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Enzymatically isolated pancreatic islets are the most commonly
used ex vivo testbeds for diabetes research. Recently, precision-cut
living slices of human pancreas are emerging as an exciting
alternative because they maintain the complex architecture of the
endocrine and exocrine tissues, and do not suffer from the
mechanical and chemical stress of enzymatic isolation. We report a
fluidic pancreatic SliceChip platform with dynamic environmental
controls that generates a warm, oxygenated, and bubble-free
fluidic pathway across singular immobilized slices with continuous
deliver of fresh media and the ability to perform repeat serial
perfusion assessments. A degasser ensures the system remains
bubble-free while systemic pressurization with compressed oxygen
adequately oxygenated.
Computational modeling of perfusion and oxygen dynamics within

ensures slice medium remains
SliceChip guide the system's physiomimetic culture conditions.
Maintenance of the physiological glucose dependent insulin
secretion profile across repeat perfusion assessments of individual
kept physiological oxygen

demonstrated the culture capacity of our platform. Fluorescent

pancreatic slices under levels

images acquired every 4 hours of transgenic murine pancreatic
slices were reliably stable and recoverable over a 5 day period due
to the inclusion of a 3D-printed bioinert metallic anchor that
maintained slice position within the SliceChip. Our slice on a chip
platform has the potential to expand the useability of human
pancreatic slices for diabetes pathogenesis and the development of
new therapeutic approaches, while also enabling organotypic
culture and assessment of other tissue slices such as brain and
patient tumors.
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Introduction

For over 40 years, researchers have used enzymatically isolated
human pancreatic islets for studying diabetes pathogenesis
and the development of new therapeutic approaches.'”
However, these models capture only a small part of the
complex architecture of the pancreas and the whole-organ
(exocrine and endocrine) changes that occur in diabetes.”"
More recently, living slices of human pancreatic tissues have
been used to study the interplay of exocrine and endocrine
tissues in their conserved natural environment.>® Recent
improvements to slice culture conditions have even expanded
the use of slices to study real-time islet regeneration.”

Though human pancreatic slices are excellent anatomical
and functional models of the pancreas, long-term slice cultures
can be difficult to manage, and serial assessments can be
particularly challenging.® Pancreatic slices require a highly
oxygenated environment due to their elevated oxygen
consumption rate. Further, cell metabolites can quickly build
up around the slices, impacting cellular feedback loops.® More
importantly, digestive enzymes produced by the slices rapidly
deteriorate the cellular structure of the slices in static cultures.’
Hence, long-term slice cultures require frequent medium
changes to prevent cellular degradation.” For functional
assessments of slices, glucose stimulated insulin secretion
(GSIS) studies typically utilize multiple slices in a non-sterile
open well, limiting the ability to repeatedly analyze the
response of single slices.'® Cultures with multiple free-floating
slices are also difficult to repeatedly image without
compromising sterility and reliability because slices tend to
move within culture during medium changes and imaging. As
a result, capturing high-time resolution images (every ~4-6
hours for several days) requires extensive manual intervention
to transfer slices between incubators and imaging microscopes
with significant risk of contamination during transfer and
movement artifacts during serial imaging. As such,
microfluidic organ on chip platforms, like those developed by
our lab and others, can engineer near-physiological oxygen and
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perfusion environments for maintenance of slice viability, and
the study of pancreas physiology by hormone secretion and
serial fluorescence imaging.'""?

Organs on chips (OoC) have traditionally been constructed
microfluidic platforms from
polydimethylsiloxane (PDMS), an optically transparent, gas-
permeable and low-cost silicone polymer.'' PDMS based
devices cannot typically accommodate large clearances
required for manual seeding, culture, and recovery of primary
ex vivo tissue and also suffer from drug absorption within
PDMS and from in-line bubble formation due to difficulties
with the control of dissolved gases over long periods of
operation.”®'* The natural gas permeability of PDMS also
makes it difficult to control the level of oxygen, as dissolved
oxygen will tend to equilibrate with its surroundings.'> We
describe a novel pancreatic slice on a chip (SliceChip) that
features optimized design of convective fluid flows, use of bio-
inert and non-absorbent materials, reversible assembly for
manual loading and unloading of pancreatic slices, and
straightforward integration with commercial imaging systems.
We also report the design of a fluidic control platform that
allows efficient switching between media reservoirs, exquisite
control over dissolved oxygen, and bubble-free and leak-free
operation, which is critical for long term microfluidic culture.
Through the combination of SliceChip and fluidic control
platform, we show a benchtop device capable of long-term
culture and serial functional assessment with concurrent real-
time imaging of primary human and murine pancreatic slices.

as low volume

Materials & methods
Computational fluid dynamics analyses

Finite element analysis (FEA) was performed using COMSOL
Multiphysics 5.3a (COMSOL Inc., Sweden). A 3D model of the
fluid channel with an embedded approximation of a
pancreatic slice was exported from SolidWorks as a STEP file
and imported into COMSOL. The laminar flow and transport
of dilute species physics modules were used to compute the
fluid dynamics of the microfluidic chip, glucose transport in
the system, and oxygen consumption in the pancreatic slice.
The fluid in the channel was defined as an incompressible
fluid with flow and solute diffusion governed respectively by
the Navier-Stokes equation:

ou )
v -nVu+pwViu+Vp=F

Vu=0
where p is the density, # is the viscosity, u is the velocity field,

p is the pressure, and F is the volume force, and the
nonconservative diffusion equation:

oc
— +V+(=DVc) = R-u-Vc
ot
where ¢ is the species concentration, D is the diffusion

coefficient, R is the reaction rate, and u is the velocity field.
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The volumetric flow rate used across our fluid dynamics
models was selected by a time-dependent study of glucose
transport in the chip with the flow rate set by a parametric
sweep (20-80 pl min™"). This model was used to calculate the
effective glucose washout time at different flow rates and
identify the ideal flow rate. Fluid velocity and pressure
profiles were generated and plotted across the channel within
a steady state model. Shear stress (zr) across the pancreatic
slice was computed using Newtons law:

T=rn

where y is shear rate and 7 is the fluid viscosity.

The steady state equilibrium oxygen distribution and
consumption in the pancreatic slice was modeled using an
ovoid approximation of a pancreatic slice that assumes a
solid mass of tissue with wuniform maximal oxygen
consumption rate (OCR).'® The multi-physics module was
used to feed the flow profile generated in the laminar flow
module into the transport of dilute species module. Oxygen
diffusivity within each part of the model was represented by
the diffusive permeability oD, the product of effective
diffusivity D, and the Bunsen solubility coefficient ¢, for the
respective model part. Using diffusive permeability allowed
our model to directly solve for oxygen concentration in terms
of oxygen partial pressure and eliminated the need for a
partition condition between the fluid and tissue phase of the
model.” Oxygen consumption was modeled as a consumption
reaction within the pancreatic slice as defined by the
Michaelis—-Menten consumption rate:

Co,
Ro, = Rma><,oz'm‘5(co2 > Cer)

where Rpax 0, is the OCR, Ry, is the active consumption rate of

oxygen, Co, is the local oxygen concentration, Cym,o, is the
Michaelis-Menten constant where oxygen consumption is 50%
of its maximum, C. is the level at which tissue becomes
necrotic, and () is a Dirac delta function that ceases oxygen
consumption when tissue falls below a healthy oxygen level.”*
Anoxic tissue is represented by tissue with a pO, < 0.1 mmHg."”

A full list of the parameters used is available in Table S1.f

Design and fabrication of microfluidic chip

The microfluidic chip was designed using SolidWorks 2020
(Dassault Systemes, France). Chips were machined from clear
1/8" thick polymethyl methacrylate (PMMA) labs (McMaster-
Carr, Elmhurst, IL) on an MDX-540 CNC milling machine
(Roland, Japan). Unique top and bottom pieces were separately
milled using a rotary clamp to mill features onto both sides of
each piece. A 30 W CO, laser engraver (Epilog Laser, Golden,
CO) was used to cut the chips to their final shape. Silicone
gaskets made in-house from a two-part silicone epoxy (Duraseal
1533, Cotronics Corp.) were attached to the lower face of the
top chip using a dual-sided adhesive film (PS-1340, Polymer
Science). The completed microfluidic chip can be assembled
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and sealed using a commercially available microfluidic chip
clamp (Micronit Microfluidics, The Netherlands).

