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18 Chronic neuroinflammation has long been considered to be a central factor in accelerating the progression of

19 neurodegenerative diseases such as Alzheimer’s diseases, Parkinson’s disease and chronic traumatic encephalopathy. Under

20 pathological conditions microglia produce inflammatory signaling molecules, such as nitric oxide (NO), that can damage DNA

21 and proteins and ultimately induce neuronal apoptosis. One strategy for treating neurodegenerative diseases is to

22 specifically target NO production through inhibition of inducible nitric oxide synthase (iNOS). However, accurately measuring

23 changes in microglial NO production in response to potential therapeutics is challenging due to NO’s short half-life and

24 microglial heterogeneity. In this paper we report the application of a microfluidic device for the high-throughput

25 measurement of intracellular NO in SIM-A9 microglial cells. NO production was measured in response to treatment with

26 lipopolysaccharides (LPS) and interferon gamma (IFN-y) with and without a potent iNOS inhibitor (1400W dihydrochloride).

27 Cells were labeled with a fluorogenic NO probe, 4-amino-5-methylamino-2’,7’-difluorofluoescein diacetate (DAF-FM DA),

28 and 6-carboxyfluorescein diacetate (6-CFDA) as an internal standard. Separation and quantitation of intracellular NO was

29 achieved using microchip electrophoresis and laser induced fluorescence detection (LIF). Statistical analysis suggests that

30 the populations fit a lognormal distribution and are better represented by their geometric mean values. Comparison of the

31 geometric means indicated a 1.6-fold increase in NO production between untreated and stimulated cells and a decrease by

32 a factor of approximately 0.5 comparing stimulated and inhibited cells. Additionally, we report experimental data

33 demonstrating the improvement in the sensitivity of our integrated optical fiber-based detection system through the use of

34 refractive index matching gel.

35

36 growing body of evidence suggests that microglia in aged brains

37 Introduction become “hypersensitive” leading to exaggerated inflammation
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57 neurodegeneration.’* For this reason iNOS has become a
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microglial cells can help in evaluating the efficacy of novel
therapies and may also serve as a means of studying the
dynamics of microglial inflammation. However, it is difficult to
obtain an accurate picture of NO levels in microglial cell
populations not only due to its short half-life but also because
most methods measure extracellular NO levels and are unable
to account for cell-to-cell variations.16 17 Recently, advances in
nanoelectrode techniques for the electrochemical detection of
intracellular NO, and other RNOS, have been applied to the
measurement of single cells.'® However, these techniques are
limited in throughput and are most useful in studying individual
cells rather than larger cell populations.

Previously, our group has developed a microfluidic single
cell analysis (SCA) device for the measurement of NO
production in an immortalized T lymphocyte cell line (Jurkat).®
NO levels were measured using a diaminofluorescein based
probe (4-amino-5methylamino-2’,7’-difluorofluorescein
diacetate) or DAF-FM DA. More recently, we have improved the
device by incorporating on-board pumping for cell transport
and integrating an optical fibre that allows simultaneous
detection at 2 locations in the device without additional optics
or detectors.20-22 Thus far, the SCA device has only been used
for the analysis of Jurkat cells which are cultured in suspension,
whereas the majority of vertebrate-derived cells are adherent.
Furthermore, Jurkat cells are not an appropriate model cell line
for the study of neurodegenerative diseases. Therefore, it was
important that we demonstrate the application of this device to
the measurement of a pathologically relevant biomolecule
within a cell-type derived from the organ of interest. In this
paper, we report the application of our SCA device for the
analysis of NO in single microglial cells. As an in vitro cell line
model, we chose the recently discovered spontaneously
immortalized line of mouse microglial cells, SIM-A9.23 The
researchers that discovered this cell line compared them to
primary microglia in terms of inflammatory response and
phagocytic capacity. They concluded that SIM-AS behave
similarly enough to serve as a low-cost and readily available
alternative to primary cells for in vitro studies of microglia. NO
was measured under native conditions, and co-stimulation with
lipopolysaccharides (LPS) and interferon gamma (IFN-y) with
and without a potent iNOS inhibitor (1400W dihydrochloride).
Statistical analysis was performed on the fluorescence data for
each cell population to characterize the shape of the population
distribution, which highlights the usefulness of acquiring
measurements with single-cell resolution. Additionally, we
report improved optical fibre signal transmission through the
use of refractive index matching gel (Rl gel) to increase the
sensitivity of our detection scheme.

