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Abstract

Glass microfluidic devices have been fabricated to monitor the secretion of glycerol or fatty acids
from cultured murine 3T3-L1 adipocytes. In the current studies, adipocytes are perfused in a
reversibly-sealed cell chamber and secreted products are analyzed by enzyme assay on either a
single- or dual-chip device. The analysis of glycerol employed the use of a dual-chip system,
which used separate chips for cell perfusion and sample analysis. An improved single-chip device
integrated the cell perfusion chamber and analysis component on one platform. The performance
of this device was demonstrated by the analysis of fatty acids, but could also be applied to analysis
of glycerol or other chemicals. The single-chip system required fewer cells and lower flow rates,
and provided improved temporal response. In both systems, cells were perfused with buffer to
monitor basal response followed by lipolysis stimulation with the p-adrenergic agonist
isoproterenol. Measured basal glycerol concentration from 50,000 cells was 28 pM, and when
stimulated, a spike 3-fold higher than basal concentration was detected followed by a continuous
release 40% above basal levels. Fatty acid basal concentration was 24 UM, measured from 6,200
cells, and isoproterenol stimulation resulted in a constant elevated concentration 7-fold higher than
basal levels.
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1. INTRODUCTION

Since the discovery that adipose tissue functions as endocrine tissue that releases hormones
to regulate energy metabolism, research delving into its function and interactions with other
tissues and organs has become increasingly important. Gaining a deeper understanding of
adipose tissue physiology has become more crucial with the growing population of
individuals with obesity-related disorders like type 2 diabetes (Rosen & Spiegelman, 2006).
The production and secretion of hormones and other chemicals by adipocytes in response to

"Corresponding author: rtkenn@umich.edu.
1an chip fabrication was done in a clean room.

4Ideally, the coverslips should be cut with a dicing saw, which will result in more precise measurements than cutting by hand can
provide.
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circulation chemicals can be indication of such disorders (Duncan et al., 2007). Lipolysis
products, non-esterified fatty acids (NEFA) and glycerol, are examples of chemicals
secreted from adipocytes that play an important role in physiological homeostasis. Fatty
acids provide necessary energy to surrounding tissues, but when circulating at elevated
levels, as observed in individuals with increased adiposity, they can lead to insulin resistance
or cardiovascular disease (Samuel & Shulman, 2012; Wyne, 2003). To understand these
processes, it is important to have a reliable, accurate method of measuring lipolysis products
secreted by adipocytes under different conditions.

The conventional method for monitoring chemical uptake or secretion by adipocytes
generally involves using large numbers of cells and off-line assay analysis (Millward et al.,
2010). Microfluidics is an alternative analysis technique that has gained popularity for cell
biology applications because of its ability to allow monitoring of cellular dynamics in near
real-time. Additionally, microfluidics can offer a cellular environment that more closely
reflects the in vivo type of conditions, media can be replenished or recirculated, and shear
stress can be controlled (EI-Ali et al., 2006). Furthermore, it is possible to integrate and
automate chemical analysis on the chip by using microfabrication. Cell culture, analysis, and
detection can all be performed on the same platform. Many groups have demonstrated the
versatility and scope of microfluidic cell biology applications: mimicking lung cell
expansion and function (Huh et al., 2010), encapsulating multiple cell lines in hydrogel
microbeads to monitor cell-cell interactions (Tumarkin et al., 2011), differentiating
adipocytes on-chip using a gradient flow (Lai et al., 2012), and monitoring secretion (Roper
et al., 2003).

Depending on the desired application, a variety of microfluidic substrates can be utilized.
Devices made from plastics like polydimethylsiloxane (PDMS) or polymethylmethacrylate
(PMMA) are frequently used because of their low cost and ease of fabrication. The exposed
surfaces of these plastic devices are generally hydrophobic and can absorb or become fouled
by certain biomolecules or organic chemicals (van Midwoud et al., 2012). Surface
modifications can be performed to change the chemistry of the channel walls. Alternatively,
glass microfluidics can be used. Glass offers a greater range of chemical compatibility (for
use with fatty acids and enzymes) and is used in the studies described herein.

