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Glucagon is a 29-amino acid peptide released from a-cells within pancreatic islets of Langerhans to help
raise blood glucose levels. While a plethora of methodologies have been developed for quantitative
measurement of insulin released from islets, such methods are not well developed for glucagon despite
its importance in blood sugar regulation. In this work, a simple yet robust microfluidic device was
developed for holding human pancreatic islets and perfuse them with glucose. The perfusate was
collected into 2 min fractions and glucagon quantified using a homogeneous time-resolved Forster
resonance energy transfer (TR-FRET) sandwich immunoassay. Simulation of fluid flow within the
microfluidic device indicated the device produced low amounts of shear stress on islets, and

characterization of the flow with standard glucagon solutions revealed response times within 2 fractions
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Accepted 11th June 2021 (<4 min). Results with human islets from multiple donors demonstrated either a “burst” of glucagon or
a “sustained” glucagon release across the entire period of stimulation. The simplicity, yet robustness, of

DOI: 10.1039/d1ay00703c the device and method is expected to appeal to a number of researchers examining pancreatic islet
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Introduction

Glucagon is a 29-amino acid hormone peptide derived from
proglucagon that acts to increase blood glucose levels by initi-
ating glycogenolysis and gluconeogenesis in the liver."* As such,
it acts as a counter regulatory hormone to insulin, and is
essential for maintaining euglycemia during times of fasting.
Glucagon is released from a-cells located in pancreatic islets of
Langerhans. In human islets, a-cells make up ~5-10% of the
islet, with the insulin-secreting B-cells making up ~70-80%.* In
type 2 diabetes, hyperglucagonemia is often observed,” com-
pounding the difficulties of glucose regulation. Despite the
importance of glucagon, numerous questions exist into the
mechanisms that govern its release.>*

Difficulties associated with measuring glucagon from islets
in a time-resolved fashion hamper this understanding. A
common way to measure glucagon secretion includes perfusion
of a batch of islets followed by fraction collection of the
perfusate and subsequent hormone quantitation performed
with an enzyme-linked immunosorbent assay (ELISA) or radio-
immunoassay.>® To increase automation and use fewer islets so
that the dynamics of secretion can be observed, microfluidic
devices have been widely implemented for in vitro cellular
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studies.”® These systems have been used in a number of studies
with islets of Langerhans for improved control of dynamic
conditions compared with traditional methods.*™” Microfluidic
devices provide a controlled cellular environment, easy fluid
manipulation, automation, and low dilution connections;
combined, these factors can lead to high temporal resolution
measurements. For example, a microfluidic system was used to
perfuse islets and “pseudoislets” to examine differences in
secretion profiles of insulin and glucagon using an offline
radioimmunoassay.’® In another example, an electrophoretic
immunoassay was used to measure glucagon secretion online
from 10 murine islets in response to a change in glucose from
16 to 1 mM." Although electrophoretic immunoassays have
been widely used to measure insulin release from islets within
microfluidic systems,'®'>'** they have not been reported as
often with glucagon. We have developed a noncompetitive assay
for glucagon using an aptamer,* but a complicated fabrication
procedure of the necessary microfluidic system limits the
widespread applicability of the system.*

The previously-described methods employ heterogeneous
assays that require separation of the bound and free compo-
nents; conversely, homogeneous assays do not require a sepa-
ration step and have been developed for insulin®*** and other
peptides® released from islets; one example is a time-resolved
Forster resonance energy transfer (TR-FRET) based assay for
glucagon.’® The TR-FRET assay has a 2 pg mL ™' reported limit
of detection, which would enable glucagon release from only
a few islets, possibly allowing release dynamics to be observed.

This journal is © The Royal Society of Chemistry 2021
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In this report, we describe initial steps towards the imple-
mentation of this TR-FRET assay into a microfluidic based
system. A relatively simple microfluidic system is used to house
10-25 human islets and glucose is perfused at varying levels to
stimulate glucagon release. Fractions from the perfusate are
collected every 2 min and glucagon release is quantified using
the TR-FRET assay. We anticipate that the simplicity of the
setup combined with the high sensitivity of the assay will enable
multiple researchers to use this platform for gaining insight
into glucagon secretion dynamics, which could in turn lead to
better understanding of type II diabetes and further the devel-
opment of improved therapeutics.

