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Over the last several decades, multiple microfluidic platforms have been used for measurement of hormone
secretion from islets of Langerhans. Most have used continuous flow systems where mixing of hormones
with assay reagents is governed by diffusion, leading to long mixing times, especially for biomolecules
like peptides and proteins which have large diffusion coefficients. Consequently, dispersion of rapidly
changing signals can occur, reducing temporal resolution. Droplet microfluidic systems can be used to
capture reagents into individual reactors, limiting dispersion and improving temporal resolution. In this
study, we integrated a fluorescence anisotropy (FA) immunoassay (IA) for insulin into a droplet
microfluidic system. Insulin IA reagents were mixed online with insulin and captured quickly into droplets
prior to passing through a 200 mm incubation channel. Double etching of the glass device was used to
increase the depth of the incubation channel compared to the IA channels to maintain proper flow of
reagents. The droplet system produced highly precise FA results with relative standard deviations < 2% at
all insulin concentrations tested, whereas the absolute fluorescence intensity precisions ranged between
5 and 6%. A limit of detection of 3 nM for insulin was obtained, similar to those found in conventional
flow systems. The advantage of the system was in the increased temporal resolution using the droplet
system where a 9.8 + 2.6 s response time was obtained, faster than previously reported continuous flow
systems. The improved temporal resolution aligns with continued efforts to resolve rapid signaling events

rsc.li/methods in pancreatic islet biology.

Introduction

Diabetes is a chronic metabolic disease characterized by
dysfunctional insulin secretion from pancreatic islets of Lang-
erhans. Approximately 463 million adults were estimated to
have diabetes in 2019 and this number is expected to grow to
700 million by the year 2045, making diabetes a global
endemic. Despite its widespread occurrence, there are many
details of the mechanisms controlling insulin release that
remain unanswered. Development of an analytical methodology
that enables hormone secretion measurements with rapid
response times and high sensitivity is crucial for unraveling
questions regarding its release.”

Most mechanistic studies of insulin secretion have been
carried out under static conditions using batches of islets.
While these have proven useful, they are insufficient to assess
dynamic processes. Microfluidic systems provide low dilution

“Department of Chemistry & Biochemistry, Florida State University, 95 Chieftain Way,
Tallahassee, FL 32306, USA. E-mail: mroper@fsu.edu; Fax: +1-850-644-8281; Tel: +1-
850-644-1846

*Program in Molecular Biophysics, Florida State University, USA

T Electronic  supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d4ay01511h

1 These authors contributed equally.

7908 | Anal. Methods, 2024, 16, 7908-7914

measurements which enable increased sensitivity as compared
to conventional benchtop measurements.? These systems have
been used for investigating dynamic processes from small
numbers of cells, organoids, and tissues, including islets of
Langerhans.>* The majority of approaches for online
measurement of hormone secretion from islets have used
continuous flow microfluidic devices where reagents mix with
islet perfusate in a continuously flowing channel.>®* Immuno-
assay reagents, such as antibodies and fluorescently labeled
peptides, are often used for quantifying hormone concentra-
tion. In continuous flow streams, these mix by diffusion as they
travel through the channel network. With large biomolecules
and wide channels, this process can be time consuming
requiring long incubation times. As incubation times increase,
dispersion of the dynamically changing sample also occurs,
making rapid secretion processes difficult to detect.

Droplet microfluidics have been shown to improve temporal
resolution as compared to continuous streams due to the
segmentation of samples into a carrier stream.® This segmen-
tation helps to conserve the temporal information upstream of
the segmentation. In addition, droplet microfluidic systems
have been shown to promote fast reagent mixing and reactions
as they travel down the microchannels of a microfluidic
device.'®"* Their capability to improve the temporal resolution