Design and fabrication of slice anchors

The biocompatible slice anchors were designed using
SolidWorks 2020 (Dassault Systémes, France) and sent to a
commercial 3D printing manufacturer (Protolabs, Maple Plain,
MN) where they were printed by selective laser sintering using
a biocompatible stainless steel 316 L powder.'®

System assembly

A complete stepwise protocol, including tubing lengths,
manufacturer names, and part numbers, for the system
assembly is available in Protocol S1.f A brief description is
included here. Prior to assembly, each portion of the system
was sterilized and gathered in a culture hood. Fluidic tubing,
bubble traps, analytic selector valves, degassing chambers,
flow units, and the microfluidic chip were sterilized by
passing, in order, 70% ethanol, sterile distilled water, and
clean air through them. Media bottles, GL-45 pressure caps,
Micronit clamp and ferrules, pneumatic tubing and
connections were autoclaved on a 60 minute gravity cycle.
After rinsing and drying or autoclaving, all parts were UV-
irradiated for 30 minutes before assembly.

Within a culture hood, media bottles (filled with prewarmed
base media and GSIS stimulants), sealed with GL-45 pressure
caps (Fluigent, France, Cat#f RESCAP-PCK) and pneumatically
connected in series, were fluidically connected in parallel to
the analytic selector valve. Outlet tubing from the valve passed
into the following in series: a degassing chamber, bubble trap
(Diba Omnifit, Cat# UX-21940-39), Micronit clamp, and flow
units (Fluigent, France, Cat# FLU-S-D). Once the fluidic
pathway was assembled, the bottom of the chip was placed
within the Micronit clamp to load a single pancreatic slice into
each channel. A fine brush of 2/0 size (Electron Microscopy
Sciences, Hatfield, PA, Cat# 66100-20) was used to move a
single slice into the 8 mm diameter chip well. A slice anchor
was placed on top of the slice with the slice centered in the
inner square opening. Once the slice was secured, the top chip
was placed, and the clamp was closed.

The entirety of the sealed fluidic system was moved from
the culture hood to a counter containing a pre-heated 37 °C
bead bath, Keyence BZ-X810 microscope (Keyence, Itasca, IL), a
Flow EZ pressure pump (Fluigent, France, Cat# LU-FEZ-0345)
pressurized by a composite 95% O, 5% CO, gas cannister
(Airgas Inc., Radnor, PA), and a preheated 37 °C Tokai Hit
stage-top incubator (Tokai Hit, Japan, Cat# STFX). The Micronit
clamp was placed inside of the stage-top incubator, and this
complex was placed into the Keyence microscope. Media and
GSIS solutions were connected to the pressure pump and
placed within the bead bath.

Medium degassing

Medium pressurized and equilibrated with 95% O, and 5% CO,
composite gas was degassed to prevent super saturation using a

This journal is © The Royal Society of Chemistry 2024
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two-chamber DEGASi Plus Micro Degasser (Biotech, Sweden).
Degassing chambers utilize gas-permeable tubing housed inside
of a vacuum chamber to remove dissolved gases from the fluid
flowing through the tubing. Residual levels of dissolved gases
are proportional to the flow rate of the fluid and inversely
proportional to the internal chamber volume. A standard 100 pl
internal volume chamber and an in-house modified 65 pl
chamber were used to generate two levels of residual oxygen in
separate flow channels with equal flow rates.

Oxygen measurement

Oxygen measurements within the organ chip were conducted
using an optical oxygen sensor placed into the top of a
modified organ chip. An oxygen spot sensor attached to a
luer lock was placed into a hole on the upper face of the top
chip, allowing it to directly access the fluidic channel. The
partial pressure of oxygen was measured each minute over
the course of 16 h via a multichannel oxygen meter (PreSens,
Germany) connected to the spot sensors by polymer optical
fibers. Measurements were taken at 37 °C.

Human pancreas slicing & conditioning

Human pancreatic tissue slices were obtained as pancreas
biopsies from Prodo Labs (Aliso Viejo, CA) or tissue slices as
part of the University of Florida and nPOD's human
pancreatic tissue slice optimization initiative. De-identified
demographic data for each of the donors is provided in Table
S2.f Human pancreatic slices were generated following
previously established protocols and cut to the standard slice
thickness of 120 um.*'® Sections of human pancreas,
approximately 0.5 cm® blocks, were imbedded in an agarose
solution inside of a 35 mm Petri dish at 37 °C. A 7 mm round
biopsy punch was then used to remove a cylindrical section
of tissue and agarose. Using a vibratome, 120 pm-thick slices
were taken off of the cylinders and placed into a slice
washing media comprised of DPBS (Sigma Aldrich, St. Louis,
MO, Cat# D8537), 1x B27-minus Insulin (Invitrogen,
Carlsbad, CA, Cat#f A1895602), 1x penicillin-streptomycin-
amphotericin B solution (Sigma Aldrich, St. Louis, MO, Cat#
A5955), 100 ug ml™ trypsin inhibitor from Glycine max
(Sigma Aldrich, St. Louis, MO, Cat# T6522), 10 pg ml™"
aprotinin (Sigma Aldrich, St. Louis, MO, Cat# A6106), 10 pg
ml™" chymostatin (solubilized initially in DMSO; Sigma
Aldrich, St. Louis, MO, Cat# 11004638001), and 5.5 mM
p-glucose (Sigma Aldrich, St. Louis, MO, Cat#f G8644).

Prior to transfer into the microfluidic chip, slices were
cultured for 24 h in an uncoated AirHive Dish (Biorep, Miami,
FL) using the culture medium previously described.” A
complete experimental timeline for human slices is shown in
Fig. 4A. Human slice culture medium contained basal
BrainPhys neuronal medium without Phenol Red (Stemcell
Technologies, Vancouver, BC, Cat# 05791) supplemented with
2% B27 supplement minus-insulin (Invitrogen, Carlsbad, CA,
Cat#f A1895601), 1% penicillin-streptomycin-amphotericin B
solution (Sigma Aldrich, St. Louis, MO, Cat# A5955), 1%
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Glutamax supplement (Invitrogen, Carlsbad, CA, Cat#
35050061), r-glutamic acid 3.7 pug ml™" (Sigma Aldrich, St.
Louis, MO, Cat# 49449), 5.5 mM final p-glucose concentration
(Sigma Aldrich, St. Louis, MO, Cat# G8644), 100 ug ml ™" trypsin
inhibitor from Glycine max (Sigma Aldrich, St. Louis, MO, Cat#
T6522), 10 ug ml™ aprotinin (Sigma Aldrich, St. Louis, MO,
Cat#f A6106), 10 pg ml™" chymostatin (solubilized initially in
DMSO; Sigma Aldrich, St. Louis, MO, Cat# 11004638001), and
1% HEPES buffer (Invitrogen, Carlsbad, CA, Cat# 15630080).
The same culture medium was used within the microfluidic
chip for the duration of the slice culture.

Transgenic mouse models

Animal experiments were conducted under the supervision
and oversight of the University of Miami Institutional Animal
Care and Use Committee (IACUC) and Division of Veterinary
Resources (DVR) at the University of Miami. In order to
create the INS2-Cre/mTmG reporter, we crossed B6.Cg-Tg
(Ins2-Cre) 25Mgn/] (INS2-Cre; Jackson Labs, Bar Harbor, ME,
Cat#t 003573) with B6.Gt (ROSA) 26Sortm4 (ACTB-tdTomato,-
EGFP) Luo/] (mTmG; Jackson Labs, Bar Harbor, ME, Cat#
007676). In the resulting mouse, all insulin-producing cells
express EGFP, while all non-insulin-producing cells express
fluorescent tdTomato. INS2-Cre/mTmG mice were utilized for
pancreatic tissue slicing. All mice were housed in specific
pathogen-free (SPF) conditions at the DVR's animal care
facility. They were maintained on a 12 h light/dark cycle with
ad libitum access to standard irradiated chow and filtered
drinking water.