Experimental
Materials and reagents

SIM-A9 microglial cells (mouse, ATCC CRL-3265) and
Dulbecco’s phosphate buffered saline (D-PBS, 1x ATCC 30-220)
were purchased from American Type Culture Collection
(Manassas, VA, USA). Dulbecco’s Modified Eagle
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Medium/Nutrient Mixture F-12 (DMEM:F-12) was purchased
from Thermo Fisher Scientific (Waltham, MA, USA). 4-Amino-5-
methylamino-2’,7'-difluorofluorescein diacetate (DAF-FM DA)
was also purchased from Thermo Fisher Scientific in 50 ug
packs. Sodium borate, lyophilized bovine serum albumin (BSA),
Tween-20, xylenes (Certified ACS), acetonitrile (HPLC grade),
and premium foetal bovine serum (USA origin, heat inactivated)
were all obtained from Fisher Scientific (Pittsburgh, PA, USA).
Sodium dodecyl sulphate, anhydrous dimethyl sulfoxide, 99.9%
(DMSQO), horse serum (USA origin, heat inactivated), and
lipopolysaccharides (LPS) from Escherichia coli line 0111:B4
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Lyophilized interferon gamma (IFN-y) (Mouse) was purchased
from GenScript (Piscataway, NJ, USA). 6-Carboxyfluorescein
diacetate, single isomer (6-CFDA) and probenecid sodium salt
were purchased from Biotium Inc. (Fremont, CA, USA). The iNOS
inhibitor, 1400W dihydrochloride, was purchased from Tocris
(Minneapolis, MN, USA). Negative tone photoresist SU-8 2010
was purchased from MicroChem Corp. (Newton, MA, USA). The
SU-8 developer, 2-(1-methoxy) propyl acetate (99%), was
obtained from Acros (Morris Plains, NJ, USA). AZ P4620 positive
tone photoresist and AZ 400K developer (1:4) were obtained
from AZ Electronic Materials (Branchburg, NJ, USA). Silicon
wafers (100 mm diameter, single-side polished, mechanical
grade or better) were purchased from Silicon, Inc. (Boise, ID,
USA). Chrome coated (500 A) silicon wafers (100 mm diameter,
single-side polished, test grade) were purchased from WRS
Materials (San Jose, CA, USA). (1,1,1,3,3,3-
Hexamethyldisilazane (98%) (HMDS) was purchased from
Gelest (Morrisville, PA, USA). Sylgard 184 PDMS prepolymer and
curing agent were purchased from Dow Corning (Corning, NY,
USA). Ultrapure water was generated from a Barnstead E-pure
system (Dubuque, IA, USA). Multimode optical fibre (0.22 NA,
core P105 pm) and refractive index matching gel (G608N3)
were obtained from Thorlabs Inc. (Newton, NJ, USA).

Device fabrication

The SCA device was fabricated using photolithographically
patterned silicon wafer masters (SWMs) and multilayer PDMS-
based soft lithography as described in detail previously.24
Briefly, the SCA device consists of 2 layers: the pumping layer
(top) and the fluidic layer (bottom). Photomasks for each layer
were made by submitting designs generated in AutoCAD 2019
(Autodesk, Inc., San Rafael, CA, USA) to a laser photoplotting
company (Fineline Imaging, Colorado Springs, CO, USA) to be
printed onto transparencies at a resolution of 40k dpi. The SWM
for the pumping layer was patterned on a bare silicon wafer
using the negative tone photoresist SU-8 2010 with a channel
height of 20 um. The fluidic layer SWM was patterned on a
chrome coated silicon wafer using the positive tone photoresist
AZ P4620 with a channel height of 18-20 um.