This journal is © The Royal Society of Chemistry 2024
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of biomolecular assays has been demonstrated in numerous
formats, including the measurement of pancreatic islet
secretions.”** For example, encapsulating islet secretions with
a Zn’*-chelating dye, for use as a marker of insulin release,
a temporal resolution of 1.09 s was produced.** A more direct
measurement of insulin release was made by use of on-chip
valves to encapsulate single islet secretions with a homoge-
neous pincer assay, producing a temporal resolution of 15 s.**
Both of these assays enabled observation of rapid insulin
oscillations with periods < 1 min. Homogeneous assays, like the
aforementioned Zn>" and pincer assay, are ideal for droplet
systems as they simplify analyte measurement. We have re-
ported the successful measurement of insulin secretion in
a continuous flow stream using a different homogeneous assay,
a fluorescence anisotropy (FA) immunoassay (IA).**™® FA assays
using droplet microfluidics have been widely reported,*** but
none have been dedicated to insulin measurement. Here, we
investigate the advantages of droplet microfluidics for use in an
insulin FA-IA for high temporal resolution measurements. We
find that the assay is well incorporated when using a glass
microfluidic device and low resistance incubation channel. The
limit of detection (LOD), 3 nM, is similar to those obtained
using a conventional flow microfluidic assay and the temporal
resolution was 9.8 £ 2.6 s, demonstrating that this method will
be a viable means for measuring rapid changes in insulin
secretion from islets of Langerhans.

Materials and methods
Chemicals and reagents

Sodium chloride, calcium chloride, sodium hydroxide, ethyl-
enediaminetetraacetic acid (EDTA), Tween 20, bovine serum
albumin (BSA), and ammonia were obtained from EMD
Chemicals (San Diego, CA). Dextrose, RPMI 1640 containing -
glutamine, 11 mM glucose, gentamicin, and fetal bovine serum
(FBS) were obtained from Thermo Fisher Scientific (Waltham,
MA, USA). Collagenase P (from Clostridium histolyticum) was
obtained from Roche Diagnostics (Indianapolis, IN, USA).
Monoclonal anti-insulin antibody (Ab) was purchased from
Meridian Life Science, Inc. (Saco, ME). Perfluorodecalin (PFD),
1H,1H,2H,2H-perfluorooctyldimethylchlorosilane, and Novec
7500 fluorinated liquid were purchased from Oakwood Prod-
ucts (Estill, SC, USA). 008-Fluorosurfactant (poly(ethylene
glycol)-di-(krytox-FSH amide)fluoropolymer), was purchased
from RAN Biotechnologies (Beverly, MA). Cy5-labeled insulin
(Ins*) was prepared in-house, as previously described.?>?
Unless otherwise noted, all other reagents were purchased from
Sigma-Aldrich (St. Louis, MO). All solutions were prepared with
Milli-Q (Millipore, Bedford, MA) 18 MQ cm ultrapure water and
filtered using 0.2 pm nylon syringe filters (Pall Corporation, Port
Washington, NY). Immunoassay reagents (Ins* and Ab) were
prepared in TEAT-40, composed of 25 mM tricine, 40 mM Nacl,
1 mM EDTA, at pH 7.4 with an additional 0.1% Tween 20 (W/v),
and 1 mg per mL BSA. Insulin standards were prepared in
balanced salt solution (BSS) consisting of 125 mM NaCl, 2.4 mM
CaCl,, 1.2 mM MgCl,, 5.9 mM KCl, 25 mM tricine, at pH 7.4
with an additional 1 mg per mL BSA. All concentrations in the

This journal is © The Royal Society of Chemistry 2024

View Article Online

Analytical Methods

text are given as the final concentration which assumes 3-fold
dilution of the IA reagents after mixing.

Microfluidic device fabrication

The microfluidic devices were fabricated in glass using photo-
lithography and wet etching techniques. Briefly, all channels
were etched to 50 pm depth, as measured by an SJ-410 surface
profiler (Mitutoyo Corp., Aurora, IL, USA), using a photomask
with 50 um line widths. The incubation channel was etched to
a depth of 150 pm using blue low tack tape (Semiconductor
Equipment Corp., Moorpark, CA), as described in the text. The
aqueous flow was segmented into the oil carrier phase 5 mm
downstream of the IA mixing cross. Fluidic inlets were drilled
with 1.1 mm drill bits (Industrial Power Tool and Abrasives, NY)
and reservoirs (IDEX Health and Science, Oak Harbor, WA) were
bonded to the microfluidic device according to the manufac-
turer's specifications. The surface of the droplet incubation
channel modified with 2% 1H,1H,2H,2H-per-
fluorooctyldimethylchlorosilane in PFD as described in the text.
Aqueous reagents and the oil carrier phase were delivered using
syringe pumps (Harvard Apparatus, Holliston, MA) from
gastight syringes (Hamilton Company Inc., Reno, NV) con-
nected to the fluidic inlets with Tygon tubing (0.01” ID x 0.03”
OD, Cole-Parmer North America, Vernon Hills, IL) through
fingertight fittings (IDEX Health and Science).