Cellular secretions can be monitored on-line in a variety of ways with microfluidics. For
example, glucagon and insulin secretion from islets have been measured by immunoassay
(Dishinger et al., 2009; Shackman et al., 2012), ATP release from red blood cells was
measured by a bioluminescent assay (Wan et al., 2008), and nitric oxide secretion from
macrophages by enzyme assay (Goto et al., 2005). In all these studies, the cells are
incubated on the chip and constantly perfused. The perfusate flows into a channel wherein
reactants are added. The resulting mixture flows through a reactant channel where the
products are detected. The concentration of fatty acids and glycerol secreted by adipocytes
are typically monitored off-line by reaction with commercially available enzyme assays,
however in a microfluidic device this reaction can be automatically and continuously
performed on-line. This also has the advantages of lower reagent consumption and increased
automation. Commonly used colorimetric enzyme assays can often be adapted to be
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measured by fluorescence detection by the addition of the hydrogen peroxide-sensitive dye
Amplex UltraRed, to allow for a more sensitive response.

In the present studies, cultured 3T3-L1 adipocytes are loaded onto a reversibly-sealed
microfluidic cell chamber and alternately perfused with buffer, to measure basal secretion,
and isoproterenol, a B-adrenergic agonist that stimulates lipolysis. The perfusate
immediately enters micrometer-scale channels where it mixes with the necessary enzyme
assay reagents. The fluorescence signal is detected at the outlet using laser-induced
fluorescence. The resulting data provides information on adipocyte lipolysis rates under
different conditions and can be extended to other studies on adipocyte function.

2. METHODS

2.1 Required reagents

Free glycerol reagent, glycerol standard solution, Hanks’ balanced salt solution
(HBSS, Cat. # H6648), dimethyl sulfoxide (DMSQ), isoproterenol hydrochloride
and fatty acid-free bovine serum albumin (BSA) were purchased from Sigma-
Aldrich (St. Louis, MO). Free glycerol reagent was reconstituted using 18.0
MQ/cm distilled water. All other solutions were prepared with HBSS.

NEFA-HR(2) kit was obtained from Wako Diagnostics (Richmond, VA). Color
reagent A (CR-A) was reconstituted with solvent A, and color reagent B (CR-B)
was reconstituted with 25 mL of 18.0 MQ/cm water.

Hydrofluoric acid, sulfuric acid, 30% hydrogen peroxide and ammonium hydroxide
were purchased from Fisher Scientific (Pittsburgh, PA).

Amplex UltraRed reagent and cell culture reagents were obtained from Life
Technologies (Carlsbad, CA). Amplex UltraRed was reconstituted with 340 uL
DMSO to make a 10 mM stock solution.

2.2 Adipocyte Culture

1.

Glass coverslips (No. 1, Fisher Scientific, Pittsburgh, PA) were cut to desired size
using a diamond-tipped scorer and soaked in ethanol for at least an hour. For
experiments performed with the following microfluidic devices, coverslips were
cut to either 2.4 x 40 mm? or 2 x 12.5 mm2. The coverslips were transferred to a
new petri dish where they were allowed to dry. Three or four sterile coverslips were
placed in a 10 cm petri dish before seeding adipocytes.

Murine 3T3-L1 preadipocytes were seeded into petri dishes, supplemented with
media (DMEM with 10% calf serum), and incubated at 37 °C and 10% CO» until
confluent. Differentiation was induced 2 days post-confluence with a media
consisting of fetal bovine serum, insulin, dexamethasone, and
isobutylmethylxanthine. Every 2 days after differentiation the media was changed
using a DMEM solution (high glucose and L-glutamine) containing 10% fetal
bovine serum, 1% sodium pyruvate, and 1% Penicillin-Streptomycin.
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3. When a cellular secretion experiment was being performed, sterile tweezers were
used to pick up and transfer the coverslip to the microfluidic chip.