Once the SWMs were made, the PDMS device was
fabricated using multilayer soft lithography described in detail
previously.24 First, the fluidic layer was made by spin coating a
50 um thick layer of PDMS onto the fluidic SWM. The pumping
layer was made by pouring PDMS into a 5 mm thick plexiglass
frame aligned on top of the fluidic SWM. Both layers were

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 A diagram of the fluidic and pneumatic microchannel manifolds. Positive and

ground electrodes are placed into reservoirs labelled +V and GND respectively. The
waste, auxiliary buffer (AB), GND and +V reservoirs are filled with electrophoresis
buffer. Prepared cells are loaded into the sample buffer (S). The optical fibre ends are
placed at the cell detection point (CDP) and the lysate detection point (LDP).
Compressed air nozzles are placed into inlets in the pumping layer, labelled 1-4.
placed into an oven at 80 °C to cure for 90 min. Once cured, the
layers were removed and allowed to cool. The pumping layer
was then peeled off the pumping SWM and holes for
compressed air inlets and the optical fibre were punched using
a custom plexiglass jig as a guide. The pumping layer was placed
on top of the fluidic layer by aligning the optical fibre holes with
the fluidic channels for the cell detection point (CDP) and the
lysate detection point (LDP) as shown in Fig. 1. The assembled
layers were placed back into the 80 °C oven for an additional 90
min Once fully cured and cooled, the chip was then peeled off
the fluidic SWM, and 3 mm diameter reservoir holes were
punched out using a disposable biopsy punch.

Setup of device and LIF detection

For all experiments, an electrophoresis buffer, developed
previously,22 consisting of 0.2% Tween 20, 20% (v/v)
acetonitrile, 20 mg/mL BSA, 2 mM SDS and 25 mM sodium
borate was used. The device was prepared by gently rinsing the
fluidic channels with ultrapure water and carefully drying with
a compressed air blow gun. A 50x75 mm glass microscope slide
was cleaned using a cleanroom swab and glassware soap
followed by thorough rinsing with ultrapure water and
subsequent drying using compressed air. The device was then
reversibly sealed to the glass slide being careful to avoid
trapping air bubbles. All channels were then filled with
electrophoresis buffer. Platinum wire electrodes were placed
into the “GND” and “+V” reservoirs, and compressed air nozzles
were inserted into the inlets for the on-chip pumping manifold.

The on-board pumps function by actuating the valves in a
pattern that results in peristalsis causing a net movement of
fluid toward the waste reservoirs. This was achieved by
connecting a regulated compressed air source to 4 solenoid
valves mounted on a manifold (The Lee Company, Westbrook,
CT, USA). The valve actuation pattern was controlled using a
programmed microcontroller (pro trinket 5V, Adafruit, New
York City, NY, USA). The flow rate driven by the pumps can be
adjusted by increasing or decreasing the actuation pressure
using a regulator. The relationship between actuation pressure
and resulting flow rate was characterized previously.22

This journal is © The Royal Society of Chemistry 20xx
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The LIF detection setup consisted of a 488 nm laser (Oxxius-
LBX-488-100-CSB-PP) directed through the rear port of an
inverted microscope (Nikon TS-100-F, Nikon Instruments Inc.,
Melville, NY, USA). The beam was directed upward into a 20x
microscope objective (NA = 0.45) via a fluorescence filter cube
(XF115-2 FITC, Omega Optical, Battleboro, VT, USA).
Fluorescence emission was detected by a PMT (R-928,
Hamamatsu Instruments, Bridgewater, NJ, USA). The signal
current from the PMT was amplified (50 pA/V) and filtered (30
Hz, low-pass) using a low-noise current preamplifier (Stanford
Research Systems, Sunnyvale, CA). The analogue voltage output
was recorded using the 16-bit analogue input of a USB analogue
to digital converter (USB-6002, National Instruments, Austin,
TX, USA) connected to a computer running an in-house written
LabVIEW program (National Instruments).

Preparation and set up of the optical fibre detection is
detailed elsewhere.20. 21, 24 Briefly, the optical fibre is coupled to
the chip using two 23-gauge needles with both ends cut off. A
small amount of refractive index matching gel (Rl gel) was
applied to one end on each of the needles, and then they were
inserted into the punched optical fibre holes in the device. A
length of optical fibre (approx. 20 cm) was cut and each end was
cleaved to ensure that the fibre faces were smooth (FC-6S,
Sumitomo Electric Lightwave Corp., Raleigh, NC, USA). Both
ends were cleaned using an isopropanol soaked optical wipe
and then carefully inserted into the needles until the fibre face
touched the membrane above the fluidic channels below
(shown in Fig. 2A). The optical fibre detection spots were
aligned and secured using custom 3D printed aligning tools
shown in Fig. 2B.