was

FA detection system

FA was measured as described previously.*® Briefly, the micro-
fluidic device was placed on the stage of an Eclipse TS-100
microscope (Nikon Instruments Inc., Melville, NY). A 25 mW,
635 nm laser (Coherent Inc., Santa Clara, CA, USA) was used for
fluorescence excitation. Its intensity was attenuated to 2 mW by
a neutral density filter (Thorlabs Inc., Newton, NJ) and coupled
into a multimode fiber-optic bundle using an achromatic fiber
port collimator (PAF2S-7A, Thorlabs). The light was collimated
by an achromatic doublet (AC254-080-A-ML, Thorlabs) and
randomly polarized by a quartz-wedge achromatic depolarizer
(DPU-25-A, Thorlabs). The beam was then linearly polarized
(WP25M-VIS, Thorlabs) and reflected by a dichroic mirror
(XF2035, Omega Optical Inc., Brattleboro, VT) into a 40, 0.6 NA
objective (Nikon), which focused the beam into the detection
point on the microfluidic device. The diameter of the focused
laser spot in the channel is conservatively estimated to be 100
um. The emitted fluorescence was collected with the same
objective, transmitted through the dichroic, and directed into
a two-channel microscope photometer (Horiba Scientific, Pis-
cataway, NJ), where the light passed through a 665 nm long-pass
filter (HQ665LP, Chroma Technology Corp., Bellows Falls, VT)
and a 635 nm notch filter (ZET635NF, Chroma). The emission
was then passed through a polarizing beam splitter cube
(PBS101, Thorlabs) and split into parallel and perpendicularly
polarized components (with respect to the excitation polariza-
tion). Each polarized component was passed through
a complementary linear polarizer before impinging on separate
photomultiplier tubes (PMTs) (R10699, Hamamatsu Photonics,
Middlesex, NJ). Data from both PMTs were collected at 1000 Hz
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using a USB data acquisition device (6009, National Instru-
ments, Austin, TX). Data was processed as described in the text.
All data are presented as the average + 1 standard deviation (SD)
unless otherwise stated. Since relative changes in FA were
mainly used for experiments, equal detection sensitivities (G-
factor) between the two detection channels were assumed.

Data analysis

Details on how anisotropy values are extracted from each
droplet are given in the text. When calculating an average
anisotropy, 300 s of data were averaged providing at least 200
data points depending on droplet frequency. Statistical signifi-
cance was assumed when p < 0.05 using a 2-tailed unequal
variance ¢-test. The LOD was determined as the concentration of
insulin required to reduce the FA to a value less than 3 times the
SD of the blank anisotropy value.

Results and discussion

There have been several reports of FA-IA for insulin in contin-
uous flow microfluidic systems.***#>**> These reports demon-
strate the utility of this homogeneous assay in profiling
dynamic insulin secretion from islets of Langerhans. Here, we
describe an alternative approach to improve the temporal
resolution by taking advantage of droplet microfluidics to limit
dispersion and longitudinal broadening during the assay, and
consequently, further improve the temporal resolution.

Microfluidic device & droplet generation

The microfluidic device design upstream of droplet generation
was composed of four inlets (Fig. 1). In this report where the
performance of the droplet FA-IA system was being evaluated,

Inlet 1 Inlet 2

N

Ins* Ab

oil /€ — > i
Incubation ¢ >
Channel

Detection Point x \ ™

Output

Fig.1 Microfluidic droplet generation system. The microfluidic design
used in the experiments is shown. The glass device had five inlets,
inlets 1 and 2 were used to deliver buffer, insulin, or Cy5 depending on
the experiment. A constant concentration of Ab and Ins* were deliv-
ered to the device via their respective inlets. The last inlet was used for
oil that encapsulated these aqueous reagents into droplets and
transported to the incubation channel where mixing and binding
occurred, prior to detection shown by the X. The inset shows the T-
junction and a portion of the mixing channel (boxed in red) showing
droplet formation.
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an islet chamber was not fabricated into the device and the two
top-most inputs were used to deliver various reagents to
a continuously flowing stream of Ab and Ins*. These reagents
were then delivered to a flow of oil 5 mm downstream where
they were segmented into droplets (inset of Fig. 1) and flowed
through a 200 mm incubation channel prior to measurement by
FA.

