. The bottom plate dis-
placement was found by tracking bright spots on the edge
of the bowtie with a MATLAB code. To convert bottom
plate displacement to force, the stiffness of the vertical
beams of the bottom island was calculated based on its
dimensions and the dimensions and stiffness of the verti-
cal beams of the original platform. The effective stiffness
of the vertical beams supporting the sensing island in the
original design was 0.11 N/m. Based on beam bending
theory, the stiffness of the beams of the hybrid design
with a height of 125 pm and thickness of 10 pm was cal-
culated to be 49.2 N/m. From here, stress and strain were
calculated as described previously (Esfahani et al. 2021).
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2.6 Microscopy and SEM imaging

Imaging was done on a Zeiss LSM800 Confocal laser scan-
ning microscope and a Zeiss Axio Observer 7 microscope.
Images for the initial comparison of autofluorescence
between IP-S and IP-Visio were done on the confocal micro-
scope, and all other images were taken on the Observer 7
unless specified otherwise. Imaging parameters such as laser
power, master gain, and objective pinhole diameter were
kept consistent between experiments to ensure consistency.
Scanning electron microscope (SEM) images were taken on
a FEI Helios NanoLab 660 SEM.

2.7 Mechanical characterization

To calculate the Young’s modulus of IP-S and IP-Visio, a
Hysitron TI 950 Triboindenter was used to indent bulk disks
of IP-S and IP-Visio. First, the reduced modulus E, was cal-
culated through the indention experiment for each material.
The Young’s modulus was then calculated based on the fol-
lowing equation: E = E, (1 —1?), assuming v = 0.4. Tensile
tests were done by repurposing the original design of the
SCAPTT platform for stretching crosslinked microfibers of
IP-S and IP-Visio. The islands of these platforms were con-
nected by crosslinking a microfiber of either IP-S or IP-Visio
between them. Stretching was done with an AFM, and stress
and strain information were obtained using digital image
correlation. The Young’s modulus was calculated by fit-
ting the linear portion of the resulting stress—strain curves,
and yield strength was determined as the intersection of the
stress—strain curve with a 2% parallel offset line.

3 Results
3.1 Fluorescent properties of IP-S and IP-Visio

As afirst test to gauge the fluorescent properties of IP-Visio,
disks were fabricated from IP-S and IP-Visio and imaged
with laser wavelengths of 405 nm, 488 nm, and 640 nm to
measure their fluorescence across a range of possible imag-
ing wavelengths. As shown in Fig. 1a and b, compared with
IP-S, IP-Visio produces far less fluorescence in all channels.
Next, A431 cells were cultured on the disks and stained for
the nucleus, F-actin, and zyxin. As a result of the lower auto-
fluorescence of IP-Visio compared to IP-S, more signal and
details in the stains can be observed (Fig. 1c and d). The dif-
ference is most distinct in the 405 nm channel, in which the
nucleus of individual cells can be clearly seen on IP-Visio
but are completely blocked when imaged on IP-S due to its
high autofluorescence in this channel (Fig. 1c and d, ii). In
the 488 nm channel, more defined features of F-actin around
the cell-cell junctions can be seen on IP-Visio, whereas these
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Fig. 1 Fluorescent properties
of IP-S and IP-Visio. For each
image set: brightfield image %
(i) and fluorescent image with > |
1
ol

Brightfield

405 nm laser (ii), 488 nm laser
(iii), and 640 nm laser (iv). a, b.
IP-Visio disk (a) and IP-S disk
(b) imaged under brightfield
and fluorescent channels. ¢, d.
A431 cells stained for nucleus,
F-actin, and zyxin and imaged
on top of IP-Visio (¢) and IP-S
(d) disks. e. Average intensity
of IP-Visio and IP-S disks with
no cells and average intensity
of the selected stains for the
respective channel of cells off
disks (n = 9 for all conditions).
Scale Bar: 20 pm (a)