Mouse pancreas slicing & conditioning

Murine slices were generated and processed in accordance
with a previously published method.® Prior to transfer into
the microfluidic chip, murine slices were cultured for
between 24-96 hours in an uncoated AirHive Dish.” Murine
slice medium consists of a custom-made Waymouth's MB
752/1 medium (with i-glutamine; without b-glucose;
Biological Industries, Cromwell, CT, Cat#f 06-1110-01-1 A)
supplemented with 11 mM b-glucose (Sigma Aldrich, St.
Louis, MO, Cat# G8644), 1% heat-inactivated FBS (Invitrogen,
Carlsbad, CA, Cat#f 16140063), 100 ug ml™" trypsin inhibitor
from Glycine max (Sigma Aldrich, St. Louis, MO, Cat# T6522),
10 pug ml™" aprotinin (Sigma Aldrich, St. Louis, MO, Catff
A6106), 10 pg ml™" chymostatin (solubilized initially in
DMSO; Sigma Aldrich, St. Louis, MO, Cat# 11004638001), and
1x penicillin-streptomycin-amphotericin B solution (Sigma
Aldrich, St. Louis, MO, Cat#f A5955). All experiments with
murine slices were completed under normal oxygen levels.

Dynamic glucose stimulated insulin secretion studies

Dynamic glucose stimulated insulin secretion (GSIS)
experiments were performed on individual slices within the
SliceChip. The base perfusion solution was a Krebs buffer
with 125 mM NaCl, 5.9 mM KCl, 1.28 mM CaCl2, 1.2 mM
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MgCl2, 25 mM HEPES, and 0.1% bovine serum albumin, at
pH 7.4 and held at 37 °C. Separate buffered solutions each
containing 3 mM glucose (G), 16.7 mM G, 10 uM carbachol
(CCH) (Sigma Aldrich, St. Louis, MO, Cat# 212385-M), or 30
mM potassium chloride (KCI) were connected in parallel with
the base culture media to the system's pressure pump and an
analytic selector valve (IDEX Health & Science, Carlsbad, CA,
Cat# 7060). The selector valve allowed for the manual
selection of perfusates without having to break the sterility of
the system. Slices were initially perfused for 60 minutes at 80
ul min™" with 3 mM G to equilibrate before GSIS studies.
Following the equilibration step, slices were perfused in 30
minute intervals with the following sequence: 3 mM G, 16.7
mM G, 3 mM G, CCH, 3 mM G; on the final day of
experiments, KCl was added as a final interval. An
experimental timeline of the GSIS perfusions is shown in
Fig. 4B. Effluent samples were manually collected over three-
minute intervals from the outlet tubing in a 96 well plate
held at 4 °C. Following GSIS studies, the selector valve was
set back to the base medium, except on the final day of
experiments, when the slices were removed from the system
for live/dead staining and insulin immunostaining.
Perfusates were stored at —-80 °C until analyzed using
commercially available ultrasensitive Human-Insulin ELISA
kits (Mercodia Inc., Winston Salem, NC, Cat# 10-1132-01)
and colorimetric amylase assays (Abcam, United Kingdom,
Catff ab102523). As a control, static slice cultures kept in the
standard culture dish were stimulated with the
aforementioned solutions as a static incubation following the
same timeline laid out above, and the entirety of the
incubation solution was kept for analysis consistent with the
perfusate analysis.

Viability assessment

Human pancreatic slices were incubated with 1:100
fluorescein diacetate (FDA) (Invitrogen, Carlsbad, CA, Cat#
F1303) in PBS (Sigma Aldrich, St. Louis, MO, USA Cat#
P3813) to indicate live cells and 1:10 propidium iodide (PI)
(Invitrogen, Carlsbad, CA, Cat# P1304MP) in PBS (Sigma
Aldrich, St. Louis, MO, USA Cat# P3813) and counterstained
with a 1:500 Hoechst solution (Invitrogen, Carlsbad, CA,
Cat#f H1339) in HEPES buffer (Invitrogen, Carlsbad, CA, Cat#
15630080). Slices are incubated in Hoechst solution for 15
min at room temperature. They were then washed with 1x
PBS for 1 min and transferred into a 1:1 FDA/PI solution to
incubate for 3 min. Slices were then washed with 1x PBS for
10 min and moved to a 35 mm dish with a number-zero
confocal grade crystal (MatTek Corporation, Ashland, MA,
Cat#f P35G-0-10-C) bottom for imaging.

Immunostaining and imaging

Tissue slices were washed 2x for 5 min in 1x phosphate
buffered saline (PBS), pH 7.4 (Sigma Aldrich, St. Louis, MO,
USA Cat#t P3813), and fixed in 4% paraformaldehyde
solution overnight. Slices were then washed 10x for 5

This journal is © The Royal Society of Chemistry 2024
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minutes in 1x phosphate buffered saline (PBS), pH 7.4
(Sigma  Aldrich, St. Louis, MO, USA Cat# P3813).
Permeabilization was done for 30 minutes using 0.3%
Triton (Sigma Aldrich, St. Louis, MO, USA Cat# T9284-500
ml) in 1x PBS, pH 7.4 (Sigma Aldrich, St. Louis, MO, USA
Catff P3813). After this, slices were placed in a blocking
buffer containing dH,0, 5% normal donkey serum (Jackson
Labs, Bar Harbor, ME, Cat# H-400), 0.1% Triton, and 1x
power block (Biogenex, San Ramon, CA, Catff HKO0855K).
Primary antibodies for insulin (Ready to Use Polycolonal
Guinea Pig anti-insulin, DAKO, Cat# IR002), amylase
(Polyclonal Rabbit anti-amylase, Sigma Aldrich, Cat#f A8273),
and glucagon (Monoclonal Mouse anti-glucagon, R&D
Systems, Cat# MAB1249) was dissolved in the blocking
buffer (1:1, 1:200, and 1:500 respectively) and incubated
for 48 h at 4 °C. The primary antibody was then removed,
and slices were washed 7x for 5 min with 1x PBS, pH 7.4,
0.1% Triton. Secondary antibody solutions (1:400) were
made with Alexa Fluor 488, 594, and 647 donkey anti-
primary antibody and 1:400 4’, 6-diamidino-2-phenylindole
(DAPI) (Thermo Fisher/Life Technologies, Waltham, MA,
Cat#t D1306) in blocking buffer. Samples were incubated
with secondary antibodies for 90 minutes and then washed
7x for 5 min with 1x PBS, pH 7.4. To get the least amount
of background fluorescence, an additional wash was
performed overnight at 4 °C with 1x PBS, pH 7.4. For
imaging, slices were mounted on crystal slides (Staining Kit,
Arcturus, Cat# Kit0420) with ProLong mounting reagent
(ProLong Gold antifade reagent, Invitrogen, Cat# P36934)
and sealed with a cover slip (Micor cover glass, VWR, Cat#
48393). Imaging was acquired using a Keyence BZ-X810
fluorescent microscope. Z-stack depth ranged between 120-
130 pm depending on the slice thickness and condition
while the number of images in the Z-stack ranged between
15-25 with a step size ranging between 2.5-4 pm. Insulin
staining was used to determine the approximate area of
islets following culture in the SliceChip. The fluorescent
area was calculated using the BZ-X810 analyzer hybrid cell
count module. To prevent bias in viability studies, we
utilized Image]/FIJI to perform quantitative analysis of cell
populations, using total area calculations for fluorescent
area of live/dead regions and taking the viability as the ratio
of live area to total area (live area + dead area).

Time-lapse imaging

Slices of INS2-Cre/mTmG mouse pancreas were generated
and kept in the SliceChip for 5 days for time-lapse
fluorescent imaging. During this time, murine slices were
perfused with media at 80 ul min™" and imaged every 4
or 12 hours within the Keyence BZ-X810 fluorescent
microscope with a Z-stack height of 105-120 and step
height of 5-15 across a 32-40-tile grid. Post-acquisition, a
full focus stitch of the Z-stack and tiles was generated
using the built-in z-stack and stitching functions of the
Keyence BZ-X810.