Many aqueous-in-oil microfluidic droplet devices utilize
polymeric devices, such as poly(dimethylsiloxane) (PDMS).
Initially, PDMS devices were tested and generated reproducible
droplets; however, the IA results were inconsistent and irre-
producible (data not shown). Although not fully investigated,
these results were attributed to nonspecific binding by the
immunoassay reagents in the PDMS prior to being incorporated
into droplets. Due to the successful use of glass microfluidic
systems in previous reports,'>”'® a glass device was then
fabricated. The oil and incubation channels were coated by
placing ~50 pL of a 2% solution of 1H,1H,2H,2H-per-
fluorooctyldimethylchlorosilane in PFD into the oil reservoir
and the four aqueous inputs were closed with tape. A vacuum
was applied to the outlet reservoir which pulled the solution
through the incubation channel. The vacuum was applied until
all the liquid was pulled through and air dried the channel.

In the initial device, all channels were etched at the same
depth (50 pum) based on our previous FA-IA designs.'®**
However, it was found that occasionally the oil would split and
move back to the aqueous channels. We expected that the oil
would move ‘upstream’ in lieu of flowing through the long
incubation channel. To keep the oil flowing towards the outlet
reservoir, we decreased the relative resistance of the incubation
channel compared to what it was previously by increasing the
depth of the droplet incubation channel. This was achieved by
first etching all channels 50 pum deep, removing the device from
the HF solution, and rinsing completely. The aqueous channels
were then covered with low tack tape and the device was placed
back into the HF solution to etch another 100 um. The effect of
the double etching can be seen by the aqueous channel
appearing triangular as it intersects the oil channel in the inset
of Fig. 1. This shape results when the HF undercuts the tape
during the double etching of the incubation channel. With this
double-etched design, the oil flowed towards the outlet and
a stable droplet formation was formed. Droplet frequency was
found to vary between days and ranged between ~0.7 and 2.0 Hz
although the frequency was stable over the course of an exper-
iment. The inter-day variation in droplet frequency could have
been due to variations in the syringe pump flow rates, especially
when used at such low flow rates, or changes in the day-to-day
conditions of the incubation channel coating that would
affect the droplet frequency.

Droplet analysis

The FA-IA described here is a competitive insulin IA in which
insulin competes with Ins* for binding to the Ab. The total
anisotropy of the solution is the summation of the anisotropy of
the bound Ins*-Ab complex and the free Ins*, weighted by their
fractional compositions, which are determined by the insulin

This journal is © The Royal Society of Chemistry 2024
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and immunoassay reagent concentrations as well as the equi-
librium dissociation constant of the Ab.***” Fluorescence
anisotropy, r, was determined by measuring the vertically- and
horizontally-polarized emission intensity, I} and I,, respec-
tively, using eqn (1):*®

I -1

r= 41” a1, (1)

This calculation is straightforward for the assay in a contin-
uously flowing stream; however, in the droplet assay, the
droplets passing through the detector were separated by the
carrier phase whose fluorescence intensity was near zero. A
representative set of data is shown in Fig. 2A which shows the
signal from the two PMTs collected over a 2 s duration during
analysis of 50 nM insulin, 25 nM Ins* and 25 nM Ab. The
concentration of Ab and Ins* were chosen based on what we
and others have used for single islet measurements using
a competitive [A.6®1517:182225 Ag geen, there are much higher
PMT signals detected as the droplets pass through the detection
point compared to the oil carrier phase. For data analysis,
a Python script was written which extracted PMT values greater
than 1.00 V (horizontal red dashed line in Fig. 2A). In this way,
the fluorescence from each droplet was analyzed and the oil
phase was not. The 1.00 V threshold was chosen for conve-
nience to separate the droplet signal from the oil. The highest
PMT value in each of these data sets was identified and all
values within 0.1 V of the maxima were extracted, as shown by
the two dashed lines in Fig. 2B. These values were then averaged
over a single droplet, and the Python script appended this
information to an array, producing a plot of average intensity as
a function of each droplet (Fig. S-1At). This procedure was done
for both PMT traces and the anisotropy per droplet (Fig. S-1Bt)
was calculated using eqn (1). Once the individual droplets were
analyzed, the array was saved to a text file.