Tissue culture

SIM-A9 cells were cultured lying flat in T75 polystyrene
flasks (Fisher Scientific, Waltham, MA, USA) in a humidified
environment at 37 °C and 5% CO; in Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM:F-12) supplemented
with heat inactivated foetal bovine serum (10% v/v), heat
inactivated horse serum (5% v/v), and streptomycin (100
pg/mL). Once the cells reached 80% confluency, they were
passaged. SIM-A9 cultures contain a mixture of adhered and
suspended cells. Passaging begins by first scraping the attached
cells using an in-house made glass scraper. Scraped cells and
suspended cells were then mixed by pipetting and transferred
to a 15 mL conical vial and centrifuged at 1000 rpm (or 125 x g)
for 5 min. The supernatant was then discarded, and the cell
pellet was resuspended in fresh media and split into flasks at a
subcultivation ratio between 1:3 and 1:6 with a total culture
volume of 15 mL.

Stimulation and inhibition of NO production

Stimulation of NO production was induced by cotreating
cells with purified lipopolysaccharides (LPS) and recombinant
mouse interferon gamma (IFN-y). Stock solutions of LPS and
IFN-y were prepared in PBS at concentrations of 1 mg/mL and
100 pg/mL respectively. Aliquots of both solutions were stored
frozen at -20 °C until ready for use. All experiments were
performed using cell cultures that had reached 80% confluency.
For stimulation experiments, LPS and IFN-y were added to the

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 (A) A 3D rendering of the SCA device with the integrated optical fiber with diagrams illustrating the lysis mechanism (left) and the optical path that the excitation and emission

light travels (right). The red dotted arrows in the lysis diagram represent electrophoretic flow and the blue solid arrow represent the hydrodynamic flow driven by on-board pumps.

(B) A photograph of the assembled SCA system in the custom 3D printed stage plate.
cell culture flask yielding final concentrations of 500 ng/mL and
50 ng/mL respectively. The flask was then placed back into the
incubator at 37 °C and 5% CO, and incubated for 4 hr prior to
NO measurement. For inhibition experiments, cells were
treated with the same amounts of LPS and IFN-y with the
addition of a selective iNOS inhibitor, 1400W dihydrochloride,
at a concentration of 100 uM. The cells were then incubated for
the same time and under the same conditions as the stimulation
experiments. Cells used for measuring native NO levels were
left untreated.

Sample preparation

Intracellular NO levels were measured by co-labelling cells
with DAF-FM DA and internal standard 6-CFDA following a
similar procedure described previously.24 Stock solutions of
DAF-FM DA (approx. 1 mM) and 6-CFDA (3.74 mM) were
prepared in anhydrous DMSO and were aliquoted and stored
frozen at -20 °C until ready for use. Additionally, to minimize dye
efflux by MRP1 a 250 mM stock solution of probenecid, an
MRP1 inhibitor,2> was prepared in PBS. A labelling solution
containing 6-CFDA (40uM), DAF-FM DA (150 upM) and
probenecid (2.5 mM) was prepared fresh for each experiment
in PBS. The experimental procedure for treatment and
preparation of cells is illustrated in Fig. 3. Once the cells were
ready for NO measurements, native, stimulated, and inhibited
cells were all treated in the following manner. Cells were first
scraped and mixed as described above. A sample of the cell
suspension (1 mL) was then transferred into a 1.5 mL Eppendorf
tube and centrifuged (1000 rpm for 5 min). The supernatant was
then removed, and the pellet was resuspended in 100 uL of the
labelling solution and incubated for 30 min at 37 °C on a dry

Native
1mL 2X
i e Final
L. Incubate 4 hrs 1. Centrifuge 1. Centrifuge - .
(@ ] h suspension in
ar 4§ 2. Load 30 min. §f 2. PBS w/ BS!
LPS + IFN-y 2. Marvest W 2 Load 30 min / Rc\:ruapcnd PBS w BS,A
DAF-FM DA in + Probenecid
L PBS
6-CFDA
LPS + IFN-y +
1400w 2HCI

Fig. 3 A scheme illustrating the procedure used to prepare cells for NO measurements.
Created using Biorender.com.
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bath heating block. Following labelling, the cells were diluted to
1 mL with prewarmed PBS (37 °C) and centrifuged (1000 rpm, 5
min). The supernatant was then discarded, and the cells were
resuspended again in 1 mL of prewarmed PBS. The cells were
spun down and resuspended twice more, but the final
resuspension solution was 1 mL of PBS containing 2 mg/mL BSA
and 2.5 mM probenecid.