2.3 Glass chip fabrication

1. Borofloat glass slides (2.54 x 7.62 x 0.1 cm?, Telic, Valencia, CA) with a 120 nm
chrome layer were coated with 530 nm of AZ-1518 photoresist. A photomask
(Fineline Imaging, Colorado Springs, CO) with the appropriate design (created on
AutoCAD) was aligned over the glass and was exposed to a collimated UV light
for 9 seconds at 26 mW cm™2. The exposed photoresist was removed with AZ 726
MIF developer (AZ Electronic Materials, Branchburg, NJ) and the chrome was
removed using CEP-200 chrome etchant (HTA Enterprises, San Jose, CA). AZ
photoresist is a positive photoresist, meaning the dark patterns on the photomask
are the areas that remain covered in photoresist after exposure and developing.

2. Dicing tape was used to cover certain areas of the glass that require less exposure to
the etching solution. This was applied to the back side of the slide and in areas
where there were shallow features.

3. The glass was etched using a 48:17:55 (v/v/v) HF:HNO3:H,0 solution, with the
etch time dependent on the channel depth desired (with this solution the etch rate is
1.2 um/min).

4. After etching, the remaining photoresist was stripped with acetone and the
remaining chrome was removed in the CEP-200 etchant. Fluidic access holes were
drilled using a diamond-tipped drill bit.

5. For chips with irreversibly bonded glass components, the following procedure was
followed.

a. The glass slides were cleaned in a piranha solution for 20 minutes. After
rinsing, they were further cleaned by a RCA solution at 60 °C for 40 minutes
(refer to Note 3 below for mixture specifications).

b. After rinsing in water, and while still wet, the 2 slides to be bonded were put
in conformal contact and sealed using a 610 °C furnace for 8 hours under
400 grams weight.

c. Reservoirs (Upchurch N-124H, IDEX Health & Science, Oak Harbor, WA)
were adhered around the access holes using the supplied epoxy ring. A
binder clip was used to clamp the reservoir to the chip, and the complete
device was placed in the oven, per manufacturer’s instructions.

2.4 Cell Perfusion & Enzyme Assay

2.4.1 Glycerol Assay Chip—For the analysis of glycerol secretion from adipocytes, a
dual-chip system was used (Clark et al., 2009). The cell chamber and enzyme assay mixing
chip were on separate devices connected by fused silica capillary.

3piranha solution is 3:1 H2S04:H202 (v/v). This is a very strong oxidizing agent and should be handled with care. RCA solution is
5:1:1 H2O:NH4:H202 (viviv).
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1. The first chip housed the reversibly sealable cell chamber chip with dimensions of
4 cm x 0.5 cm. Two glass slides were etched to make the top and bottom cell
chambers as shown in Figure 1. The bottom cell chamber was etched 450 um deep
and the top cell chamber was etched 100 um deep. The top cell chamber also
contained etched fluidic access channels and a moat (both 5 um deep) surrounding
the rectangular chamber.

2. The second chip contained the mixing channels where the enzyme assay can react
with the cell perfusate. The channels, shown in Figure 2, were etched into a glass
slide and then bonded to a blank glass slide to create an irreversibly sealed channel
network. The channels are different widths along the fluid network, but all of the
channels were etched to 60 um deep. After the introduction of the reagents and cell
perfusate, the channels are 100 um wide to facilitate liquid mixing (see Note 2).
The channels then extend into 600 um wide channels so the reagents can incubate
for longer times before detection.

3. The 2.4 x 40 mm2 coverslip with adhered adipocytes were loaded into the lower
cell chamber and additional culture medium was added to fill the chamber. High-
vacuum grease was carefully applied to both pieces of glass of the cell chamber
chip around the chamber using a scalpel blade. A 125 um thick sheet of poly
(tetrafluoroethylene) (PTFE), with a hole cut out the size of the cell chamber, was
placed on the vacuum grease of the lower cell chamber around the cells and pressed
to seal. The top cell chamber glass was aligned over the lower chamber and pressed
on to seal.

4. Anin-house built compression frame, made from 2 sheets of acrylic plastic with
symmetrical holes drilled through both sheets, was tightened around the chip using
SCrews.

5. A thin-film resistive heater maintained at 37 °C was placed under the compression
frame to keep the cells at a physiological temperature.