Materials and methods
Chemicals and reagents

Polydimethylsiloxane (PDMS) prepolymer (Sylgard 184) was
obtained from Dow Corning (Midland, MI). Dextrose was ob-
tained from Fisher Scientific (Pittsburgh, PA). The TR-FRET
glucagon assay was obtained from Cisbio (Walthan, MA). All
other reagents were purchased from Sigma-Aldrich (St. Louis,
MO) unless noted otherwise. All solutions were made with
ultrapure DI water (NANOpure Diamond System, Barnstead
International, Dubuque, IA).

A balanced salt solution (BSS) was used for islet experiments
which contained 125 mM NacCl, 5.9 mM KCl, 1.2 mM MgCl,,
2.4 mM CacCl,, 25 mM tricine, and brought to pH 7.4 before
addition of 0.1% BSA. Different glucose concentrations were
added as described in the text, and the BSS was filtered with
a 0.2 pum nylon syringe filter (Pall Corporation, Port Wash-
ington, NY) prior to delivery to the microfluidic system.

Islets of Langerhans

Human islets were purchased from Prodo Laboratories Inc.
(Aliso Viejo, CA) from donors who had not been diagnosed with
diabetes. Human islet samples (85-95% pure) were incubated
for a minimum of 1 day in complete Prodo Islet Media Standard
PIM(S) at 37 °C and 5% CO, upon delivery.”* Human islet
samples were obtained from deidentified cadaveric organ
donors and, therefore, were exempt from Institutional Review
Board approval. Donor characteristics are provided in Table
S1.%

Microfluidic device

The microfluidic device was fabricated using methods
described previously.”” Briefly, conventional soft lithography
was used to make a 400 x 200 pm (width x depth) channel in
PDMS. The access holes at the ends of the channel were made
using a 0.508 mm diameter titanium nitride hole punch
(SYNEO, Angleton, TX). A hole for loading islets was made in the
middle of the channel length using a 400 pm diameter punch
(Welltech, Taichung, Taiwan). The PDMS was irreversibly
bonded to a 25 x 75 x 1 mm (width x length x thickness)
glass coverslip (VWR, Randor PA) after plasma oxidation of both
pieces. The glass coverslip formed the bottom of the channels.
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To maintain the temperature of the islet chamber at 37 °C,
a thermofoil heater (Omega Engineering, Inc., Stamford, CT)
was placed underneath the microfluidic device and a thermo-
couple sensor was applied adjacent to the islet chamber on top.
A controller (Omega Engineering) was used to maintain the
temperature at 36.5 = 0.5 °C. To perform perfusion, the outlet
from two syringe pumps were connected via a junction to the
inlet access hole of the device. The total flow rate into the
microfluidic device was maintained at 5 pL min~'. Perfusate
was collected via a 10 cm length of 0.508 mm i.d. Tygon tubing
connected to the outlet. Fractions were collected from this tube
every 2 min into a new 200 pL Eppendorf tube.

To load islets, the device was filled with BSS containing
20 mM glucose and a number of islets were introduced into the
islet loading port with the exact number given in the text and
figure captions. The islet loading port was then covered with
PCR tape and the input and output tubing were removed. The
device was placed in a 37 °C, 5% CO, incubator for 10 min to
allow islets to settle to the bottom and attach to the glass
surface. At the end of the 10 min, the device was removed from
the incubator, the tubing reattached, and flow initiated with
BSS containing 20 mM glucose. The islets were allowed to
equilibrate to the flow for 15 min prior to fractions being
collected. The glucose level delivered to the islets was varied by
adjusting the syringe pump flow rates as described in the text.
At the end of the experiment, all fractions were centrifuged to
remove air bubbles, pipetted into a 96-well plate, and assayed as
described below.