Resin

IP-S

IP-Visio

Resin + Cells

IP-S

features are blurred when imaged on IP-S (Fig. 1c and d,
iii). Zyxin stained in the 640 nm channel follows a similar
trend, in which more details can be seen on IP-Visio and are
blurred on IP-S (Fig. 1c and d, iv). To quantitatively evalu-
ate and compare the fluorescence of IP-S and IP-Visio, the
average intensity of the disks in each channel were calcu-
lated, along with the average intensity of prominent features
of the nucleus, F-actin, and zyxin in A431 cells stained on
a petri dish to compare these signals to autofluorescence
produced by the TPP materials. As shown in Fig. le, the
fluorescence of IP-S is many orders of magnitude greater
than IP-Visio in the three channels tested, and additionally
is within an order of magnitude of the fluorescence of the
stains selected. These results demonstrate the potential of

/[ i \
Microscope t J

Fig.2 Design of SCAUTT platform. a. Working mechanism of
SCAUTT platform. Two cells are placed inside the cell confine-
ment region that form a cell-cell junction across the gap between the
islands. An AFM tip is used to displace the top island, and the bot-
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IP-Visio as a material component to be used in fluorescent
imaging of cells on the SCAUTT platform.

3.2 Fabrication of SCAUTT platform with IP-Visio

After demonstrating the potential of IP-Visio for use in fluo-
rescent imaging of cells, we next sought to fabricate our
SCAUTT platform with this material. As shown in Fig. 2a,
the platform features two moveable islands supported by ver-
tical beams of known stiffness, on which two cells are placed
within the bowtie confinement area on each island. After
cells adhere to the islands and form a mutual junction, the
actuation island is displaced with an AFM probe, stretching
the cells and deflecting the sensing island, the displacement

SELE ]
Island

Stabilizing
Beams

0 en BTN
200um

tom island is bent under the force in the junction. b. SEM image of
SCAUTT platform fabricated with IP-S. e¢. Brightfield image of a pair
of A431 cells stretched to 20 um. Scale Bar: 20 pm (c)
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Fig.3 Mechanical properties of IP-S and IP-Visio. a, b. Young’s
modulus of crosslinked IP-S and IP-Visio determined with nanoin-
dentation (a) and in a microfiber tensile test (b). c. Yield strength of

of which is tracked to determine junctional stress based on
the stiffness of the vertical beams. An SEM image of the
platform fabricated with IP-S is shown in Fig. 2b, which is
stable and dimensionally accurate with the nominal design.
This platform can be used for stretching experiments, such
as stretching a pair of A431 cells to 20 pm to observe failure
mechanics of the junction (Fig. 2c). However, when fabri-
cated with IP-Visio, the thin vertical beams collapse after
fabrication. We next sought to characterize the mechanical
properties of IP-S and IP-Visio to understand this behavior.
Using nanoindentation, the Young’s modulus of IP-S and
IP-Visio were found to be 4.6 + 0.75 GPa and 1.8 + 0.64
GPa, respectively (Fig. 3a). Further, in a microfiber tensile
test, the Young’s modulus of IP-S and IP-Visio were found
to be 0.83 + 0.56 GPa and 0.17 + 0.15 GPa, respectively
(Fig. 3b). Despite the difference in magnitude from these
quantification methods, this demonstrates that IP-Visio is
weaker than IP-S. Further, using the microfiber tensile test-
ing method, the yield strength of IP-S and IP-Visio were
found to be 41 + 16 MPa and 11 + 7.8 MPa, respectively,
further showing the superior strength of IP-S (Fig. 3c). In
addition, we observed that IP-Visio parts tend to shrink sig-
nificantly after development, leading to dimensional inac-
curacies and making it an unideal candidate for fabricating
the platform.