6. HBSS buffer or 20 uM isoproterenol in HBSS was perfused at 80 pL/min, using
pressure-driven flow, through the cell chamber. The perfusate that exited the cell
chamber chip was split using a Valco tee (Houston, TX) and 0.31% of the flow was
directed to the inlet of the enzyme assay mixing chip via fused silica capillary. The
resulting 250 nL/min perfusate flow was mixed in a 1:1:1 ratio with the 2 reagents:
free glycerol reagent and 300 uM Amplex UltraRed solution in DMSO (fluorogenic
dye). The reagents were delivered to the chip by 100 uL Hamilton syringes on a
syringe pump (CMA 402 pump, CMA Microdialysis, Holliston, MA). The
resulting reactions that result in a fluorescent product are shown in Figure 3.

2.4.2 Fatty Acid Assay Chip—To monitor fatty acid secretion from adipocytes, a chip
containing both the cell chamber and enzyme assay mixing channels on one device was
developed (Clark et al., 2010). The smaller dimensions of this device allow for a reduced

21n microfluidic systems, mixing is only achieved through molecular diffusion (Beebe et al., 2002). To have sufficient mixing without
the fabrication of complex mixers on-chip, the easiest solution is to have channels thin enough to allow complete diffusion across the
channel using the desired flow rate and channel length, hence the two different channel widths seen in the chips.
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volume of cells and reagents, and improved temporal resolution compared to the previously
described dual-chip.

1.

2.5 Detection

The chip design of the integrated cell chamber and enzyme assay mixing chip
comprised of etching 3 pieces of glass, shown in Figure 4.

a. The top glass slide contained the upper portion of the cell chamber (100 pm
deep), a moat around the chamber (100 pm deep), and fluidic access
channels (5 um deep) leading in and out of the cell chamber. Holes were
drilled at the ends of the access channels of the top slide usinga 1 mm
diamond-tipped drill bit.

b. The middle slide contained the lower cell chamber (450 um deep) and an
access hole to allow fluid to enter the lower slide. The access hole was
drilled to 360 um wide.

c. The bottom glass slide contained the fluidic network for mixing the assay
reagents with the cell perfusate (60 um deep). The middle and lower slides
were irreversibly bonded to enclose and prevent leaking from the mixing
channels.

Holes with a 360 um diameter were drilled into the side of the bonded chip to allow
access to the reagent inlets. Reservoirs were glued to the top of the top slide, and
capillaries (50 um inner diameter/360 um outer diameter) were inserted into the
enzyme reagent inlets and sealed with epoxy.

A 2 x 12.5 mm? coverslip with adhered adipocytes was loaded into the lower cell
chamber, and the top glass slide was sealed on with vacuum grease as described
previously with the dual chip. The entire chip was placed in an in-house built
compression frame. A thin-film resistive heater set to 37 °C was placed over the
cell chamber.

HBSS buffer or 20 uM isoproterenol in HBSS (both containing 2% BSA) was
perfused at 8 uL/min through the cell chamber using a syringe pump. Solution
changes were performed by pumping the 2 solutions through a 6-port valve.

The perfusate from the cell chamber was split by either exiting the top of the chip
through the 1 mm drill hole (followed by 6.5 cm of 150 pm i.d. capillary) or the
360 pm access hole leading to the mixing channels in the lower chip. The flow
entering the lower chip was 3% of the flow through the cell chamber. The resulting
250 nL/min flow was mixed in a 1:1:1 ratio with the reagents entering the other 2
inlets. One inlet perfused in CR-A and the other inlet perfused in a 2:1 mixture of
CR-B:8.3 mM Amplex UltraRed in DMSQ. The selected flow rates allowed a total
mixing time of 5 minutes before detection. The on-chip reaction is shown in Figure
5.

Laser-induced fluorescence was used for detection of the fluorescent resorufin-like product
in the chip near the outlet of the enzyme assay mixing channels. A 543 nm He-Ne Melles
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Groit laser was used for excitation in an epi-fluorescence optics configuration. Light was
focused and collected using a 40x, 0.6 numerical aperture objective (Cat. # 440864, Carl
Zeiss Microscopy, Thornwood, NY), along with the appropriate dichroic mirror and filter
set. A 1 mm pinhole was used in front of the photon counting detector and data was
collected at 2 Hz. The data output was collected and analyzed on in-house written LabView
programs.