Microchip operation

The buffer in the sample reservoir (labelled “S” in Fig. 1) is
replaced with 30 uL of cell suspension. Cells are then drawn
toward the lysis intersection by the on-board pumps. As the
cells pass underneath the CDP, excitation light from the fibre
excites the intracellular probes, and the fluorescence is
transmitted back through the fibre and into the optical
detection system. The cells then enter the lysis intersection
where they experience a high electric field (850 V/cm) which
permanently disrupts the cellular membrane, and the cytosolic
contents are injected into the separation channel. The injected
contents are then electrophoretically separated and the
fluorescence emission peaks for each of the probes is detected
downstream at the LDP. A diagram illustrating the cell transport
and lysis is shown in Fig. 2A, and a typical electropherogram
with each fluorescent peak labelled is shown in Fig. 4A.

Results and discussion

Over the years, our research group has published several
reports on the continued development of this high-throughput
microfluidic single cell analysis technology.1-22.24 However, this
is the first demonstration of our system being used for the
analysis of an adherent cell type and examining the effects of
the addition of stimulators in combination with inhibitors to
measure cell response.

Signal enhancement

One limitation to the optical fibre bridge that was discussed
in its initial reporting was the loss of signal due to fibre coupling
inefficiency.20 It is likely that signal loss can be attributed to
Fresnel reflection at the fibre-membrane interface due to the
presence of small air gaps between the optical fibre face and
the PDMS membrane. Additionally, scattering may also
contribute to lost signal because of imperfections (such as

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (A) A representative excerpt of fluorescence data for single cell analysis of NO. Each cell produced a total of 4 peaks: intact cell, 6-CF, DAF-DHA and DAF-FM T. (B)
Fluorescence signal from 10 um fluorescent polystyrene microspheres with Rl gel (blue) and without (green).

scratches) in the fragile PDMS membrane. In the
telecommunications industry, a refractive index matching liquid
or gel is commonly used for fibre couplings to mitigate similar
issues that occur at fibre junctions.

For our experiments, we applied small amounts of a RI gel
to both ends of the optical fibre bridge before inserting them
into the microfluidic device. To compare the transmission
efficiency of the optical fibre with and without the Rl gel, we
loaded a sample of fluorescent 10 um diameter polystyrene
microspheres into the sample reservoir and pulled them past
the CDP using the on-board pumps and measured the emission
at the LDP. Plots showing a series fluorescence peaks both with
and without Rl gel is shown in Fig. 4B. The average fluorescence
signals for both conditions are shown in Table 1. With the Rl gel,
we observed a 200% improvement in signal.

Measurement of NO production

SIM-A9 cells are a recently isolated spontaneously
immortalized cell line, and as such, there are relatively few
studies available for comparing results. However, initial
comparisons between SIM-A9 cells and their primary
counterparts indicate that they behave similarly in response to
inflammatory stimuli.23

For stimulation experiments, cells were co-stimulated with
LPS and IFN-y for 4 hr to elicit an inflammatory response which
is characterized, in part, by elevated levels of NO production.
For inhibition experiments, cells were incubated with the same
levels of LPS and IFN-y for the same period of time but in the
presence of the potent and selective iNOS inhibitor 1400W
dihydrochloride. Cells for native, stimulated, and inhibited
experiments were then all treated in the same manner prior to
analysis, shown as a workflow in Fig. 3. Cells were incubated in
a loading solution containing the fluorogenic NO probe, DAF-FM
DA, and an internal standard, 6-CFDA. 6-CFDA has been used as
an internal standard for similar analyses previously.1% 26 Once

Table 1 Average intensity and 95% confidence interval of fluorescence signals
from 10 pm fluorescent microspheres with and without the application of Rl gel
to the optical fibre faces.