3.3 Fabrication of hybrid SCAuTT platform
and integrated apertures

To produce a stable platform that can be used in experi-
ments, a new design of our SCAUTT platform that incor-
porates both IP-S and IP-Visio was made. The design uses
IP-S for the vertical beams due to its superior strength and
crosslink stability, and IP-Visio for the top island where cells
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crosslinked IP-S and IP-Visio determined in a microfiber tensile test.
n = 12 for both materials in nanoindentation test, and n = 224 for IP-
Visio and n = 73 for IP-S in microfiber tensile test

are cultured and grow to allow for imaging with reduced
background from autofluorescence. In this two-stage fabri-
cation process shown in Fig. 4a, IP-S resin is cast on a glass
slide coated in a porous silicon oxide layer and is crosslinked
to yield the vertical beams. After developing, IP-Visio resin
is cast on the slide and crosslinked to yield the islands with
bowtie confinements. In the first attempts at fabricating this
design, the islands would bend away from each other after
fabrication, making it impossible for cells to form a junction
with each other. To prevent this, IP-Visio links were added
between the islands and the thickness of the vertical beams
was increased. With these changes, a gap size between the
islands that allows cells to form a junction with each other
could be maintained, as revealed in an SEM image shown
in Fig. 4b. In addition, the islands can easily be separated
by breaking the IP-Visio tethers using the same deposition
microneedle used to place cells on the device.

After preliminary images showed that the illumination
of IP-S beams still caused increased background signal
projected onto the cell confinement area, we developed a
fabrication procedure to integrate apertures made with a
gold coating into the porous silicon oxide layer, which can
block illumination of the IP-S component. The fabrication
procedure is shown in Fig. 4c, which begins with crosslink-
ing an elevated disk of IP-S with a diameter matching the
desired aperture diameter onto the glass slide before adding
the porous silicon oxide layer. Next, a layer of gold is evapo-
rated on the glass slide. As the porous silicon oxide layer
helps promote adhesion between TPP printed parts and the
glass slide, in its absence the disks can be easily washed off,
leaving behind a pinhole in the gold coating layer through
which light can pass. After adding the porous silicon oxide
layer, the hybrid device can be fabricated as normal after
carefully aligning the apertures on the substrate with the
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Fig.4 Fabrication of hybrid tensile tester and integrated apertures.
a. Two-stage fabrication of hybrid SCAUTT platform, in which IP-S
vertical beams are crosslinked first, followed by IP-Visio plates. b.
SEM image of hybrid SCAUTT platform (IP-S colored in blue, IP-

TPP instrument. A brightfield image of this device without
and with the integrated aperture demonstrates how light can
pass through the aperture to illuminate the bowtie confine-
ment fabricated from IP-Visio, while casting a shadow on
the vertical IP-S beams (Fig. 4d and e).

3.4 Evaluation of background signal suppression

To compare the suppression of background signal gener-
ated by autofluorescence with these two new designs and
the original design fabricated from IP-S, each platform
was imaged and the background signal inside of the bowtie
confinement, where cells would be during an experiment,
was measured with different input laser wavelengths. For
instance, for the 488 nm channel, the original design fab-
ricated with IP-S has a much higher background signal
compared to the hybrid design both without and with an
optical blocking aperture (Fig. Sa-f). Quantifying the back-
ground intensity within the bowtie confinement shows that,
while the background is suppressed in the hybrid design, it
is almost two orders of magnitude smaller with the addi-
tion of the optical blocking aperture (Fig. 5g). To further
understand the degree to which the integrated apertures can
suppress background signal, we compared the background
signal within the hybrid design without and with integrated
apertures to background signal quantified in an image cap-
tured without the SCAUTT platform in the field of view

Develop

/ 4 Develop
e

Evaporate
Gold

L X

Crosslink o

Visio colored in red). c. Fabrication of apertures integrated into the
glass slide. d, e Brightfield image of hybrid SCAuTT platform with-
out (d) and with (e) an integrated aperture. Scale Bars: 100 pm (b),
50 pm (d)

(same Z-height, but different XY location), which would not
be influenced by autofluorescence from IP-S or IP-Visio and
can be considered the absolute background noise from image
collection. We found that background signal on the hybrid
platform without an integrated aperture is an order of mag-
nitude greater than background far away from the SCAPTT
platform, but when an integrated aperture is used, the back-
ground signal is almost identical to background far away
from the SCAUTT platform (Fig. Sh). This demonstrates
that the integrated apertures can almost completely suppress
background signal generated by the SCApTT platform.