This journal is © The Royal Society of Chemistry 2024
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Statistical methods

Statistical analyses were performed in GraphPad Prism 9.5.1
software (GraphPad Software, San Diego, CA). A Student's
t-test was used to directly compare GSIS AUC results (flow
conditions n = 3 slices, static n = 2 slices). A paired ¢-test was
used to compare intra-condition AUC between 3 mM glucose
and 16.7 mM glucose stimulation (n = 3 slices). A confidence
interval of 95% was considered significant with a designation
of *P < 0.05 and **P < 0.01. Results at or slightly above the
traditional levels of significance have their P values directly
reported and nonsignificant values are shown as ns in
graphs. An ordinary one-way ANOVA with Tukey's multiple
comparisons test was used to assess statistical significance in
the viability of slices in static or perfusion culture. Linear
regression analysis was used to assess the trend of
fluorescent area degradation in serial imaging and was
constrained to an area of 1 at the onset of imaging.

Results
SliceChip design

The design of the SliceChip aims to maintain a human or
murine pancreatic slice in culture without limiting our ability
to visualize slices, perform serial perfusions, or recover tissue
samples after experimentation. Human pancreatic tissue
slices are generated (Fig. 1) by precision slicing a piece of
human donor pancreas, while maintaining the native
architecture and distribution of endocrine and exocrine cells
into 120 pm thick live sections.® With a majority of
pancreatic islets being smaller than 120 pm with an average
diameter of 108.92 as recently reported, a slice thickness of
120 pum allows for an adequate number of intact islets within
a slice and is the standard for pancreatic slices.”'**° Donor
tissue that has been cleaned and sectioned into small chunks
is imbedded into agarose (Fig. 1A) and a biopsy punch is
used to remove agarose-tissue cylinders for slicing with a
vibratome (Fig. 1B and C). Slices are removed from the
vibratome and cultured in 35 mm dishes before placement
into the SliceChip.

Utilizing a similar design as previous organ on chips
developed by our lab,">*' SliceChip was designed in 3D CAD
software to feature two 8 mm diameter, 1.5 mm deep culture
wells with independent fluid pathways (Fig. 1F and G),
allowing for concurrent analysis of two slices under different
conditions. SliceChip is comprised of two interlocking
optically clear PMMA pieces fabricated by subtractive
manufacturing. Unlike PDMS-based chips, our resealable
SliceChip can easily be opened after experiments to remove
the slices, and then cleaned, sterilized, and reused. A silicone
polymer gasket adhered to the top piece of the chip provides
a hermetic seal around the fluid channels once the chip is
clamped in the Micronit clamp. The central culture wells are
slightly offset from each other to allow each well to be clearly
visible once clamped. A set of holes in the top chip piece
positionally correspond to holes in the clamp that can be
used as fluidic inlets and outlets (Fig. 1F and G).
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Fig. 1 Pancreatic SliceChip workflow. (A) Donor pancreas is acquired, and a section of tissue is removed from the pancreas. (B) The piece of
pancreas is split into smaller pieces, cleaned, and suspended in an agarose solution. After the agarose solidifies, a biopsy punch is used to remove
a 7 mm diameter cylinder. (C) A vibratome is used to section off a 120 um thick, 7 mm diameter slice of the tissue cylinders. (D) Pancreatic slices
are removed from the vibratome and moved into a culture dish prior to placement within SliceChip under, (E) a 3D printed stainless steel 316 L
slice anchor. (F) Exploded and, (G) assembled view of pancreatic SliceChip show the system components, namely, [1] milled acrylic chip, [2]
silicone gasket, [3] slice anchor within central culture well of 8 mm diameter, [4] fluidic inlet, [5] fluidic outlet. (H) A block diagram of the fluid
pathway within the pancreatic SliceChip system shows the, [a] pressurized O, and CO, gas tanks that provide the pressure source for, [b] the
Fluigent pressure pump, [c] heat bath that holds, [d] pressurized media reservoirs that contain basal media for long term culture as well as low
glucose, high glucose and KCl solutions for GSIS assay, [e] in-line fluid switches for switching between solutions from [d]. Media exiting the
reservoir is passed through, [f] a degasser and, [g] a debubbler to control oxygenation levels and eliminate large bubbles within the fluid lines. [h]
Keyence fluorescent microscope fitted with a modified, [i] Tokai Hit incubation stage that maintains the temperature of the chip and limits
environmental exposure holds, [jl the SliceChip that is clamped using a micronit clamp for long term culture, imaging, and functional assays. [k]
Flow meters monitor the flow rate and act in a continuous feedback loop with the regulators to modulate pressure and ensure a consistent flow
rate before, [l] effluent media is collected. (I) A picture of the actual SliceChip and fluidic control system with, (J) a closeup view of the incubation
stage within the Keyence and, (K) a brightfield image of a human slice and anchor within the system as taken from the microscope.

Anchor design

To ameliorate movement artifacts in slice images taken
under flow conditions, we developed an anchor using 3D
CAD software to secure the slice without the limitations to
medium and solute diffusion caused by traditional fixation
methods, such as secondarily imbedding slices in a
hydrogel.>* The anchor is an 8 mm diameter disk of 0.5 mm
thickness that features a central 25 mm?® square opening
where the bulk of the tissue slice rests in culture (Fig. 1E).
The anchor is 3D printed via selective laser sintering at a
commercial 3D printer. To minimize pressure imparted onto
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the slice by the anchor, it is designed to apply force only to
the agarose that remains on the outside of the tissue slices.
An additional facet of protection is that the anchor features a
differentially thick body to prevent the slice from moving
beyond where it was initially placed. The outer ring of the
anchor extends a full 0.5 mm while the inner mesh is 0.375
mm thick, providing a gap below the mesh that approximates
the thickness of human or murine pancreatic slices. Because
the slices are in contact with the anchors for an extended
period of time, the anchors were printed out of stainless steel
316 L, which highly biocompatible and is often used in
implantable medical devices.'®

This journal is © The Royal Society of Chemistry 2024
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Computation analysis of fluid dynamics

The fluid dynamic profile of the SliceChip was modeled in
COMSOL multiphysics software. Because a major goal of this
platform was to be able to perform GSIS experiments during
the slice culture, a model was developed to compute the
glucose washout time in the chip to facilitate choosing the
volumetric flow rate to be used in the chip. The washout time
was computed at various flow rates (20-80 pl min™") using a
multiphysics model that linked the flow of the liquid within
the chip and the diffusion of glucose. The system began at 0
mM glucose concentration, and a step function was used to
rapidly bring the inlet concentration to 5 mM; the average
concentration above the slice was recorded and plotted over
time (Fig. 2A). We aimed to have a total time from inlet to
outlet of less than three minutes so that we could collect
samples with a high degree of time resolution while still
easily linking discrete collection samples to infusion times.
80 ul min™ was chosen as the flow rate because the central
well washout time was approximately 1.2 minutes. Factoring
in the system's dead volume of 140 ul, 80 ul min™ resulted
in an inlet to outlet time of 2.95 minutes, where 70 ul min™
or lower would have resulted in times over 3 minutes. 80 ul
min~" is also within the range of flow rates previously used
for GSIS experiments.”"?

Using the selected volumetric flow value of 80 ul min™,
velocity, pressure, and shear stress profiles were generated
for the SliceChip (Fig. 2B-D). In the velocity profile (Fig. 2B)
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we see that, despite fast-moving fluid in the inlet and outlet
channels, the fluid moving through the larger well and
around the pancreatic slice is significantly slower and does
not exceed 200 um s . The system demonstrates a uniform
pressure gradient across the chip (Fig. 2C). Fluid flow within
the chip also generates shear stress around the slice
(Fig. 2D). Shear forces are greatest on the edges of the top
surface of the slice where the surface of the slice runs
perpendicular to the flow direction. Most of the slice
experiences a shear stress below 1 mPa and even at its
maximum of 1.2 mPa, the shear stress is well below the levels
that have been reported to cause damage to islets.>***

Degasser incorporation and oxygen residuals

Bubble formation within the fluid pathway can be
detrimental to extended culture in an organ chip, limiting or
blocking fluid flow and drying out cells.’* A system such as
ours, in which flow is generated by a pressure gradient, is
especially prone to bubble formation owing to the parameters
that control gaseous solubility in a fluid as described by
Henry's Law.