Average Intensity

(a.u.)
Without gel 80 0.48+0.03
With gel 80 1.43+0.09

This journal is © The Royal Society of Chemistry 20xx

inside the cell, both DAF-FM DA and 6-CFDA are hydrolysed by
non-specific esterases to form DAF-FM and 6-CF, respectively.
This allows us to account for cell-to-cell variability in cell
volume, esterase activity and viability.

The optical fibre detection was set up such that the CDP was
just below the lysis intersection and LDP was 2 mm down the
separation channel. The on-board pumps were then turned on
to draw the cells to the lysis intersection. An electric field
strength of 850 V/cm was applied across the separation channel
providing a means of lysis and subsequent electrophoretic
separation of the intracellular contents. The flow rate, driven by
the pumps, was adjusted at the beginning of each experiment
to achieve optimal cell lysis and injection efficiency. The
conditions for maximum injection efficiency were determined
by visually observing lysis and adjusting the flow rate up or
down such that ~100% of the lysate travels down the separation
channel and the cell debris travels toward the waste reservoirs.

As cells flow underneath the CDP, a short and narrow peak
is observed followed shortly by a set of peaks corresponding to
6-CFDA, DAF-DHA and DAF-FM T as they pass the LDP. A
representative excerpt showing a series of single cell
electropherograms is shown in Fig. 4A. Intracellular NO
production was calculated for each cell using the ratio of the
peak area of DAF-FM T (Apaf) to the peak area of the internal
standard 6-CF (Acg). The population distributions of NO
production for each experiment were visualized using
histograms shown in Fig. 5. The shape of each distribution was
characterized by computing the skewness and subsequently
testing for normality using a Shapiro-Wilk test.2” The skewness
values for all three distributions were significantly positive
indicating that the majority of cells fall in the lower end of the
distribution with the presence of a tail toward higher values
(shown in Table 2). The Shapiro-Wilk test P-values confirmed
that the distributions could not be described as normal (a =
0.05). These results initially precluded the use of a one-tailed t-
test for the comparison of means of independent samples
because the assumption of normality was not met. However,
given the positive skewness and the absence of negative values,
we theorized that the data may fit a lognormal distribution. To
test the data for lognormality, a log transformation was

J. Name., 2013, 00, 1-3 | 5
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Table 2 Skewness and Shapiro-Wilk P-values for untransformed and log transformed datasets for native, stimulated, and inhibited conditions

Untransformed Transformed
Shapiro-Wilk Shapiro-Wilk
Skewness ? P-value ® Skewness ® P-value ®
Native 4.43 4.5x10™ 0.083 0.25
Stimulated 2.99 1.72x10%° 0.41 0.28
Inhibited 1.63 1.12x108 -0.31 0.39

3 n x;—X
a Skewness is calculated as: mz (T)

b A high Shapiro-Wilk P-value indicates a good fit for a normal distribution. If P > a = 0.05 for the log transformed data, then the null

hypothesis that the distribution is lognormal fails to be rejected.

performed on each dataset (using the natural logarithm), and

A 25 ’s the skewness and Shapiro-Wilk test were repeated. The
] 20 skewness of the log transformed data was significantly reduced,
20 %3 . and the Shapiro-Wilk test confirmed that the log transformed
% 15 - 1 E 10 data were normally distributed (a = 0.05). The mean values of
h; | 8 5 the log transformed datasets could then be compared using a
z°' 10 ot T T T T = one-tailed t-test for the comparison of means of independent
o M‘l Ln(ApasfAce) samples. First, the standard deviations for the transformed
native, stimulated and inhibited datasets were compared using
0 0 : : ] . an F test to determine which form of the t-test was appropriate.
0.2 0.4 0.6 0.8 The calculated F statistics (Fcaic) for each comparison concluded
Apar/Acr that the standard deviations were not significantly different (a
B ., _ o0 = 0.05). The means of the transformed data sets were then
. [\ s compared, and the calculated t values indicated that the
K 3 differences were statistically significant. The p-values for each
;: 8 1 E 1 comparison are listed in Table 3. While confidence intervals for
ef_o’ 6 o 3 normal distributions are symmetrical about the arithmetic
2‘ . 0 T T T T T mean, lognormal distributions are better represented using the
Ln(ApsefAcr) geometric mean with an asymmetrical confidence interval
2 ﬂ\’:l:l_m“ based on the multiplicative standard deviation. The geometric
0 | # mean (x*) and multiplicative standard deviation (s*) are
02 04 0.6 0.8 determined by “back-transforming” the mean (X) and standard
Apar/Ack deviation (s) of the transformed data?:
T* e X [ — S
C . X'=e* stTi=e
30.
30417 25
P 25 (\ :=; ?: Table 3 Arithmetic and geometric summary statistics for native, stimulated, and
:3 20 — ;; - inhibited datasets.
c15 | ; n Xts X* ¥/ s*  ~g5% C.I.*
“ 10~ sS4 a2 , 0.10+0.08 0.085 0.025-
La(ApaeiAcy) Native 97
5 *x/1.83 0.28
0 I T T T Stimulated 60 0.16+0.13 0.133 0.038-
0.2 04 0.6 0.8 *x/1.86 0.46
Fig. 5 Histogram plots of the peak area ratios for native (A), stimulated Inhibited 105 0.088+0.063 0.070 0.017-
(B), and inhibited (C) conditions. The insets in A-C are histogram plots for X/Z.OZ 0.28