The fluorescence intensity of the signal from the droplets
(Fig. S-1At) was consistent with a 5.8% RSD. The anisotropy
across individual droplets showed higher precision with a 1.8%
RSD, with the higher precision likely due to FA being a ratio of
the two PMT signals. These RSDs for fluorescence intensity and
FA were similar in all the concentrations of insulin tested
during the recording of calibration curves described below
(Table S-17).

Device characterization

The FA-IA signal is a function of the reaction time, which is
related to the distance the droplets travel in the incubation
channel. As the droplets initially form, the IA reagents will
require some time to completely mix and form the equilibrium
amounts of bound and free Ins*. To determine the optimum
distance that the droplets needed to travel to achieve a stable FA
signal, an experiment was performed where insulin, 25 nM
Ins*, and 25 nM Ab were each delivered at a flow rate of 0.2
uL min~! into the T-junction where the carrier phase was
flowing at 1.2 uL min~" for a total flow rate of 1.8 uL min "
delivered into the incubation channel. The experiment was
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Fig. 2 Droplet analysis. Representative data using 25 nM Ab, 25 nM
Ins*, and 50 nM insulin segmented into droplets. The parallel intensity
is measured in PMT1 (blue curve) and the perpendicular intensity is
measured in PMT2 (orange curve). (A) A 5 s segment of data is shown
with the 1V threshold for data analysis highlighted by the dashed red
line. (B) A zoomed-in view of a single droplet within 0.1 V of the
maximum signal. The data within this window were averaged and used
to calculate an average anisotropy for this droplet. Each droplet was
analyzed in a similar manner producing one anisotropy value for each
droplet.

performed using both 0 and 500 nM insulin and the FA at each
insulin concentration was measured at five points along the
incubation channel corresponding to distances of 20, 40, 120,
160, and 190 mm from the T-junction. With the channel
dimensions of the incubation channel and the flow rate used,
the travel times for a droplet to these locations were approxi-
mately 20, 40, 120, 160, and 190 s. The difference in FA (Ar)
between the 0 and 500 nM samples was measured to account for
imperfections in the microfluidic device that can impact the FA
signal (e.g. etching imperfections, bonding defects, etc.). By

Anal. Methods, 2024, 16, 7908-7914 | 7911
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using two insulin concentrations, any imperfections along the
channel length would affect the FA of both samples.

As the distance along the mixing channel increases, we ex-
pected that the Ar would increase and eventually stabilize as the
Ab binds to the Ins*. Fig. 3 show the Ar between the 0 and
500 nM insulin samples at the different distances. As seen, the
change in FA increased progressively from 20 to 160 mm, and
the data at 190 mm showed a similar signal as that at 160 mm.
The 190 mm point was chosen as the detection point for the
remainder of the experiments as a matter of convenience
considering the response time should not be different between
the various locations. Remarkably, the Ar 20 mm into the
incubation channel constituted ~70% of the final Ar when the
assay had stabilized, indicating rapid binding by the Ab.

Once the detection location was set, the temporal resolution
of the system was determined. The temporal resolution of
a system is a measure of how quickly a change in a signal can be
detected and is defined here as the time taken for a signal to
change from 10% to 90% of its final value after a step change in
the input. For these experiments, buffer was delivered at 0.57
pL min~! from one of the inlets and 0.03 pL min™~* of 1 pM Cy5
from the other. No flow was applied to the Ins* and Ab reser-
voirs which resulted in the same aqueous flow rate used in all
experiments (0.60 uL min~") intersecting the oil flowing at 1.2
uL min~*. The fluorescence in the droplets was measured and
the time required for the signal to change to 90% of the final
value when the two inlet flow rates switched was determined
(Fig. 4). The response time was 9.8 £ 2.6 s (n = 3), significantly
faster than continuous flow devices used with even higher flow
rates. For example, a 36 + 1 s response time was reported"”
using an aqueous flow rate of 1.5 uL min~'. By capturing the
reagents into the droplets, less longitudinal broadening
occurred as they traveled through the incubation channel