C=kp
where C is the concentration of dissolved gas in a liquid, k is

the Henry's Law constant at any specific temperature for a
given gas and fluid, and P is the partial pressure of the

C
Pressure Profile

—

_______oaaseasssemmm—ee N
0 05 10 15 20 25 30 35

D Shear Stress Profile

Top of Slice

mPa
0 02 04 06 08 1.0 1.2

Fig. 2 Computational modeling of fluidic parameters. A computational model of SliceChip's fluidic parameters was developed in COMSOL. (A)
Glucose washout time for various flowrates was empirically calculated in COMSOL to determine the time necessary for the chamber to match the
input stimulant concentration. To ensure that fluid washed through the entire system, including external tubing, in under 3 minutes, a flow rate of
80 ul min™ was selected. (B) The fluid velocity profile, flowrate = 80 ul min™, is shown with a zoomed in region depicting the area around a
modeled pancreatic slice, demarcated by a white dashed line. (C) The pressure profile of the system is shown. (D) The shear stress on the modeled
slice is shown with views of the slice from the top looking down (pictured left), bottom looking up (pictured right), and side (pictured bottom).

This journal is © The Royal Society of Chemistry 2024 Lab Chip, 2024, 24,1557-1572 | 1563


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lc00850a

Open Access Article. Published on 08 January 2024. Downloaded on 5/4/2026 11:09:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

gaseous species to be dissolved. Henry's constant is inversely
related to the temperature of the solution, so as the
temperature of a system decreases, more gas is able to be
dissolved.*® Therefore, as the pressure drops as the fluid
flows through the chip, the gas within the medium becomes
supersaturated, and small nucleation points provide a
location for bubbles to form.

Initial experiments were ended before 24 hours due to
excessive bubble formation that halted flow in the system. To
prevent bubble formation, we prevented the oversaturation of
the medium by providing a slight temperature gradient (37-30
°C) between the medium reservoirs and the culture well. While
the increased solubility due to temperature did initially slow
bubble formation, it was not enough to eliminate the bubbles.
From here, we addressed the other component of Henry's Law,
partial pressure. We used a degassing chamber that applies a
vacuum across a gas permeable fluid tube to eliminate
dissolved gas within the flowing medium. The efficiency of the
degasser was directly related to the length of the degasser
tubing and the flow rate of the medium per manufacturer
reporting. While a counter-intuitive solution given our desire to
increase the oxygen delivery to the pancreatic slices, degassing
the medium resulted in bubble-free media over extended
culture times. However, this did create a new problem—the
residual oxygen level in degassed media would be lower than
desirable for slice cultures.” Using a SliceChip modified to
include an oxygen sensor (Fig. S21), we measured the residual
pressure of oxygen to be 0 mmHg in the central well,
unacceptable for culturing tissue. To address this problem, we
supplemented the amount of oxygen initially dissolved in the
media by pressurizing the medium with a composite gas made
up of 95% O, and 5% CO, to maintain pH buffers. Repeat
analysis of the residual oxygen level with the oxygen-
supplemented and pressurized medium resulted in a partial
pressure of 70 mmHg (Fig. 3A). To bring the residual in line
with atmospheric levels, we modified the degasser tubing
length, removing 35 mm. This resulted in a residual of 120
mmHg (Fig. 3A). By modulating the length of the degasser
tubing and oxygen doping the medium with pressurized
composite gas, we were able to effectively create a bubble-free
system with variable oxygen levels.

Computational analysis of oxygen consumption

Adequate oxygenation of pancreatic slices has been shown to
be important to the maintenance of slice cultures.” We aimed
to maintain the normal oxygen tension inside of a slice
within the physiological range of 30-50 mmHg, preferably at
or above the upper limit given the prior islet survival benefits
shown for islets cultured in supraphysiological oxygen.'®>*>”
As such, we created a 3D COMSOL model of steady state
oxygen consumption within our SliceChip using the transport
of dilute species module. The inflow of oxygen into the
culture well was linked by the Multi-Physics model to the
chip's fluid dynamics computed by the laminar flow module.
A slice mimic at the bottom of the culture well was assigned
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a maximal oxygen consumption rate (OCR) of 0.03 mol m™®
s ' consistent with prior oxygen consumption models and
studies.”® The modeled slice was immobile with a small (10
pm) gap underneath it to mimic the height difference
between the gap under the anchor and the thickness of the
slice that allowed media to flow under the slice. Oxygenation
in the slice was modeled with an input of low oxygen (70
mmHg) and normal oxygen (120 mmHg) as provided by
using the standard degasser and modified degasser,
respectively (Fig. 3B). An oxygen level below 0.1 mmHg was
considered to be anoxic.”*® Neither normal nor low oxygen
systems produced regions below this threshold, with
respective minimums of 52.1 mmHg and 2.1 mmHg. The
model shows that the oxygen level in the slice forms a
gradient with the concentration decreasing as we move from
the inlet to outlet side of the slice, from outside to inside,
and from top to bottom. The computational model shows the
equilibrium gradient within the SliceChip and is consistent
over the course of the culture. The overall residual oxygen
within the steady state consumption model showed a similar
operating range and levels (115-52 mmHg and 65-2 mmHg
for normal and low oxygen systems, respectively) comparable
to previously reported successful slice cultures.”

System assembly

Traditionally, the environmental conditions of OoC cultures
are controlled by an incubator; however, this limits the ability
to continuously image cultures without disturbing their
environment. Commonly used GSIS perfusion assemblies also
require the removal of slices from an incubator, limiting the
ability to perform serial assessments.® To create a system by
which we can continuously image, perfuse, and stimulate
slices, we have adapted traditional OoC methods to create a
platform that maintains the sterility, temperature, and O, and
CO, levels of the SliceChip and perfusates within a Keyence BZ-
X810 fluorescent microscope. To ensure sterility within the
fluid pathway, all parts of the system are pre-sterilized and
assembled in a sterile culture hood. A schematic and a real-
world depiction of the platform components and fluid
pathways are shown in Fig. 1H and I, respectively.

The use of a Flow EZ pressure pump to pressurize
medium reservoirs and drive fluid through the chip also
requires the maintenance of a hermetic seal on each of the
parallel fluidically independent SliceChip channels. A
pressurized composite gas canister (95% O, and 5% CO,)
supplied the pressure for the pressure pumps and controlled
the gas composition of the solutions used in the platform.
Pressure caps fabricated by Fluigent sealed each of the media
reservoirs and held the tubing that linked into the platform's
fluidic pathway. At the start of each new SliceChip culture,
we added all of the solutions, including those for GSIS
experiments, to each of the fluidic pathways and stored them
in a 37 °C bead bath with the jars for each pathway
connected by a singular pneumatic pressure line with
independent fluid outlets. Each of these outlet tubes met at a

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Steady state SliceChip oxygenation. (A) Oxygen levels in media after passage through the degassing unit at 80 ul min™ measured by a
PreSense oxygen probe. To achieve Low O, conditions, a standard degassing unit was used. To achieve normal O, conditions of approximate
standard culture levels at 120 mmHg, a degasser unit was modified to shorten the degassing pathway and increase the residual oxygen. (B)
Oxygen levels within SliceChip, accounting for the oxygen consumption of a slice within the chip, are shown with a zoomed in region depicting
the area around a modeled pancreatic slice, demarcated by a white dashed line. The inlet oxygen concentration does not impact the location or
magnitude of the gradient. Oxygen levels decrease in the slice as you move from inlet to outlet, from top to bottom, and from outside to inside.
The depicted gradient is computed as the equilibrium gradient of oxygen within the device throughout the course of the experiment.