the log transformed datasets. The traces are lognormal fits for the main
plots and gaussian for the inset plots.

6 | J. Name., 2012, 00, 1-3

*The */ for geometric statistics is analogous to the + for
arithmetic statistics. The lower and upper bounds of the
95% confidence interval are: X* + s*2 and X* x s*2.1

This journal is © The Royal Society of Chemistry 20xx
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1
2
3 Table 4 Calculated % differences in the peak area ratios between each
experimental condition. The p-values listed correspond to the one-tailed t-test for
4 the comparison of means of independent samples performed on the log
5 —
6 %diff.
7 (p-value)
8 Native-Stimulated +56%
9 (p<0.00001)
10 Stimulated-Inhibited A
1 (p<2x108)
i . -18%
12 Native-Inhibited (p<0.02)
13 Table 3 shows the summary statistics for the native,
14 . R . .
15 stimulated and inhibited experiments and includes both the
16 arithmetic mean and standard deviation as well as the
17 geometric mean and multiplicative standard deviation. An
18 overlay of representative single cell electropherograms for the
native, stimulated, and inhibited experiments is shown in Fig. 6.
19 . . -
20 The fluorescent peak heights were adjusted according to the
2 internal standard, 6-CF, to allow for a direct comparison of cells.
2 To compare the change in NO production across the cell
23 populations, the percent difference between each experimental
condition was calculated using the geometric mean values
24 . . - .
25 (shown in Table 4). It is worth noting that despite the fact that
2% the NO levels are not being measured in units of concentration,
27 this method still produces a numerical measure that will enable
28 researchers to quantitatively study the impact of various
29 pharmacological agents on cellular populations.
When comparing the various conditions, we observed a
2(1) 56%(p<0.00001) increase in NO production between the native
32 and stimulated experiments and a 47%(p<2x108) decrease in
NO production when cells were simultaneously treated with
2431 iNOS agonists (LPS and IFN-y) and the iNOS inhibitor (1400W
dihydrochloride). We also observed a modest decrease in NO
35 production (approx. 18%, p<0.02) in the inhibited cell
g? population as compared to the native cell population. It is likely
that during the course of the cell harvesting and loading
38 processes an acute inflammatory response was elicited as a
ig result of incidental cellular stress and damage. In future studies
M more gentle handling and loading techniques will be
42 investigated to minimize their impact on measurements of
inflammatory markers. It is also possible that the iNOS enzyme
43
44 could produce more NO to compensate for the NO that was
consumed by the reaction with DAF-FM. This would result in a
45 . . .
46 gradual increase in DAF-FM T signal over the course of an
47 07
48 0.64 [— Native |
49 - Intact o Stimulated
S 05+ Cells —— Inhibited
50 3
51 g 0.4
2 03
g; E OAZ_ ,‘-«f‘\ J | DAF-DHA DAF-FM T
54 0.1+ “ J\ I\ )
55 ‘ ; : T :
56 0 1 2 Timc)(s) 4 5
57 Fig. 6 An overlay of single cell electropherograms for native, stimulated, and inhibited
58 cells. The fluorescence intensities have been scaled according to the internal standard
59 peak signal.
60

This journal is © The Royal Society of Chemistry 20xx
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experiment. Fortunately, we did not observe this phenomenon
under any of the experimental conditions.