3.5 Signal collection and stretching of stained
keratinocyte cells

While the optical blocking apertures can suppress back-
ground signal produced by the platform, it is important to
consider their effect on exciting and collecting signal from
cells on the device. Based on the objective and immersion
liquid used in imaging, there is a cone of light defined by an
angle o within which signal can be collected by the objective.
Based on the height of the stretcher and aperture diameter,
there is another cone of light defined by an angle § produced
by signal from the cells that can be seen from underneath. If
f is larger than a, signal collection is not impacted (Fig. 6a,
i), but if p is smaller than «, then signal will be blocked
(Fig. 6a, ii). To study the effect of the apertures blocking
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Fig.5 Background noise is reduced in hybrid SCAUTT platform. a-
¢ Fluorescent image of SCAUTT platform fabricated from IP-S (a)
and hybrid SCAUTT platform without (b) and with (c¢) integrated
apertures. d-f Fluorescent and brightfield image overlay of the same
three platforms. g. Average background (BG) intensity of the three
platforms within the bowtie confining region (n = 10 for original

signal from cells on the platform, HaCaT cells were depos-
ited on platforms with various combinations of vertical beam
height and aperture diameter, as well as platforms with no
optical blocking aperture, and stained for their nucleus and
F-actin. After imaging, the average intensity of each nucleus
was quantified and compared with background signal gen-
erated by the platform in the same spot as the nucleus. The
intensity of each nucleus was divided by the average nucleus
intensity of cells on the petri dish far away from the plat-
form to account for variability in staining efficiency between
samples. By comparing this adjusted nucleus intensity to the
angle p formed by the platform height and aperture diameter,
the signal collected was found to linearly increase for angles
below 45 degrees. However, the intensity of nuclei on the
device with no apertures, which have an effective angle of 90
degrees, does not follow this trend and is less than the inten-
sity expected based on the linear trend (Fig. 6b). Similarly,
the signal-to-noise ratio, calculated as the adjusted nucleus
intensity divided by the background signal, can be seen to
increase as the angle increases up to 45 degrees, but does
not increase linearly and instead curves down (Fig. 6c¢). At
an angle of 90 degrees, the signal-to-noise ratio decreases to
a similar level as an angle of around 15 degrees.
Representative images of cells on the original platform,
the hybrid design with no aperture (90 degrees), and the
hybrid design with a small angle (14.5 degrees) and an
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design and hybrid, n = 42 for hybrid + aperture). h. Average back-
ground intensity within bowtie confining region of the hybrid plat-
form without and with integrated apertures compared to background
signal obtained from images with no SCAUTT platforms (n = 3 for all
conditions, aperture diameter and platform height are 120 pm and 80
pm, respectively, for hybrid + aperture). Scale Bar: 50 pm (d)

intermediate angle (36.9 degrees) are shown in Fig. 6d-f.
The images are scaled to have the same nucleus intensity
in each image to see the clarity of the images. For a stand-
ard fluorescent microscope, images on the original design
fabricated from IP-S have a high level of autofluorescence,
obscuring details in the images of the cells (Fig. 6d-f, 1).
The hybrid platform with no aperture allows for these
details to be seen, but increased background noise from
illumination of IP-S still obscures some details and results
in a low signal-to-noise ratio (Fig. 6d-f, ii). The images
on platforms with a low angle can be seen to have a low
signal-to-noise ratio, due to the aperture blocking either the
excitation or collection of signals from the cells (Fig. 6d-f,
iii). For an intermediate angle, noise produced from IP-S is
blocked while not compromising signal stimulation and col-
lection, resulting in a high signal-to-noise ratio (Fig. 6d-f,
iv). When imaged on a confocal microscope, images taken
on the hybrid platform appear to have a similar signal-to-
noise ratio between the three platforms with a slight loss of
signal from the platform with a small angle. This is due to
the image acquisition being done pixel-by-pixel on a confo-
cal microscope, therefore minimizing the effect illuminating
surrounding IP-S has on increasing background noise within
the confinement area (Fig. 6f).