fluid switch that selected one of the input lines and directed
it into the singular outlet. Fluid continued through a
degasser and bubble trap that removed excess dissolved gas
and large inline bubbles, respectively. Each fluid channel
utilized an independent degasser such that the oxygenation
level of each slice's medium could be altered, and different
oxygenation conditions can be used concurrently for slices
from the same individual. After the medium was free of
bubbles, it moved into the SliceChip itself. The chip was
clamped within the Micronit clamp, and that apparatus was
kept inside of a stage top heater that maintained the system's
temperature at 30 °C in accordance with previously reported
slice culture protocols.” The clamp-heater system was placed
inside of a fluorescent microscope and held there for the
duration of the experiment. The stage heater housing had
spaces for the SliceChip's fluidic inlet and outlet tubing to
enter and exit the heating area. While these openings would
normally break the sterility of a culture held inside of a stage

This journal is © The Royal Society of Chemistry 2024

top heater, our platform did not break the fluid pathway that
was hermetically sealed from the pressurized medium to
collection outlet. The only part of our system exposed to the
lab atmosphere was the outside of the tubing, which does
not interface with the culture itself. On its way out of the
SliceChip, medium from each fluid channel passed through
a Flow Unit that monitored the volumetric flow rate. These
flow meters fed the flow rate back to the pressure pumps to
create a feedback loop that altered the pressure level so that
flow was maintained at a steady 80 ul min™'. To assess the
effects of oxygenation on slices and demonstrate the
independence of the SliceChip's fluidic pathways, the system
was set up so that one fluid lane passed through a modified
degasser, providing a normal oxygen level, and the other
passed through an unmodified degasser, providing a low
oxygen level. The combination of a temperature- and gaseous
environment-controlled, hermetically sealed fluid pathway
with a variable fluid input housed inside of a fluorescent
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microscope created a system that could continuously image
and perform GSIS experiments.

Repeat assessment of glucose stimulated insulin secretion
(GSIS)

GSIS metrics are a standard method used to monitor
pancreatic islets’ time-dependent release of insulin in response
to glucose stimulation. Traditionally these are endpoint
experiments in which a set of multiple slices are moved from a
sterile incubator to a non-sterile platform, perfused, and then
immediately fixed and stained. Compared to this method of
performing GSIS assessments of pancreatic slices, our sterile
SliceChip provides a unique ability to perform repeat GSIS
assessments of the same pancreatic slice over the course of
multiple days. SliceChip's independent fluid pathways allowed
us to concurrently run GSIS assessments with slices from single
individuals held under different oxygen conditions to assess
the effects of oxygenation on GSIS. Insulin secretion profiles,
normalized to slice islet area (values shown in Fig. 6B), for
slices cultured in normal and low oxygen conditions, are
summarized in Fig. 4C. The mean and range of data are
represented by the solid line and shaded region, respectively.
On days 2 and 3, the slices kept under normal oxygen levels
appeared to demonstrate a physiological insulin spike in
response to glucose stimulation while those cultured with a
lower oxygen level appeared to show a blunted response. The
level of responsiveness between slices on days 2 and 3 appears
similar. By contrast, day 5 showed an insulin spike in both
normal and low oxygen conditions though with a decreased
amplitude as compared to days 2 and 3. Assessment of the
AUC during the period before, during, and directly after
glucose stimulation was used to further investigate slice
responsiveness under different oxygen conditions (Fig. 4D). An
unpaired Student's ttest of the AUC of high glucose
stimulation on days 2 and 3 demonstrated significance
between the insulin secretion of normal and low oxygen
conditions (P < 0.05 and P = 0.066 for days 2 and 3,
respectively, n = 3 slices). While there appears to be a difference
between the normal and low oxygen conditions for the high
glucose interval on day 5, statistical analysis is unclear (P =
0.61, n = 3 slices). A separate analysis looked to compare the
AUC of high glucose stimulation between static control slices
and slices held under normal oxygen flow conditions, finding
statistical significance on day 2 (P < 0.01, flow n = 3 slices,
static n = 2 slices) and lacking significance on days 3 and 5 (P =
0.19, 0.877, respectively, flow n = 3 slices, static n = 2 slices).
However, it should also be noted that the static culture had a
lower n than the perfusion cultures, and this may impact
statistical reliability. Because current GSIS methods are
terminal for slices, the control slices had to undergo GSIS in a
static incubation to allow for repeated assessment of the same
slices function over multiple days and this method may not
provide comparable GSIS results to those previously reported.”
A paired t-test of the AUC of 3 mM and 16.7 mM glucose
stimulation within each oxygen condition, showed that slices
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kept under normal oxygen demonstrated a significant
difference between insulin secretion under 3 mM and 16.7 mM
glucose on days 2 and 3 (p = 0.049, p = 0.015, days 2 and 3
respectively, n = 3 slices), and no significance under low oxygen
(p = 0.408, p = 0.4756, days 2 and 3 respectively, n = 3 slices).
Day 5 analysis for both conditions was not significant (p =
0.240, p = 0.236, normal oxygen and low oxygen respectively, n
= 3 slices). AUC stimulation indices (ratio of 16.7 mM G AUC to
3 mM G AUC) were calculated to evaluate the difference in
insulin secretion between the low and high glucose stimulation
phases. Each condition exhibited a stimulation index >1 (more
insulin released during the high glucose phase than the low
glucose phase). During days 2 and 3, slices in normal oxygen
conditions had higher stimulation index than those in low
oxygen. However, day 5 showed the opposite. Mean values and
standard deviations for the stimulation indices are reported in
Fig. S1.f Importantly, we have demonstrated that our SliceChip
is capable of executing repeat GSIS perfusion assessments and
recovering measurable analyte levels from the same singular
pancreatic slice over multiple days.

Viability

Following a 5 day incubation period that included three 3 hour
perfusion or static GSIS experiments, the viability of slices kept
in static culture was compared to those kept in SliceChips under
normal and low oxygen conditions. The fluorescent area of live
and dead cells was used to compute a ratio of live area to total
cell area (live area and dead area) as a marker of tissue viability
and is shown in Fig. 5B.*” ANOVA testing showed no
significance between each of the culture conditions.
Representative images of the post-culture live/dead stains for
normal and low oxygen conditions as well as a static culture are
presented in Fig. 5A. Though we report viability of pancreatic
slices as a function of all of the cells within a slice, this is not an
entirely representative metric of an individual slice's responsivity
to glucose stimulation. Additional imaging shown in Fig. 6A
demonstrates the maintenance of stainable insulin, glucagon,
and amylase in slices following culture in the SliceChip as a
visual marker for the endocrine and exocrine pancreatic tissue
subtypes. Colocalization of insulin and glucagon producing cells
within individual islets is evident on visual inspection. While
some degree is expected due to the structure of the pancreatic
islet, its prominence here can also be attributed to the
fluorescent images being a full-focus consolidation of a 120 pm
tall Z-stack of the 3D pancreatic slice. Continued insulin
secretion in relation to high glucose throughout suggests islet
tissue viability. Though exocrine function was assessed by
carbachol stimulation as part of the GSIS experiment protocol,
levels of secreted amylase were below the assay detection limit
of 0.2 muU. However, the presence of amylase following
immunostaining suggests maintenance of the exocrine tissues.