One potential downside to measuring NO using
diaminofluorescein species, discussed in our previous
publication,1? is the formation of fluorescent derivatives when
reacted with dehydroascorbate (DHA), the oxidized form of
ascorbic acid (AA). AAinterference is of particular concern when
measuring NO production in microglia because AA
concentrations in the brain parenchyma (2-10 mM) are among
the highest in the body.28 Comparing our electropherograms to
those reported previously, we believe that the second peak is a
DAF-DHA derivative (Fig. 4 and 8).26 Some studies have
suggested that AA levels may play a role in chronic
neuroinflammation associated with neurodegenerative
pathologies.?% 30 |n future experiments, we may exploit the
formation of DAF-DHA derivatives as a means to measure
intracellular AA levels and its impact on inflammation.

Single vs bulk cell analysis

Without the benefit of a large number of studies, it is
difficult to compare our results to any published reports.
Additionally, all NO analyses reported for SIM-A9 microglia thus
far were bulk cell measurements of extracellular NO levels using
the Griess reaction.?3 Using DAF-FM DA instead of the Griess
reaction not only provides greater sensitivity, but allows for the
quantitation of intracellular NO production at the single cell
level which can yield more detailed information about how a
population of cells respond to pro-inflammatory stimuli. In bulk-
cell studies, the population average values measured are not
capable of determining the shape of the distribution of cellular
response. Recent studies show that measuring cellular response
at the single-cell level can help to better characterize the
regulatory roles that signalling enzymes and molecules play.3%
32 Mapping the different regulatory roles of signalling
components in a cascade may help to better understand how
normal cellular function is disrupted, especially in
neurodegenerative pathologies. With this information, novel
treatment strategies may be developed to combat the
disruptions more specifically. Furthermore, the efficacy of the
new treatment strategies can be evaluated using the same
single-cell analysis technologies used to study the signalling
cascades.33

Conclusion

In our recent publication, we integrated an optical fibre into
the device allowing for fluorescence detection at two locations
on the device with no additional optics.2® Here we
demonstrated an improvement in the optical fibre detection
through the use of Rl gel to minimize signal loss due to
scattering and retroreflection. Fluorescent beads were used to
measure the impact of the Rl gel on signal intensity and a 3-fold
increase in signal on average was observed. We hope that this
improvement in sensitivity will allow the quantitation of
analytes at lower concentrations while maintaining the ability
to detect an intact cell signal. We then used the microfluidic
device to measure changes in NO levels in SIM-A9 microglial
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cells under native, stimulated, and inhibited conditions using a
fluorogenic probe and an internal standard. Following a 4-hr
stimulation with LPS and IFN-y, a 56% increase in NO production
was observed as compared to native cells. The effects of a
selective iNOS inhibitor, 1400W dihydrochloride, were
measured by treating cells with both the inflammatory
stimulants and the inhibitor. Not only were NO levels lower than
stimulated conditions by approximately 47%, but inhibited cells
produced 18% less NO compared to native cells. In addition to
quantitation, the electrophoretic separation allowed us to
distinguish between fluorescence from DAF-FM T and the
interfering DHA derivatives. We also observed that the
population distributions for all three experimental conditions
exhibited lognormal characteristics. Further characterization of
cell-to-cell variability in the expression and production of
inflammatory markers may help to better understand the
impact aging has on the immune system. It is worth noting that
this is the first report of single cell analysis being performed on
SIM-A9 microglial cells. This report marks the first instance of
our device’s application for the analysis of an adherent cell line
since the beginning of its development in 2003.34 We hope to
further expand the application of our device to the analysis of
other cell types relevant to other brain diseases, such as U-87
glioblastoma cells. Future work will be directed toward studying
how glioblastoma cells modulate nearby immune cells to
promote tumour growth and survival. We will also work toward
incorporating additional fluorescent reporters for other
reactive oxygen and nitrogen species including peroxynitrite
and superoxide to gain a more comprehensive picture of the
effects of chronic neuroinflammation.
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A microfluidic single cell analysis device was used to measure the distribution of nitric oxide levels in SIM-A9
microglial cell populations in response to stimulation and inhibition of inducible nitric oxide synthase.
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