We finally demonstrated the utility of the device by
stretching a pair of HaCaT cells on the hybrid platform
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Fig. 6 Integrated apertures can increase signal-to-noise ratio without
inhibiting signal stimulation and collection. a. The half-angles o and
f are determined by the optics of the image collection system and the
dimensions of the height of the platform and the diameter of the aper-
ture, respectively. When p > «, signal is not lost (i). When o > f,
signal is lost (ii). b, c. Average intensity (b) and signal-to-noise ratio
(SNR) (c¢) of nuclei imaged on SCAUTT platforms with varying val-
ues of B, with no aperture representing 90° (n = 815 for conditions

with an optical blocking aperture with an angle f of 17.9
degrees. After the cells were stained, the IP-Visio links were
broken using the deposition microneedle to disconnect the
islands and allow for stretching of the stained pair of cells.
The cells were stretched in increments of 5 pm and imaged
for the nucleus and F-actin (Fig. 7a). The displacement of
the bottom island was determined by tracking the loca-
tion of the edge of the bowtie confinement in each image

€ = 140%

Fig.7 Hybrid SCApTT platform with integrated aperture allows for
stretching and imaging a pair of HaCaT cells. a. A pair of HaCaT
cells stained for F-actin and nucleus and stretched to 50 um. b. Corre-

with aperture, and n = 44 for condition with no aperture). d-f. Rep-
resentative images of cells stained on the original SCAUTT platform
(i), the hybrid design with no aperture (ii), and the hybrid design with
apertures with a small angle which restricts signal collection (iii)
and a large angle with minimal interference on signal collection (iv).
Images were captured on a standard fluorescent microscope (d-e) and
a confocal microscope (f). Scale Bar: 20 pm (d)

(Esfahani et al. 2021). Despite having a low angle which
can block signal, the suppression of background noise still
allows for visualizing the nucleus and cytoskeleton from the
stains. From the images, it can be seen that the cell pair is
stretched to a strain of 91% without damage, and signs of
damage to the cell pair begin around a strain of 140%. When
the maximum strain of 244% is reached, the cell junction
fully ruptures. From displacement data and the stiffness of
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sponding stress—strain curve for stretched cell pair in (a), with points
labeled that correspond to images in (a). Scale Bar: 20 pm (a)
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the sensing island vertical beams, a stress—strain curve for
this cell pair is produced (Fig. 7b). Stress in the junction
increases to over 800 kPa, at which point fracture in the
junction is initiated. As the cell pair is stretched further,
the stress in the junction decreases until it finally ruptures.
It should be noted that this peak value of stress was much
higher than our previously reported values (Esfahani et al.
2021). This could be explained by the differences in cell type
as well as stretching fixed cells in this study, which have
been found have a Young’s modulus nearly five times larger
than living cells (Kim et al. 2017).

4 Discussion

We report the design, fabrication, and testing of a novel
TPP-printed platform for investigating mechanotransduction
in a single cell-cell junction. The fluorescent properties of
IP-Visio, a new proprietary photoresist from Nanoscribe,
were investigated and compared with IP-S, a photoresist
from Nanoscribe that has been used extensively in TPP
fabrication. Compared with IP-S, IP-Visio was found to be
significantly less autoflourescent across a spectrum of tested
excitation wavelengths and staining of cells on top of IP-S
and IP-Visio showed the potential of exciting and collecting
signal from cells on IP-Visio. However, mechanical char-
acterization of the two materials showed that IP-Visio has
a significantly lower Young’s modulus and yield strength
compared to IP-S; therefore, it may not be suitable for mak-
ing the flexible components and for force sensing, such as
the vertical beams in our SCApTT platform.