Imaging

To assess our SliceChip platform's ability to take time-lapse
fluorescent images of pancreatic slices, we generated

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Glucose stimulated insulin secretion testing (A) experimental timeline depicting the entire course of the experiment from procurement of
slice to the terminal perfusion experiment with major events denoted on the day that they occur. Pancreas is procured on day -2; slices are
generated on day -1; slices are rested in static culture on day O; slices are moved into the SliceChip on day 1; GSIS perfusions occur on days 2 and
3; slices are rested on day 4; and a terminal GSIS perfusion with a KCl solution is conducted on day 5, at which point slices are removed from the
SliceChip. (B) Experimental timeline for glucose stimulated insulin secretion experiments, occurring on days 2,3, and 5, with the addition of the
terminal KCl perfusion that occurs only on experimental day 5. An initial stabilization period consists of a 60 minute interval of 3 mM G perfusion.
Experimental perfusion consists of 30 minute intervals of perfusion with 3 mM G, 16.7 mM G, 3 mM G, carbachol, and 3 mM G, in that order. On
day 5 an additional 30 minute interval is added to the end of experimentation, consisting of perfusion of a KCl solution. (C) Glucose stimulated
insulin secretion time response curves on days 2, 3, and 5 of culture inside of SliceChip. Insulin secretions were normalized to the area of islets
within the slice present on day 5, as assessed via insulin immunostaining. The green shading and lines represent the results of slices held under
normal oxygen levels. The blue shading and lines represent those slices held under low oxygen levels. GSIS perfusion intervals are denoted as
discussed in (B). For each oxygen condition, the solid line represents the average insulin secretion response, and the shaded area represents the
total range of insulin secretion responses [day 2, 3, 5 n = 3 slices], (D) area under the curve (AUC) of GSIS curves on days 2, 3, and 5, where each
data point is the sum of the insulin released during the corresponding perfusion interval, day, and flow condition, as shown in (C), demarcated by
the perfusate during the interval. Each bar represents the average reported value for the flow condition with data points representing individual
slices. The intervals shown for days 2 and 3 reflect the 0-60 minute interval of experimentation, stimulation by 3 mM and 16.7 mM glucose, as
shown in (B). Day 5 AUC data includes the 0-60 minute interval of experimentation, stimulation by 3 mM and 16.7 mM glucose, with the addition
of the terminal KCl interval of stimulation that occurs during the 150-180 minute interval, as shown in (B). Additionally, the AUC graphs shown in
(D) include data from slices kept in a static culture with exposure to stimulants following the timeline laid out in (B) with samples taken at the end
of each 30 minute static incubation interval [normal and low oxygen day 2, 3, 5 n = 3 slices, static n = 2 slices].
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Fig. 5 Live dead imaging. (A) In the left-most image, a whole slice from each experimental condition is depicted with a red arrow depicting the
direction of flow across the slice and a white box highlighting a representative region for live/dead imaging. Scale bars represent 400 um. The next
four images from left to right are representative images of tissue viability after 5 days inside of the SliceChip, depicting brightfield (BF), live (green)
regions, dead (red) regions, and a composite of live/dead on the brightfield image of the slice. The intra-slice white areas of the BF images depict
pancreatic ducts within the slice and are consistent with traditional slice imaging. Scale bars represent 100 um. Live/dead imaging of slices was
completed with slices held in a 35 mm dish with a number-zero confocal grade crystal (MatTek Corporation, Ashland, MA, Cat# P35G-0-10-C) (B)
quantitative data for live/dead analysis, in which viability is reported as the percentage of live cell area to the total cell area (live + dead). Each bar
represents the average reported value for the flow condition with data points representing individual slices. Analysis of variance demonstrated no

significance between the viability of each of the conditions (n = 3 slices for each condition). Each pancreatic slice analyzed underwent GSIS
perfusions consisting of 30 minute intervals of perfusion with 3 mM G, 16.7 mM G, 3 mM G, carbachol, and 3 mM G, in that order.

pancreatic slices from a transgenic mouse model that
allowed us to fluorescently visualize live insulin-producing
cells via EGFP and non-insulin-producing cells with
tdTomato. Composite stitches of full focus Z-stack images
taken every 4 hours with a total exposure time of 19 minutes
per imaging period were compiled, demonstrating the
stability of fluorescent signal over the course of the 5 day
culture. Composite brightfield/EGFP/tdTomato images from
days 1, 3, and 5 are shown in Fig. 6C with a magnified
region depicting an islet below the whole slice image. Over
the full duration of the culture, we did note a decrease in
fluorescent intensity, suggesting ~ some expected
photobleaching. However, a clear fluorescent image of the
tissue was still recoverable. The degree of photobleaching
was quantified as the loss in recoverable fluorescence by
measuring the total recoverable fluorescent area at numerous
time points and calculating the residual fluorescent area
from the baseline, Fig. 6D. Additional slices were imaged
with varying exposure lengths and imaging intervals (46
minutes of exposure every 12 hours and 76 minutes of
exposure every 12 hours) to assess the impact of exposure
time on photobleaching within the SliceChip. Linear
regression analysis showed a loss of 2.9%, 5.5%, and 10.3%
of the total fluorescent area each day in the 19, 46, and 76
minute exposures, respectively. A less than 3% daily loss was
deemed acceptable given that this degree of photobleaching
is correctable through post-acquisition processing.

1568 | Lab Chip, 2024, 24, 1557-1572

Discussion

SliceChip is a novel benchtop culture system, capable of
extended human pancreatic slice culture as well as repeated
GSIS experiments and imaging analysis at the single slice
level. To facilitate these experimental techniques outside of
standard incubators, we created a platform that allows for
the dynamic control of the temperature and gaseous
environment supplied to slices held within a fluorescent
microscope. An incubation stage that fits within a Keyence
microscope provides thermal control of the SliceChip itself,
while a bead bath warms media and other perfusates. Bubble
formation during organ on chip operation is a major issue
that has typically been solved by using open systems or gas
permeable membranes, which perform well and maintain
sterility within an incubator.>*** However, our bench top
device necessitated the development of a new method to
maintain a sterile, bubble-free fluidic pathway. Initial bubble
formation in prototype devices was caused by medium
saturation and subsequent decreases in solubility due to
temperature and pressure changes. We found that a
degassing chamber effectively eliminated bubbling by
decreasing the saturation of dissolved oxygen and other
gaseous species in our perfusates. Traditionally, these
chambers are used in cases where a low concentration of
dissolved gases in a liquid has minimal impact on results,
such as in chromatography or automated cell profiling.**

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lc00850a

Open Access Article. Published on 08 January 2024. Downloaded on 5/4/2026 11:09:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Lab on a Chip Communication

Slice Total
DAPI | on
A Slucag B Islet Area
ns
0.25- L
% & 0.20- | \ *
T €
c E 015
() (]
o o
> : < 0.10-
X Amylase Insulin o
(@) 2
— 7] L]
® 2 0.054 o
E
o 0.00-
=z XY
Q\o Q\o \00
ov OV
> O
O‘& \/o
C Day 1 Day 3 Day 5 D Change in Fluorescent Intensity
A
= 1.0+
£ .
g N
S =
= © 0.5-
w T
<
=
1

Islet Region

0.0 1 1 I 1
0 1 2 3 4 5
; Time (Day)
/ / —— 19-minute exposure -4 46-minute exposure
—e— 76-minute exposure

