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ABSTRACT: Capillary electrophoresis (CE) is a highly efficient separation method capable of handling small sample volumes
(~pL) and low (~yoctomole) detection limits, and as such is ideal for applications that require high sensitivity such as single-cell
analysis.*® Low-cost CE instrumentation is quickly expanding but low-cost, open-source fluorescence detectors with ultra-sensitive
detection limits are lacking.*® Silicon photomultipliers (SiPM) are inexpensive, low-footprint detectors with the potential to fill the
role as a detector when cost, size, and customization are important. In this work we demonstrate the use of a SiPM in CE with zep-
tomolar detection limits and a dynamic range spanning five orders of magnitude, comparable to photomultiplier detectors. The per-
formance of these detectors was measured using a constant wave excitation laser in an epifluorescence detection configuration. We
characterize the performance of the SiPM as a highly sensitive detector by measuring enzyme activity in single cells. This simple,
small footprint, and low-cost (<$130) light detection circuit will be beneficial for open-source, portable, and budget friendly in-

strumentation requiring high sensitivity.

Cell heterogeneity has become increasingly recognized as
an important factor in many aspects of pathology, immunolo-
gy, and stem-cell biology.”® As a result, a myriad of analytical
tools have been developed to evaluate this heterogeneity.?®
Capillary electrophoresis (CE) with fluorescence detection is
one such tool that has been widely utilized in the academic
laboratory to analyze single cells, largely due to the high sen-
sitivity and large dynamic range of fluorescent detectors.?®
Zeptomole (102) detection limits are typical with some setups
capable of achieving yoctomole (1024 limits of detection
(LOD).® Furthermore, these instruments are well suited for
chemical cytometry since CE instruments can handle small
(~pL) sample volumes, and therefore single-cell lysates do not
experience significant dilution prior to assay. However, CE-
based chemical cytometry systems have not seen widespread
use clinically, partially due to the high cost, large instrument
footprint, and high technical expertise requirements. As such,
instrument modifications to address these issues should be
explored.

Several fluorescent detection setups have been described for
chemical cytometry, many of which have employed photomul-
tiplier tubes (PMTs).%™ PMTs work using a photocathode
housed within a vacuum environment to transduce light into
an electrical signal. PMTs have high gain (10%°) and maintain
linearity over a large dynamic range, typically as many as 6
orders of magnitude.'®2 For these reasons PMTs are common-
ly utilized in CE systems where cost is not a driving factor.
With the development of low-cost open-source CE setups,
there is a desire for an inexpensive, open-source detector that
can be customized according to the need of the instrument or
project.®

Silicon photomultipliers (SiPM) are significantly less ex-
pensive than PMTs but have similar gains (10%%) and have
been suggested for use as fluorescence detectors for low-cost

CE instruments.>'? However, applications using SiPMs as a
fluorescence detector in analytical instruments have only re-
cently been explored.***> SiPMs consist of arrays of micron
sized photodiodes (i.e., 50x50 pm dimensions) that are biased
as single-photon avalanche diodes (SPAD).'® Each microcell
produces a digital current signal when struck by a photon, with
the entire array producing an analog signal at higher light den-
sities.?? Several methods have emerged for deploying a SiPM
in experiments for photon counting where a pulsed light
source and high bandwidth analog to digital converter (ADC)
or oscilloscope is used.!”*® Low frequency or constant power
applications have also begun to emerge for projects focused on
providing affordable instrumentation.**%2°\We sought to apply
a simple circuit for the SiPM detector for use with a detection
apparatus and signal processing workflow designed for on-
column epifluorescence detection. By doing so, we found the
SiPM can obtain a molar LOD of 102! moles and span a linear
dynamic range of 5-6 orders of magnitude, thus justifying.
SiPM use in affordable chemical cytometry instrumentation
and particularly CE-based instruments. The detection circuitry
is both low-cost (~$130) and relatively simple, making it ideal
for a fluorescence detector for affordable and open-source
instrumentation.