Islets were removed from the device and lysed to measure the
total glucagon content as described.” Briefly, all islets were
removed from the device by aspiration and placed into a 200 L
tube. The tube was centrifuged and a 10 pL pipette was used to
transfer all islets to a new tube. A 90 pL volume of acid—ethanol
mixture (750 mL of 95% ethanol; 15 mL of 5 M HCl; 235 mL of
H,0) was added and the tube sonicated for 5 min.* The lysate was
kept at —20 °C prior to analysis if not read immediately. For
analysis, 10 pL of the lysate solution was diluted to 200 puL with
BSS. To ensure the concentration of the lysate was within the
calibration curve, three dilutions were then performed: 10 pL of
the 200 pL lysate solution was diluted to 100 uL with BSS; 10 pL of
this newly made solution was diluted to 100 pL using BSS; 10 pL of
this solution was then removed and diluted to 100 pL with BSS. 10
nL of each of these three solutions was added to the 96-well plate,
along with the perfusion fractions, and assayed using TR-FRET.

TR-FRET glucagon assay

In addition to the fractions collected from the perfusion and the
lysate, each 96-well plate (HTRF 96-well low volume white plate)
had three replicates of 2000, 1000, 500, 250, 125, 62.5, 31.25,
15.6 and 0 pg mL ™" standard glucagon solutions made in BSS.
Reagents from the TR-FRET glucagon assay kit (10 pL) were
pipetted into each well using a multi-channel pipette. The well
plate was covered with film and incubated 12-14 h at room
temperature in the dark. A plate reader (SpectraMax iD5, Mad-
ison, WI) was used to measure the TR-FRET according to the
manufacturer's protocol. Briefly, excitation light (360 nm) was
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on for 50 ps, followed by a 100 pus delay, and a 600 ps recording
time of the two FRET channels (620 and 665 nm). This timing
protocol was repeated every 2 ms for 100 cycles.

The average FRET signal from the 0 pg mL ' standard
solution was subtracted from all FRET measurements. FRET
ratios are presented as the ratio of the emission at 665 nm to
that at 620 nm multiplied by 10 000. Calibration curves were
generated by averaging the FRET ratio from the three replicates
of each standard glucagon solution and plotting these values vs.
the concentration of glucagon.

Finite element analysis

The proposed microfluidic system featuring islets was devel-
oped in a finite element simulation software (COMSOL Multi-
physics v4.3, COMSOL Inc., Stockholm, Sweden). Flow rates
were solved using the incompressible Navier-Stokes equation
with a no slip boundary condition on solid surfaces; islets were
modeled as porous spheres.® All simulation parameters are
given in Table S2.}

Data analysis

To quantify glucagon, the FRET ratio from each fraction was
converted to glucagon concentration (pg mL ') using the cali-
bration from the same plate with the amount of glucagon (pg)
then determined. The lysate dilution which fell within the
calibration curve was used to determine the amount of
glucagon (pg) in the total lysate by accounting for the various
dilutions. Secretion traces are presented as percent glucagon
released, which was determined by calculating the percent of
glucagon in each fraction with respect to the total glucagon (the
sum of the lysate and all fractions).>® The number of islets used
in each experiment are provided in the text or figure caption,
but the islet equivalents were not calculated.

Results

The measurement of glucagon secreted from pancreatic islets of
Langerhans is typically carried out with macro-perfusion
systems and offline ELISAs. Development of microfluidic
systems to hold islets and deliver stimulants would provide an
additional level of control and automation. Homogeneous
assays for measurement of glucagon would decrease analysis
times by reducing the number of steps for detection. Here, we
have coupled a straightforward PDMS microfluidic device for
islet perfusion with fraction collection and subsequent
glucagon quantification with a TR-FRET homogeneous assay.
We anticipate the simplicity of the system will enable other
researchers to use similar methods to perform more complex
experiments.