0.050 1
0.045
0.040
0.035

1

< 0.0301
0.025
0.020

0.015 -

0.010 T T T
0 50 100 150

Incubation Channel Distance (mm)

200

Fig. 3 Incubation distance. The change in anisotropy between 0 and
500 nM insulin with 25 nM Ins* and 25 nM Ab is plotted as a function of
distance in the incubation channel. The points are the average of 300 s
of data and the error bars correspond to the propagation of error from
the difference in the two measurements. The Ar at 160 and 190 mm
are significantly different than the Ar at 20 mm, while the 160 and
190 mm are not significantly different.
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Fig. 4 Temporal resolution. Buffer was initially delivered followed by
a pulse of 1 uM Cy5. Time to reach 10 and 90% of the final PMT
responses are indicated by the black dotted lines and the response
time was calculated as the difference in time between these points.
The aqueous flow rate was 0.6 pL min~* and the oil carrier phase was
1.2 pL min~%,

resulting in a higher temporal resolution. Similar improve-
ments have been reported in the past for comparisons between
continuous flow assays and droplets.>**

Insulin calibration

After the optimization and characterization of the system,
a calibration curve for insulin was recorded. Insulin from 0 to
500 nM was delivered through one of the inlets at 0.2 pL min "

0.20 1
L

0.18 1

0.16 1

T

0.14 1

0.12 1 —3
0 100 200 300 400 500

[Insulin] (nM)
Fig. 5 Insulin immunoassay calibration curve. Representative cali-

bration curve of FA as a function of insulin concentration in droplets.
The final concentration of both Ab and Ins* was 25 nM. The points are
the averages of the calculated anisotropy over a 300 s measurement.
Error bars are £1 SD and the blue line is a four-parameter logistic curve
fit to the data.
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while 25 nM Ab and Ins* were delivered from their respective
inlets at 0.2 uL min . For each concentration of insulin tested,
anisotropy was averaged across 300 s of droplets and the
average values £ 1 SD are plotted in Fig. 5. The curve showed the
expected nonlinear decrease in anisotropy as a function of
increasing insulin concentration. The LOD was determined to
be 3 nM which is comparable to those previously reported for
insulin measurements in continuous-flow systems due to the
use of similar IA reagents and concentrations.'>'”®332 This
LOD gives confidence that this system can be applied to
measurements of insulin secretion from islets of Langerhans in
the future.

Conclusions

In this study, we have incorporated a FA-IA method for use with
microfluidic droplets. The droplet anisotropy assay system
improved the temporal resolution of the assay compared to
previously developed continuous flow systems. The temporal
resolution obtained here (9.8 + 2.6 s), although not as rapid as
a previously developed system for measurement of Zn>" secre-
tion," was similar to a different homogeneous insulin sensor
assay using a droplet microfluidic system,** and faster than our
previously developed™*#**** FA-IA methods for insulin
measurements. The LOD was similar to other competitive
insulin IA, which is expected given that similar reagents and
concentrations were used in these reports. Prior to use with
islets, several improvements will be required. For example,
there were difficulties using syringe pumps to maintain the low
flow rates used here. There will also need to be an islet chamber
that can be fully sealed to ensure oil does not encounter the
biological tissue. This effect was mitigated in this report by
reducing the resistance to flow in the incubation channel;
however, incorporation of an islet chamber will lead to
a potentially low resistance outlet for the oil if the chamber is
not sealed fully. Nevertheless, the improved temporal resolu-
tion obtained with this assay is a continued effort to resolve
rapid signaling events in pancreatic islet biology. Although this
work was designed for future incorporation of an islet chamber
for online insulin measurements, it would be straightforward to
use this system as described for an offline assay of insulin using
low volume samples. In this regard, no islet chamber is
required, and the system could be used as described in this
report.
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