3 Discussion

Online calibration curves were created for both the glycerol and fatty acid assays by
perfusing standards through the cell chamber in the absence of adipocytes. The glycerol
assay had a limit of detection (LOD) of 4 uM and the fatty acid assay had a LOD of 5 pM.
Both assays had linear calibrations past the range that was needed to detect the amount
secreted by the adipocytes. The RSD values were maintained under 5%, indicating a stable
response, and reproducibility was observed after multiple calibrations. After transfer of the
coverslip with a monolayer of differentiated adipocytes onto the chip, the cells were visually
inspected to ensure they remained adhered to the glass and were not disrupted.

Representative traces of glycerol secretion from ~50,000 adipocytes are shown in Figure 6.
A stable basal response was observed during perfusion of buffer. When isoproterenol was
applied, stimulation of lipolysis was observed by an increase in glycerol secretion. An initial
spike in concentration was observed 3-fold higher than basal, but slowly decreased to about
40% over basal concentrations and that was maintained for an hour or more. Control
experiments were performed to ensure that isoproterenol did not interfere with the enzyme
assay, and also that the fluorogenic dye was not responsible for the signal observed (data not
shown).

The chip used for the fatty acid assay reduced the amount of cells required to about 6,200.
As a result, the flow rate was decreased, which allowed for less analyte dilution and more of
the sample to enter the enzyme mixing portion of the chip instead of being diverted to waste.
The plots of the on-chip fatty acid release from adipocytes are shown in Figure 7. Stable
basal concentrations were observed, but in contrast to the glycerol assay, when isoproterenol
was applied, a stable elevated response was monitored. This elevated concentration was 7-
fold higher than basal levels and was maintained over time.

4 Design & Operation Limitations

Maintaining flow stability is a major challenge in microfluidics devices. Many factors of the
set-up can influence the fluid flow of the system: bubbles, connection leaks, pressure
fluctuations from breaking connections to change solutions, and stability of the solution
infusion pump. The integration of an on-chip reversibly-sealed cell chamber adds an extra
source of error, as the high flow rates through the chamber can cause leaking of the
reversible seal. Proper application of the vacuum grease around the cell chamber is crucial in
creating a good seal. A thin layer should be spread, enough to form a seal, but not so much
that would cause it to enter the cell chamber or channels when compressed (which could
cause clogging). Moreover, the addition of extra medium in the chamber before sealing
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aided in preventing bubbles from forming in the chamber. As a result of the large volume of
the cell chambers used in these experiments, a flow split was required, which is another
source of potential flow instability. If any part of the system becomes clogged or contains a
bubble, the flow split ratio will change. The removal of the flow split would require a
smaller cell chamber with lower flow rates through the chamber.

In the aforementioned experiments, the switch from basal perfusion buffer to a solution
containing isoproterenol required either manual changing of capillary connections or the use
of an external 6-port valve. Manually changing connections creates a large disruption in
flow because the inlet has to be stopped and moved, followed by an additional time period
before stable flow is restored. The use of the 6-port valve reduced the pressure fluctuations,
but still required long connection capillaries. A more automated, on-chip valve system
would improve the system operation.

The design of the chamber and the fluidic connection channels leading in and out of the
chamber can affect the temporal resolution of the system. The length of the chamber will
influence the paracrine response of cells at the end of the chamber. Additionally, the longer
the chamber, the more parabolic the flow becomes at the end of the chamber, increasing
temporal resolution. Computer-assisted simulations demonstrated how the number and angle
of channels leading to and from the cell chamber can change the flow profile through the
chamber, generally with the goal of creating less of a parabolic profile.