Glucagon assay

A commercially available TR-FRET assay was used for quanti-
tation of glucagon. In this system, a “sandwich assay” is used
with different fluorophores attached to antibodies recognizing
different epitopes. One of the antibodies was labeled with
a lumi4-terbium cryptate donor (Aex = 340 nm, Ay, = 620 nm),

3616 | Anal. Methods, 2021, 13, 3614-3619

View Article Online

Paper

6000

5000 4
£ 4000
o
= 3000 o
¥ ~"100 o A0

2000 -
w . 50{ .*

KJ -9
1000 0 &
* 0 25 50

0 1000
Glucagon (pg mL-")

2000

Fig.1 Calibration of TR-FRET assay. A representative calibration of the
TR-FRET assay is shown. The points are the average of 3 replicates and
the error bars are +1 standard deviation. The inset shows the lower
region of the curve. The plot was fit with a linear regression line y =
2.6659x (r* = 0.999).

and the other was labeled with a d2 red acceptor (Ax = 620 nm,
Aem = 665 nm). FRET between the two fluorophores confirmed
the presence of the hormone and the ratio of intensities from
665 and 620 nm allowed for accurate quantitation. An advan-
tage of this assay is the long-lived fluorescence lifetime of the
donor (~1-2 ms), which allowed for the two emission channels
to be measured 100 ps after the excitation light was turned off,
enabling low background measurements.

Standard glucagon solutions were subjected to measurement
with this system and resultant calibration curves of FRET ratio
versus glucagon concentration showed a reproducible linear
response (Fig. 1). The relative standard deviations of the points
ranged from 1 to 12%, and the calculated limit of detection
(LOD) was 15 pg mL'. These results demonstrated good
reproducibility and a sensitivity compatible with concentrations
of glucagon typically released from islets.'®” These values are
similar to those reported for commercial ELISA systems, but
without the necessity for wash steps, although an overnight (12—
14 h) incubation period was required for producing high quality
calibration curves in our hands. Shorter incubation times were
attempted but resulted in higher RSD and/or lower linearity.
Nevertheless, the LOD was sufficient to proceed with the
development of the microfluidic system.

Microfluidic system

Once the glucagon assay was confirmed to produce LOD suffi-
cient for islet measurements, a microfluidic device was
designed to hold islets, perfuse glucose, and allow for fraction
collection. The goals of the device were to have simple
construction and operation, yet still provide a rapid response
from islets housed in the device. Additionally, the tissue needed
to be easy to load and recover from the device. These goals were
achieved using a PDMS/glass microfluidic device that contained
a single flow channel with a central loading port to add and
remove islets (Fig. 2A). After adding islets, the loading port was
sealed with PCR tape to keep solution within the device.

To perform perfusion, the output from two syringes driven
by syringe pumps were connected with a T-junction and then to

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Microfluidic system. (A) A 3D drawing of the PDMS/glass
microfluidic device used in this report. The outputs of two syringe
pumps were coupled at a tee (not shown) and input into the inlet port
of the device. Islets were loaded through the central loading port and
covered with a piece of PCR film. Tubing at the outlet (not shown) was
used to collect fractions of the perfusate every 2 min. (B) An image of
the microfluidic device loaded with human islets was used to mimic
the placement and size distribution in a finite element model. (C) The
picture in (B) was used to build a finite element model of fluid flow in
the device. The image is from the simulation and shows a composite
view from a slice of the fluid velocity taken in the middle of the channel
and a surface plot of the shear stress on the islets. The scale bar at the
bottom of the image is for both the fluid velocity and shear stress. The
range for shear stress is 0.0-75 mPa, and the range for velocity is 0.0—
1.25 mm st

the inlet port on the microfluidic device. The tubing was
inserted into the hole punched in the PDMS, creating an
interface that did not require sealant or glue. The ratio of the
flow rates from the two syringe pumps was then varied to adjust
the concentration of stimulant into the device while the total
flow rate was maintained at a constant 5 pL min ™.