EXPERIMENTAL

Materials and Reagents

Sphingosine fluorescein (SF) and sphingosine 1-phosphate
fluorescein (S1PF) were purchased from Echelon Biosciences
Inc. (Cat. # S-100F and #S-200F, Salt Lake City, UT). Triz-
ma-base, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 1-propanol, potassium chloride, and magnesium
chloride were purchased from Millipore Sigma. Tween 20 was
purchased from BioRad Laboratories. Glass slides, calcium
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Figure 1. CE fluorescence detection assembly and simplified pathway. Diagram (a) and photo (b) of the optical pathway used for
testing the detectors. Excitation light from a 488 nm CW laser is collimated by a fiber optic coupler (i). A dichroic beam splitter (iv)
reflects the light to a 0.75 NA 40x objective (ii) which then focuses the light onto the capillary (iii). Emission light (from fluoro-
phores within the capillary lumen) travel through the beam splitter (iv) and this emitted light is filtered using a 520 nm low pass
filter (v). Stray light is spatially filtered using an iris (vi). A 4-way optic mount (vii) is used to mount the detectors (viii) to the opti-
cal path. c) Signal flow chart from SiPM to final electropherogram. A negative current is generated by the SiPM as light strikes the
microcells. An inverting transimpedance amplifier converts current into a voltage using the feedback resistor, Rf. The amplifier
output is filtered by a passive low-pass filter then oversampled at 75 kHz using an ADC. The oversampled signal is averaged to 8
Hz and a Butterworth digital filter applied to the 8 Hz data to obtain the final electropherogram (time vs relative fluorescence)

chloride, sodium phosphate was purchased from Fisher Scien-
tific. Dulbecco's modified eagle’s medium (DMEM) and fetal
bovine serum (FBS) were from ThermoScientific (Waltham,
MA).

Instrumentation

For this work, a modular CE detection assembly using epi-
illumination was designed and built (Figure 1). The detection
window is created by removing the capillary coating 4 cm
from the capillary inlet using a flame. The detection window is
aligned perpendicular to the light path within the detection
objective using 3D printed levers secured with 2M threaded
screws to adjust the capillary position. Excitation light from an
optical fiber pigtail coupled to a 488 nm constant wave (CW)
laser is collimated using a fiber receptacle collimator (OZ
Optics, Ottawa, Canada) and directed to the detection objec-
tive using a 488 nm dichroic filter. A 0.75 numeric aperture
(NA) 40x objective focuses incoming excitation light to the
capillary lumen. The emission light is collimated by the objec-
tive and passes through a dichroic, a 525 nm bandpass filter,
and 6.5 mm iris before striking the detector. The detectors are
attached to a four-way optical block and can be exchanged
without changing the alignment of the capillary or other as-
pects of the CE detection assembly. A 3.7 x 13 mm side on
PMT (H9306, Hamamatsu, Bridgewater, NJ) was used to pro-
vide a comparison to the SiPM detectors. A parts list for the
detection assembly is available in the supplemental infor-
mation (Table S1).

The custom CE instrument used for this work incorporates
characteristics of traditional CE as well as modifications to
improve capillary positioning and control for single-cell anal-
ysis.!! An overview of the custom instrument is provided in
supplemental (Figure S1).