Fig. 6 Fluorescent imaging. (A) A representative slice held under normal oxygen conditions with fluorescent imaging of immunostains depicting
DAPI (4',6-diamidino-2-phenylindole Thermo Fisher/Life Technologies, Waltham, MA, Cat# D1306) (top left), glucagon (Monoclonal Mouse anti-
glucagon, R&D Systems, Cat# MAB1249) (top right), amylase (Polyclonal Rabbit anti-amylase, Sigma Aldrich, Cat# A8273) (bottom left), and
insulin (Ready to Use Polycolonal Guinea Pig anti-insulin, DAKO, Cat# IR002) (bottom right). Each image is the full-focus composite from a
Z-stack taken of an individual slice. Scale bars represent 1 mm. A composite image of each stain is shown enlarged on the far right. Scale bar
represents 500 um. (B) Total islet area within individual slices, where each bar represents the average reported value for the flow condition with
data points representing individual slices. More slices were used in static cultures because each static culture consisted of 2-3 slices whereas
each SliceChip condition ran 1 slice at a time. Analysis of variance demonstrated no significant difference between the total islet areas between
slices, although this does not inform any meaning to the insulin secretion function of individual islets within a slice or the viability of the entire
pancreatic slice (normal and low oxygen flow n = 3 slices, static n = 5 slices) (C) composite Z-stack fluorescent imaging of murine slices within
the SliceChip. Murine slices were isolated from the mouse, sectioned and sliced on day 0, and rested until placement within the SliceChip on
day 1. All murine slices were continuously perfused with murine medium at 80 pl min™t, under the normal oxygen condition, and no
experimental GSIS stimulations were done. The image is composed of brightfield (depicting the tissue structure and slice anchor), EGFP
(depicting insulin-producing cells), and tdTomato (depicting all non-insulin-producing cells). Images were taken every 4 hours, and images from
the culture on days 1,3, and 5 are shown in order from left to right. An isolated region depicting an islet is shown at an increased magnification
below. The top row scale bars represent 2 mm and the bottom row scale bars represent 500 um. The red arrows denote the direction of flow
across the slice. (D) Graph depicting the decrease in fluorescent area of slices imaged within the SliceChip with a trendline fit via linear
regression analysis constrained to an area of 1 at onset of imaging. Exposure parameters for each data set are shown as the amount of time
that slices were exposed per imaging period. 19 minute exposure: exposed for 19 minutes, imaged every 4 hours; 46 minute exposure: exposed
for 46 minutes, imaged every 12 hours; 76 minute exposure: exposed for 76 minutes, imaged every 12 hours. The discrepancy in imaging
intervals and the number of imaging days was necessary due to limits on the maximum number of images able to be taken in a continuous
timelapse session on the Keyence microscope. Exposure time within imaging intervals was altered by changing the step size of the Z-stack.
Linear regression parameters: [19 minute exposure] Y = -0.02865 x X + 1.029, goodness of fit = 0.002045, slope P value = <0.0001; [46 minute
exposure] Y = -0.05514 x X + 1.055, goodness of fit = 0.04177, slope P value = 0.0045; [76 minute exposure] Y = -0.1028 x X + 1103,
goodness of fit = 0.05500, slope P value = 0.0010. For each exposure condition, n = 1.
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However, in the culture of live tissue samples, such as
human pancreatic slices, it is imperative that the device can
maintain physiologically appropriate levels of dissolved
oxygen (30-50 mmHg within a pancreatic slice) as well as
adequate levels of dissolved carbon dioxide to buffer the
media. Using a pressurized canister of composite gas as the
source of pressure for our pressure pump regulator, we
doped the concentration of dissolved oxygen and carbon
dioxide within the medium to maintain appropriate levels
following degassing. Within the tissue slices, oxygenation
levels accounting for slice oxygen consumption were
maintained within the 30-50 mmHg range consistent with
in vivo pancreatic oxygen tension.”® With this solution,
extended cultures inside of the sealed organ chip remained
bubble-free and received a physiological level of oxygen.”*
Future studies should explore further modification of
degasser length or gas composition to provide a higher
degree of oxygenation control within systems.

While computational modeling of the oxygen consumption
demonstrated no observable regions of necrotic tissue in our
normal and low oxygen conditions, we sought to address the
impact of the differential oxygen levels on human pancreatic
slices via their insulin responsiveness to glucose as a test of the
system's ability to meaningfully control oxygenation. Repeat
GSIS perfusion assessments of the same pancreatic slices held
under normal and low oxygen conditions showed that a low
oxygen environment appeared to blunt the release of insulin in
response to high concentration of glucose in the early days of
culture, whereas those cultured in normal oxygen conditions
demonstrated a repeated physiologically relevant spike in
response to high glucose throughout the full culture period.
However, after extended culture, this differential response was
less apparent, and the slices kept under low oxygen conditions
appeared to regain the expected physiological response to
glucose stimulation. On day 5, we observed signs of
contamination in the input basal medium, which may have
resulted in day 5 results to be an outlier. However, the solutions
used for GSIS and the SliceChip did not show signs of
contamination. As such, our ability to establish an effect of
oxygenation on glucose responsiveness on day 5 remains
limited in our study. More importantly, the continued
responsiveness of slices kept under normal oxygen conditions
demonstrates the ability of our system to perform repeat
perfusion experiments and recover measurable levels of
analytes from the same slice over multiple days. The observed
difference in GSIS results in our SliceChip between normal and
low oxygen conditions is understandable given the loss of
function in islets held under low oxygen conditions that has
been previously observed.”'* Additionally, while the general
viability and islet area was not significantly different between
slices, it is not unexpected to still see a difference in their
response to glucose stimulation. Prior studies have shown that
the islets held under different oxygen tensions demonstrate a
difference in glucose sensitivity before significant differences
in islet viability and size.">*” Another important consideration
is that, in previously reported GSIS experiments, 3-4 slices were
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used simultaneously ~ for  analysis in  terminal
experiments.>”'%** Having multiple slices per GSIS experiment

masks the inherent variability of an individual slices and its
islets, limiting the ability to analyze changes in individual slice
function. Similarly, using a new set of pancreatic slices for each
experiment limits the ability to study the effects of repeat GSIS
stimulation on an individual pancreatic slice, a metric that has
yet to be reported. In contrast, the repeated GSIS
measurements taken with the SliceChip herein represent a
unique repeated observation of the same individual slices over
time. While we utilized our perfusion system solely for GSIS
experiments, the use of a selector valve to change between
sterile media and other solutions also allows for serial injection
of pharmaceuticals and other therapeutics. As such, this
platform has the potential to be used in the future to observe
changes in single slice behaviors in response to drug
treatments and other medical therapies.

Aside from the perfusion capabilities of our SliceChip
platform, the maintenance of our SliceChip within a
fluorescent microscope provides a host of live-cell imaging
opportunities. Here we demonstrated the ability of our
SliceChip to culture transgenic fluorescent murine slices
over an extended period and to image them at a high
magnification and with greater frequency than realistically
practical if done manually. While a degree of
photobleaching was apparent, changes to the imaging
methodology to limit imaging time—including imaging over
smaller regions, lower Z-stack height, lower exposure times,
and decreased imaging frequency—are expected to
effectively lessen the extent of this problem and could be
optimized depending on the desired imaging result.
Additionally, the inclusion of fluorescent live-cell markers or
adenoviral markers, such as those used to assess calcium
signaling or changes in gene expression, can expand the
platform's imaging capabilities to assess intracellular
calcium dynamics within pancreatic slices or potential cell
type conversions.””**** With the use of our slice anchor,
slices kept within the SliceChip remained stable throughout
the duration of experiments, effectively eliminating the
movement artifacts often present across repeat whole slice
imaging, and also decreasing the effort needed to align slice
images taken on different days. The ability to take frequent,
repeat, stable images without moving from an incubator to
a microscope provides a sterile and reliable way to image
changes to the architecture of tissue slices due to changes
in cell populations while eliminating movement artifacts
that may confound imaging assessments.

While we have directly described a system for the analysis
of human pancreatic slices, the SliceChip system's
functionalities—dynamic environmental controls, repeat
serial perfusion, and stable live-cell fluorescent imaging—
provide a unique opportunity for other kinds of tissue slices.
Active research for ex vivo tissue samples is an ongoing effort
with opportunities for new platforms to expand experimental
capabilities.*>?*® Current systems that focus on singular
experimental aspects lack the combination of extended
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cultures, serial perfusions, easily recoverable tissues, and
continuous imaging found in our SliceChip.**~*” Additionally,
our use of a resealable PMMA-based organ chip eliminates
many of the problems associated with traditional PDMS-
based organ chips, such as drug retention and gaseous
diffusion."™"® In combination with its bubble-free design and
environmental controls, we believe our system could easily be
adapted to culture a variety of tissue slices and to expand
their use for basic science and pharmaceutical research.

Conclusion

We developed a novel benchtop acrylic-based, bubble-free,
pancreatic SliceChip platform that can maintain a sterile
human pancreatic slice culture within a fluorescent
microscope while running repeated serial perfusion
experiments. Dynamic environmental controls allowed us to
serially analyze insulin secretion in response to differential
levels of glucose stimulation for singular slices. We observed
the maintenance of a physiological response to high levels of
glucose in slices kept under physiologically appropriate
oxygen levels as well as the lack of a response under low
oxygen levels. The design and use of a slice anchor within
our platform in conjunction with the fluorescent microscope
housing allowed us to take high frequency repeat fluorescent
images with minimal photobleaching, a high degree of image
stability, and minimal human effort. The unique capabilities
and dynamic environment of the SliceChip platform provides
an opportunity to study a variety of tissue slices beyond the
pancreatic tissues studied here. This platform is a versatile
tool for the study of ex vivo tissues.
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