To address this shortcoming, we designed a new hybrid
multi-material based SCApPTT platform that uses IP-S for
the thin vertical beams for actuation and sensing and IP-
Visio for part of the islands on which cells are cultured
and imaged. To further combat increased background that
resulted from illumination of IP-S during imaging, we devel-
oped a fabrication approach for integrating optical apertures
with a gold coating on the glass slide on which SCApTT
platforms are printed. Our results showed that, compared
to the original SCApTT platform fabricated with IP-S, the
hybrid design produces significantly lower background sig-
nal within the cell confinement region, and the integrated
apertures further reduce background. Next, considering the
potential of the integrated apertures to interfere with the
excitation and collection of signals from cells, we quantified
the intensity of cell nuclei stained on platforms with varying
combinations of aperture diameter and height. We found
that combinations of these parameters that produced a small
characteristic angle p resulted in reduced signal excitation
and collection with a low signal-to-noise ratio, compared to
platforms with no coating which have a low signal-to-noise
ratio due to illumination of IP-S increasing background
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signal. More importantly, we showed that platforms with
intermediate angles allow for excitation and collection of
almost all signal from cells on the platform while increas-
ing signal-to-noise ratio by blocking the illumination of
IP-S. Finally, we demonstrated the potential of the platform
for imaging a single cell pair as they were stretched while
simultaneously recording stress and strain in the junction.
Keratinocyte cells were stretched to almost 250% strain with
a peak stress over 800 kPa. Imaging of F-actin allowed for
direct visualization of the cytoskeleton being deformed and
the junction rupturing, which was initiated around a strain of
140% before the peak junction stress was observed.

In other studies that use TPP platforms for mechanobiol-
ogy, a variety of approaches have been used to either limit
fluorescence of the TPP materials or to mitigate the effects
of illuminating TPP materials on signal-to-noise ratio. To
limit fluorescence of TPP materials, nonfluorescent dyes
such as sudan black (Flamourakis et al. 2021; Jaafar et al.
2011; Qi et al. 2017; Maggi et al. 2017) have been used
to quench autofluorescence in all channels, and dyes can
potentially be incorporated to induce high fluorescence in a
specific channel and reduce autofluorescence in other chan-
nels. While this approach can reduce autofluorescence, these
additives can be non-biocompatible and even toxic to cells.
In addition, as the photoinitiator used for crosslinking in
TPP is a significant contributor to autofluorescence, another
approach is to use photoinitiators with lower autofluores-
cence in TPP printing (Raimondi et al. 2014). However, this
can result in a variety of changes to the physical or chemi-
cal properties of the resulting device; therefore, this is not
always an option. In addition, prolonged illumination of
printed materials can reduce their autofluorescence, and can
be used as a pretreatment step (Piruska et al. 2005). How-
ever, this method cannot eliminate autofluorescence, and
some autofluorescence recovers after a period of time and
is therefore not compatible for applications where cells are
cultured for many hours. To avoid autofluorescence, infra-
red fluorophores can be used, as TPP materials generally
have lower autofluorescence at the excitation wavelength
of these fluorophores (Hong et al. 2017). However, micro-
scopes equipped with the appropriate filters and detectors
for imaging these fluorophores are not common. In addi-
tion, image processing techniques can be used to estimate
autofluorescence by imaging at a slightly different excitation
wavelength and subtracting it from the image (Tanhuanpii
et al. 2000). However, this assumes that autofluorescence
will be the same across different wavelengths, which is
not always true, and additionally requires extra images to
be collected, lowering the image acquisition rate. Another
approach is to use microscopes with different methods of
image acquisition that mitigate the autofluorescence of
TPP materials. For example, in two-photon imaging, infra-
red light is focused on the sample, where fluorescence is
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induced by the simultaneous absorption of two photons in a
fluorophore. Infra-red light can pass through materials more
easily compared to visible light, which limits exposure of
these materials and mitigates autofluorescence (Accardo
et al. 2017; Svoboda and Yasuda 2006). In addition, as we
showed here (Fig. 6f), a confocal microscope, which creates
images by scanning and capturing signal pixel-by-pixel, can
avoid illumination of highly autofluorescent materials sur-
rounding cells during stimulation and capturing of signal,
reducing background noise. Despite these capabilities, it is
less common for researchers to have access to these types
of microscopes, and if they do, they are usually expensive
to use.