SiPM Detector

SiPM detectors (MICROFC -30035, -30050, and -60035)
were procured from OnSemiconductor (Phoenix, AZ). Printed

circuit boards (PCB) were designed using an opensource elec-
tronics design software suite (KiCad EDA 5.1. http://kicad-
pcb.org/, March 6, 2020) and fabricated by BasicPCB (Aurora,
Colorado, USA). The SiPM circuit (Figure S2) and parts list
(Table S2) are provided in the supplemental along with Gerber
files for the PCB fabrication and a complete bill of materials.
The manufacturer’s recommendations were followed for as-
sembly. The SiPM chip was negatively biased 1-5 V above the
breakdown voltage. Measurements were taken at 1 V intervals.
The signal from the detectors were filtered using a passive
low-pass hardware filter (5" order elliptical, 1 dB at 1kHz, see
Table S1). Oversampling filtering was performed at 75 kHz
and averaged to achieve a final sampling rate of 8 Hz to re-
duce random noise. A 2" order digital butter filter with a cut-
off of 1.5 Hz was applied twice (forwards and backwards) to
the 8 Hz electropherogram.

Limits of Detection

The signal to noise ratio (SNR) was measured for each of
the detectors. The signal was measured from a 41 nM fluores-
cein solution loaded into the capillary by gravity (3 cm height
difference for 3 s). The total injection volume (1.0 nL) was
calculated using the volume loaded due to gravity plus the
volume loaded due to diffusion and spontaneous fluid dis-
placement.?* To measure spontaneous fluid displacement, the
average corrected area from 3 cm gravity injections (n=7) was
compared to the average corrected area from 0 c¢cm gravity
injections (n=7). The volume due to spontaneous fluid loading
was calculated according to Equation 1, where CA is the cor-
rected area for the measured 0 cm and 3 cm injections, and
V3em is the volume loaded into the capillary by gravity:

CAoem

Equation 1: std = W‘écm
3cm Ocm
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Figure 2. Estimated limit of detection (LOD) from the SNR for
fluorescein as a function of signal voltage (mV) for each detector.
LOD was estimated as the minimal signal detected at 3x noise. On
the x-axis, the signal voltage corresponds to the maximum voltage
for the fluorescein peak after subtracting the noise. The moles
detected is estimated from the total volume loaded into the capil-
lary (1.0 nL).

At this volume, the total amount of fluorescein loaded into
the capillary was 2.5x10*" moles. The noise was calculated
using the standard deviation across 40 consecutive points (cor-
responding to a time window of 5 s) of the electropherogram
with the least detectable signal. A signal of 3x the noise was
used to calculate the molar LOD for each sensor.

Dynamic Range

Fluorescein standards were prepared to create a calibration
curve near the saturation point for the detectors. Fluorescein
standards were prepared using a 1:3 serial dilution in tris buff-
er (100 mM, pH 8.1, conductivity 5.3 mS/cm) from 10 uM
stock solution. The peak areas were integrated from the fil-
tered electropherograms using a trapezoid approximation func-
tion. Corrected areas were calculated by dividing the peak area
by the corresponding retention time.

CE Separations

A 50 um inner diameter, 375 um outer diameter capillary
(#1068150017, Molex, Lisle, IL) with a total length of 45 cm
and a detection length of 4 cm was used. Buffer conductivity
was measured using a conductivity meter (#4360, Traceable,
Webster, TX). At the start of the day, the capillary was condi-
tioned by rinsing for 10 min with 0.1 M HCI, 30 min with 1 M
NaOH, followed by 5 min rinses with H,O, and separation
buffer. Prior to each separation the capillary was rinsed with
separation buffer for 30 s. All separations were performed
with an electric field strength of 333 V/cm across the capil-
lary. For the fluorescein separations the separation buffer con-
sisted of 100 mM tris buffered to pH 8.0 with a buffer conduc-
tivity of 5.3 mS/cm.

For the sphingolipid separations 30 pm inner diameter, 375
pum outer diameter capillary (#1068150013, Molex, Lisle, IL)
with a total length of 60 cm and a detection window at 5 cm
was used. the separation buffer consisted of 27 mM phosphate
at pH 7.4 and 10% n-propanol with a conductivity of 3.0
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Figure 3. Comparison of the dynamic range for the SiPM and
PMT detectors. A fluorescein calibration curve with concentra-
tions from 2.5 uM to 9 pM (n=3) was measured with each detec-
tor. SiPM bias voltages were set to their maximum values (29.5
V) while the PMT was set to 300 mV corresponding to its maxi-
mum SNR before plateauing (Figure 2).

mS/cm. An electric field strength of 250 V/cm was applied
during electrophoresis. SF and S1PF were identified by com-
parison of their migration times to standards while hexade-
cenoic acid fluorescein (HAF*) was identified from its elution
order based prior assays with SF.