To ensure that the experimental conditions would not be
detrimental to the islets, a 3-dimensional finite element simu-
lation was used to model the fluid flow. To mimic experimental
conditions as closely as possible, 15 islets were placed in
a device and a photograph was obtained (Fig. 2B) to guide the
sizes and locations of islets in the simulation. The islets ranged
from ~100-250 um in diameter and they were modeled as
porous spheres® with a porosity of 0.1 and permeability of 10™*>
m?. The flow rate into the device was 5 uL min~' and other
model parameters are provided in Table S2.1 The linear fluid
velocity (mm s~ ') through the device is shown in Fig. 2C and
indicated that the islets influenced the flow of the liquid in the
channel. To determine how the flow conditions may affect the
islets, the shear stress on the islet surfaces were calculated. In
Fig. 2C, the islet surfaces have the shear stress overlaid and
indicated a maximum of ~71 mPa on the largest islet in the
simulation, slightly below the physiological shear stress range.**

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Flow dynamics. Low (0 pg mL™) and high (1200 pg mL™
glucagon concentrations were delivered to the device through the
syringe pumps in a pattern shown by the red line (corresponding to the
right y-axis). The flow through the device was fractionated every 2 min
and measured using the TR-FRET assay. The amount of glucagon in
each fraction is shown by the data points and corresponds to the left y-
axis.

These results indicated that the design would not produce
damagingly high levels of shear to the islets.

Upon finalization of the simulation, the dynamic response of
the microfluidic system was determined by perfusing step
changes of glucagon though the device. To perform the perfu-
sion, syringe 1 was filled with 3 mL of BSS and syringe 2 was
filled with 3 mL BSS buffer containing 1200 pg mL~* glucagon.
The device was flushed with syringe 1 for 15 min prior to the
start of the experiments to condition the device. For the next
40 min, flow from syringe 1 and syringe 2 was alternated for
10 min each. Fig. 3 shows these results with the glucagon
delivery profile shown as the red line, and the glucagon
measured as the black points. Based on the volumes of the inlet
and outlet tubing and the channel, the time required for
glucagon to travel from the T-junction into the fraction collec-
tion tubes was 5.25 min. This time was subtracted from the
glucagon delivery profile (red line in Fig. 3) and demonstrates
that the glucagon measured in the fractions mirrored the
delivery profile upon this correction. The average response time,
defined as the time required to increase or decrease the signal
from 10% to 90% of the final signal was 2 fractions or 4 min.
Additionally, we did not observe a significant difference in the
TR-FRET signal during subsequent perfusions of either
glucagon (10-20 min vs. 30-50 min) or BSS (from 0-10 min vs.
20-30 min), which indicates that any non-specific adsorption in
the device was undetectable.

Glucagon measurements

Following method development of the system with standard
glucagon solutions, a batch of human islets were loaded into the
device. Initial experiments were performed to ensure islets would
not respond to variations from changing the syringe pump flow
rates. To perform these control experiments, both perfusion
syringes were filled with BSS containing 20 mM glucose. The first
syringe pump delivered solution to the device for 10 min, after
which the flow was switched to the second syringe pump for the
next 20 min. After this time, the flow was switched back to the
first syringe for the last 20 min. As shown in Fig. S1,T the islets
did not respond to these changes in the solutions with

Anal. Methods, 2021, 13, 3614-3619 | 3617
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a significant change in the glucagon secreted. This protocol was
repeated a total of 3 times, each replicate with different islets.

Upon confirming that the switch in perfusion flows did not
induce changes in glucagon release, we then tested the ability to
measure glucagon secretion in response to glucose changes. To
perform these experiments, islets were placed in the micro-
fluidic device, allowed to adhere for 10 min, and perfused with
20 mM glucose in BSS. After this period of basal release (usually
10-15 min), the glucose level was decreased to 1 mM. For some
experiments, the glucose concentration was held at 1 mM for
the remainder of the experiment (n = 3); in other experiments,
the glucose concentration was increased back to 20 mM (n = 4).
Due to the high variability in islet composition, secretion
amounts were normalized to the total glucagon content in the
islet population as described in the Materials and methods. The
glucose time curve was also adjusted by 5.25 min to account for
the volume of the device and tubing.