5 Continued Improvements

In an effort to improve the chip automation and ease of assembly, a multilayer chip made
entirely of PDMS has been developed. The inherent elastomeric properties of PDMS allow
for the reversible sealing of a cell chamber without the use of vacuum grease or a sheet of
PTFE. Automated switching of perfusion buffers can be performed on-chip by integrating
valves, similar to those developed by Unger, et al (2000). Additionally, chamber dimensions
and flow rates have been optimized to improve temporal resolution and allow the entire cell
perfusate to enter the mixing channels instead of being directed to waste.

In order to adapt the assays and cell chamber to be compatible with the new material, some
changes were made to the previously described procedures. PDMS swells in the presence of
most organic solvents, so instead of diluting the Amplex UltraRed stock with DMSO,
solutions were made in 35% DMSO. Since fatty acids can absorb into the hydrophobic
PDMS, a glass coverslip was bonded onto the upper portion of the cell chamber to minimize
the exposed surfaces to fatty acids. In the chips used for fatty acid assays, CR-A was
supplemented with Triton X-100 prior to introduction on the chip, and the mixing channel
walls were dynamically coated with sodium dodecy! sulfate (SDS) to prevent fatty acid
interactions with the chip.

Through off-line assays, it was determined that improved fatty acid assay sensitivity could
be achieved when the fluorogenic dye and CR-B are introduced in separate channels and
downstream of the CR-A inlet. Essentially, the fluorogenic dye reacts quickly with CR-B
and increases the background signal. The fatty acid reaction with CR-A is relatively slow
and increased sensitivity is observed when there is a delay before the introduction of CR-B.
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Figure 1.
The enzyme assay chip was capable of performing on-line mixing of three solutions and on-

line detection of the enzymatic product. The layout shows the initial mixing channel
connected to the incubation channel. Adapted with permission from Clark, A.M., et al. Anal.
Chem., 2009, 81 (6), pp 2350-2356. Copyright 2009 American Chemical Society.
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A diagram of the perfusion cell chip depicts the two separate wafers employed in this work.
The wafers were reversibly sealed with the aid of an in-house-built compression frame.

Adapted with permission from Clark, A.M., et al. Anal. Chem., 2009, 81 (6), pp 2350-2356.
Copyright 2009 American Chemical Society.
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Glycerol

Kinase
Glycerol + ATP ——— > Glycerol-1-Phosphate + ADP

Glycerol
Phosphate

Oxidase
Glycerol-1-Phosphate + O, ——— > Dihydroxyacetone Phosphate + H.0,

Peroxidase Oxidized Reaction Product

H + Ampl ItraR
20, mpiex UloaRed (similar to resorufin)

Figure 3.
Glycerol enzyme assay reaction with the addition of the fluorogenic dye, Amplex UltraRed.

The resulting propriety product is fluorescent at 543 nm.
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Figure 4.

Chip design. (a) The multilayer device was comprised of three separately etched glass
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wafers that integrated a cell perfusion chamber and fluidic channels for on-line mixing of

the fluorescence-based enzyme assay. (b) A side view of the cell chamber depicts the

bonded and reversibly sealed portions of the device. Adapted with permission from Clark,
A.M., etal. Anal. Bioanal. Chem., 2010, 397 (7), pp 2939-2947. Copyright 2010 Springer.
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Figure 5.
NEFA enzyme assay reaction. The addition of the fluorogenic dye, Amplex UltraRed

creates a fluorescent product similar to resorufin that is fluorescent at 543 nm.

Methods Enzymol. Author manuscript; available in PMC 2015 May 21.
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Figure 6.
Representative traces of glycerol release from differentiated adipocytes and response upon

20 uM isoproterenol treatment are shown. The bars above traces represent exposure to 20

UM isoproterenol. The traces were shortened to depict only the time surrounding the initial
exposure to isoproterenol. Adapted with permission from Clark, A.M., et al. Anal. Chem.,,

2009, 81 (6), pp 2350-2356. Copyright 2009 American Chemical Society.
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Representative traces of NEFA release from differentiated adipocytes and response from

treatment with 20 uM isoproterenol (indicated by the bar) are shown. Adapted with

permission from Clark, A.M., et al. Anal. Bioanal. Chem., 2010, 397 (7), pp 2939-2947.

Copyright 2010 Springer.
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