Cell Preparation

The K-562 cell line was obtained from the American Type
Culture Collection (ATCC) (CRL-1469, ATCC, Manassas,
Virginia) and maintained in a humidified atmosphere of 37°C
in 5% COs,. Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), penicillin (100 units/mL), and streptomycin (100
pg/mL).

SF was loaded into cells by incubating 5 x 10° cells in 100
pL culture media containing freshly diluted 10 uM SF for 30
min as described previously.? Cells were stored at 37°C in a
5% carbon dioxide atmosphere during incubation with SF.
Cells were centrifuged (700 x g, 2.5 min) and then washed 2 x
with 200 pL physiologic cell buffer (135 mM sodium chloride,
5 mM potassium chloride, 1 mM magnesium chloride, 1 mM
calcium chloride, and 10 mM HEPES at pH 7.4). An aliquot of
10,000 cells was removed and overlaid onto a glass slide with
600 pL physiologic buffer.

RESULTS AND DISCUSSION

Limits of Detection

SiPM detectors are arrays of micron-sized photodiodes, re-
ferred to as microcells, connected in parallel. These microcells
are operated in Geiger mode above their breakdown voltage.
As a photon strikes a photodiode, a current pulse is produced.
At high light levels, hundreds or thousands of photodiodes are
simultaneously activated, and their total current can be record-
ed as a DC analog signal using low-cost electrical compo-
nents.*21® While SiPMs can be used in photon counting mode,
the excitation light that reached the detector for this setup was
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too high to employ photon counting. For this reason, only low
bandwidth DC measurements from the SiPMs were measured.
Of the factors that may influence performance, we hypothe-
sized fill factor would considerably influence SiPM signal
strength and sensitivity, as a greater fill factor correlates with a
greater probability a photon will strike a photo-responsive
area.'? Fill factor increases as the microcell size increases
since fewer microcells are needed for the same area and thus
require fewer circuit structures (fabricated wires and resistors)
for the array. Sensors with different SPAD microcell sizes as
well as total array sizes were tested to gauge which SiPM con-
figuration leads to the greatest SNR.

The LOD of the SiPMs and PMT were compared using a
CE detection pathway configured in an epifluorescence format
(Figure 1). A feature of this design and housing is that the
detector can be easily removed and then re-inserted without
modifying the capillary alignment facilitating direct compari-
son between the different fluorescence detectors. In addition to
the three SiPMs, a PMT previously measured to possess zep-
tomole detection limits was used as a reference detector.?
LODs of three SiPM sensors were measured: a 9 mm? sensor
area with 50 um microcells, a 9 mm? sensor area with 35 pm
microcells, and a 36 mm? sensor area with 35 pm microcells.
The SNR of each sensor (Figure S3) was used to determine the
3o limit of detection as a function of the peak height (Figure
2). A sensor with a lower peak height at an equivalent SNR
will be able to utilize more of the op-amp and ADC dynamic
range. Of the SiPM detectors the 36 mm? sensor was the most
sensitive, followed by the 50 and 35 um microcell sized 9
mm? sensors. The 36 mm? sensor had the greatest sensor sur-
face area and nearly 4x the number of microcells as the 35 pm
9 mm? sensor (Table S3) which likely contributed to its im-
proved performance. The 50 pum SPAD microcell size pos-
sessed an improved LOD compared to the SiPM with 35 pum
microcells. The increased microcell fill factor for the 50 pm
(72%) compared to 35 pm microcell array (64%) likely con-
tributed to the improved LOD. In comparison to the PMT, the
LOD of the 36 mm? SiPM (4.91x102! mol) was only about
twice as high as the 48.1 mm? PMT (2.63x10% mol).