Qualitatively, most experiments exhibited one of two
patterns of release, either a burst of glucagon secretion followed
by a decline in the rate of release, or they showed a sustained
level of release during the entire stimulation. Fig. 4 shows
a representative trace from each of these groups. Fig. 4A illus-
trates a “burst” pattern of glucagon released (black points) in
response to different glucose concentrations (red). These results
were from a batch of 30 islets from donor 4. This “burst” pattern
was observed for five experiments: one experiment from islets
from donor 3, three experiments with islets from donor 4, and
one experiment from donor 5. Fig. 4B shows a “sustained”
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Fig. 4 Representative glucagon secretion profiles. In both traces, the
measured glucagon levels are shown by the black points and corre-
spond to the left y-axis, while the glucose profile delivered to the
device is shown as a red line and corresponds to the right y-axis. (A) A
representative trace from a group of 30 islets from donor 4 that
released in a "burst” pattern. (B) A representative group of 45 islets from
donor 4 that released glucagon in a “sustained” pattern.
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Fig. 5 Average glucagon levels. The total glucagon secretion levels
normalized over the collection time (total glucagon min~?) for all
traces shown in Fig. S21 were averaged and shown as a function of
glucose level. The difference in the amount of glucagon released
during 1 mM glucose was significantly higher than that at 20 mM
glucose (p = 0.002, 1-tailed Student's t-test). Average is shown as the
thick horizontal line with error bars equal to £1 standard deviation.

pattern of glucagon release from a batch of 45 islets from donor
4. This pattern was observed for two of the experiments, with
one each from donor 3 and 4. In one experiment (with a batch of
islets from donor 3), a change in glucagon release was not
observed. Fig. S21 shows all perfusion responses from each set
of islets tested. At this time, it is unknown why some experi-
ments showed one secretion profile versus another, although
a previous report shows similar “burst” profiles with 10 islets."”

The percent glucagon release during stimulation with high
and low glucose was quantified for all experiments (n = 8) and
normalized to the stimulation period. The results are shown in
the scatter plot in Fig. 5 with the average shown as the hori-
zontal bar and the error bars corresponding to +1 SD. The
average (+SD) percent glucagon release during stimulation with
1 mM glucose was ~7-fold higher at 0.007 £ 0.003% min~*
compared to that measured at 20 mM glucose, 0.001 =+
0.001% min ', A 1-tailed Student's t-test indicated that these
results were significantly different (p = 0.002) for the two
glucose conditions tested.

Finally, in some initial experiments, the islet glucagon
content after the experiment was not measured because the
method was being developed. In these experiments, calculation
of the percent glucagon released was not performed, but the
traces are shown in Fig. S3.1 Because the total glucagon content
was not measured, these traces were omitted from statistical
analysis and are shown here to demonstrate that other experi-
ments from different donors also showed the secretion profiles
mentioned above. Three experiments exhibited a “burst”
profile, four showed the “sustained” release, and two did not
show much release upon stimulation with low glucose.

Conclusions

Information regarding glucagon release from human islets of
Langerhans is much less comprehensive relative to that for
insulin secretion. The combination of a simple and robust
microfluidic system with a TR-FRET assay described here is

This journal is © The Royal Society of Chemistry 2021
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expected to provide a relatively simple glucagon measurement
method while still providing valuable information regarding the
release of this peptide hormone. For example, it could be used
to further examine “burst” versus “sustained” secretion profiles.
With the LOD of this assay, we approximate that release from
about 5 islets could be measured, which may allow the
dynamics of release to be observed more clearly. Finally, the
dimensions of the microfluidic device are amenable to fabri-
cation by other means, including milling or hot embossing in
other materials, which could enable simple and rapid high
throughput production while a mechanical system could be
used to automate the fraction collection process. Because the
TR-FRET assay can be performed without washing steps, the
sensitivity and simplicity of the system are ideal for those
investigating the release of glucagon.
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