The platform designed in this report, as well as the ideas
and techniques used in its design, can be used for fluorescent
imaging of cells on TPP platforms with standard fluorescent
microscopes. The hybrid SCApPTT platform can be used to
study mechanotransduction processes mediated by stress and
strain accumulation in cell-cell junction expressing FRET
molecules, which will be the focus of our next study. Sig-
nal from FRET molecules is inherently weak, and the high
signal-to-noise ratio of our SCApTT platform with integrated
apertures has potential to allow for the stimulation and captur-
ing of this signal while the cell-cell junction is mechanically
stimulated. For example, mechanosensitive proteins within
cell-cell junctions can be probed to study the transmission of
forces in the junction. Forces has been shown to be transmit-
ted through desmosomes and adherens junctions using FRET
sensors in desmoplakin (Price et al. 2018) and E-cadherin
(Borghi et al. 2012), respectively, under externally applied
stretch, and the hybrid SCApTT platform can be used to fur-
ther investigate how forces within these individual junctions
relate to stress within the entire cell-cell contact. In addition,
FRET sensors have been integrated into mechanosensors
such as a-catenin (Kim et al. 2015) to study conformation
changes that expose a cryptic binding site for vinculin, and
our platform can be used to investigate the levels of stress in
the cell-cell junction that are required for its activation. In
addition, the platform can be used for studying phenomena
such as force-induced clustering of E-cadherin in the cell-cell
junction under applied stress using cells expressing fluores-
cently tagged E-cadherin, which has been theorized to occur
based on simulation studies of E-cadherin dynamics (Chen
et al. 2021; Thompson et al. 2020; Yu et al. 2022). Further,
remodeling of the cytoskeleton has been observed in response
to applied forces, such as force across VE-cadherin induc-
ing F-actin polymerization (Barry et al. 2015), and can be
investigated further on our platform using cells expressing
fluorescent tags on cytoskeleton proteins such as F-actin or
intermediate filaments. Finally, as the platform allows time
for the formation of mature focal adhesions, the transmission
of force from the cell-cell junction to cell-ECM junctions
can be studied with a variety of techniques, including FRET,

fluorescent tags, and cell-ECM force probes such as tension
gauge tethers (Rao et al. 2020), DNA hairpin sensors (Li et al.
2021), and traction force microscopy (Broussard et al. 2017,
Liu et al. 2010).

The approach detailed in this report of integrated apertures
to block illumination of autofluorescent materials can also
be used in other studies. For example, microfluidic devices
are commonly fabricated from autofluorescent materials,
such as SU-8, which can interfere with fluorescent imaging
(Narayan et al. 2018; Pai et al. 2007; Walczak et al. 2011).
Integrated apertures could be used in these devices to mini-
mize unwanted fluorescence from the bulk material.

Despite these promising results, there remain some lim-
itations to our approach. For instance, we have observed
that the hybrid fabrication approach with IP-S and IP-Visio
results in residual stress accumulation and dimensional inac-
curacies of IP-S components. We hypothesize that these
observations are the result of interaction between crosslinked
IP-S and uncrosslinked IP-Visio resin during the two-stage
fabrication. Residual stress could lead to inaccuracies in
calculating the stress in the junction due to the small length
scale at which the sensing island deforms under forces toler-
ated by the cell-cell junction and will be further investigated.
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