Dynamic Range and Signal Saturation

The dynamic range of each sensor was measured using a
calibration curve (Figure 3). The bias voltage for each SiPM
was chosen by selecting that which provided the best SNR
which also corresponded with the maximum bias voltage of
the chips. The gain for the PMT was chosen as the point where
SNR began to plateau with increasing signal (Figure 2, 350
mV). Past this gain setting only small improvement in LOD
could be achieved at significant loss to dynamic range. Stand-
ards were prepared spanning a concentration range of 102 to
105 M. As expected, at the highest fluorescein concentrations

(or emission intensities), the output from the SiPM detectors
reaches a maximum number of cells that are activated (Figure
S4). The high gain PMT setting and 9 mm? 50 um and 36
mm? 35 um SiPMs reached signal saturation at micromolar
fluorescein concentrations. The lower capacitance 9 mm? (35
pum microcell) SiPM did not show significant peak distortion
due to saturation. The shorter deadtime of the smaller 9mm?
sensor likely contributed to its improved dynamic range com-
pared to the larger 36 mm? SiPM. However, the larger micro-
cells and larger sensor areas provided greater sensitivity.
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Figure 4. Electropherogram trace from a single cell loaded
with SF. This assay measures the sphingosine kinase activity by
quantifying the amount of reporter SF converted to S1PF by
sphingosine kinase. Conversion of S1PF into HAF occurs due to
the actions of sphingosine 1-phosphate lyase on S1PF.

Single Cell Analysis

Sphingosine kinase (SK) activity is often increased in a
wide range of diseases, including Multiple Sclerosis, Alz-
heimer’s, and various cancers and leukemias, among oth-
ers.?22 SK inhibitors have also been shown to be lethal to
cancer cells dependent on high SK activity.* However, SK
signaling can be highly heterogenous between cells of the
same tumor sample.?! We have previously demonstrated that
CE can be used to measure SK activity in single cells using the
substrate SF.2! This fluorescent reporter consists of a sphingo-
sine with a fluorescein conjugated to the acyl chain (SF) which
is converted to S1PF by SK.?® Separation and quantification of
the fluorescence of SF and S1PF from a single cell supplies a
measure of the activity of SK in that cell.”® The 36 mm? (35
pm microcell) with a 330 Q feedback resistance with a bias set
to half its maximum (-27.5 V) was used to measure the SK
activity in K562 leukemia (Figure 4). The detector was able to
clearly detect the main sphingosine fluorescein and the sphin-
gosine-1-phosphate fluorescein products necessary for the
assay and demonstrates the ability of the SiPM to be applied to
CE based chemical cytometry.

CONCLUSION

This work demonstrates that the SiPM can be used as a sen-
sitive and affordable fluorescence detector for CE. The dy-
namic range required for chemical cytometry spans 3-5 orders
of magnitude to match the range of the total amount of report-
er loaded into a cell for peptide kinase reporters (102! to 10°
mols) and for lipid kinase reporters (102° to 10°¥ mols).>?' The
SiPM in this configuration has a dynamic range that spans five
orders of magnitude while detecting as little as 102 M or 102
moles of fluorescein. Thus, the SiPM detector possesses com-
parable performance characteristics as a PMT and is suitable
for chemical cytometry assays by CE. Commercially available
SiPMs that are thermally regulated may provide an additional
decrease in the noise compared to the detectors assessed here
at a slightly increased system cost. An asset of the current
SiPM chips is that the detectors can easily be configured ac-
cording to the application need. This aspect provides flexibil-
ity for miniature, portable instrumentation, as well as micro-
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fluidic devices in situations where sensitivity, cost, and porta-
bility are important factors.?
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