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We present a highly sensitive capillary electrophoresis
(CE) assay that combines transient, single-interface on-
chip isotachophoresis (ITP) and a laser-induced confocal
fluorescence detection setup. We performed experimental
parametric studies to show the effects of microscope
objective specifications and intensity of excitation laser
on optimization of a high-sensitivity on-chip CE detection
system. Using the optimized detection system, single-
molecule detection of Alexa Fluor 488 was demonstrated,
and signal data were validated with autocorrelation analy-
sis. We also demonstrated a separation and detection of
100 aM fluorophores (Alexa Fluor 488 and bodipy) in a
fast assay using a high-sensitivity on-chip CE detection
system and an ITP/CE protocol with no manual buffer
exchange steps. This is, to the knowledge of the authors,
the highest electrophoretic separation sensitivity ever
reported.

On-chip capillary electrophoresis (CE) is one of the most
widely used microchip assays and has been the subject of
extensive research over the past decade.!”® Translating CE
methods from traditional capillary systems to a microchip platform
provides several advantages including rapid separation, reduced
sample volumes, and integration with other microfluidic functions.
However, the limit of detection (LOD) of on-chip CE systems can
be limited by associated small sample volumes and the shallow
depth of etched or embossed channels (typically 10—20 um),
which limits path length available to photodetectors.

The most direct way of lowering LOD is improving intrinsic
detection sensitivity of a CE system (e.g., use of high-efficiency
photodetector). Enabled by advances in photodetectors, optical
detection and investigations of single molecules have been rapidly
developed over the past decade.*® Detection of single fluorophores
in fused-silica capillaries® and microchannels’ has been demon-
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strated using laser-induced confocal fluorescence microscopy.
Fluorescence correlation spectroscopy on a single-molecule level
allows characterization of microscale flows,® single-molecule
imaging of cell surface systems,’ and investigation of protein
transport.l’ Lundqvist et al.! showed separation of 3 pM fluores-
cein and 3 pM 5-carboxyfluorescein with 14-fL, detection volume
using constricted fused-silica capillaries, and Fister et al.” dem-
onstrated separation of 15 pM rhodamine 6G and 30 pM
rhodamine B with 0.9-fL detection volume using a microchip. The
latter is, to our knowledge, the highest sensitivity on-chip CE assay
without sample stacking. Foote et al. showed detection of 100 M
FITC-labeled ovalbumin using a two-step sample preconcentration
process combining field-amplified sample injection and a micro-
fabricated porous silica membrane, which is permeable to buffer
ions but excludes electromigration of larger molecules (e.g.,
proteins).12

Another approach of improving sensitivity is to integrate an
online sample stacking method. Electromigration-based sample
stacking, such as field-amplified sample stacking (FASS)314 and
isotachophoresis (ITP),516 is relatively easy to integrate with on-
chip CE and leverages spatial gradients of electrophoretic velocity
of sample analytes as effected by gradients in ion density, mobility,
or solvent viscosity. For FASS, the highest signal enhancement
factor has been typically limited to 1000-fold using capillaries!”18
and 100-fold using microchips.'?2 The highest reported ITP signal
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enhancement factor has been roughly 500-fold for microchip
experiments??2 and 5500-fold for capillaries.?* These are prior to
our recent work where we demonstrated a million-fold signal
enhancement and detection and separation of 100 pM analytes
using on-chip transient ITP method and its integration with CE.*

In this note, we describe the development and performance
of a high-sensitivity on-chip CE detection system and evaluate its
performance in conjunction with on-chip transient ITP. The
detection system uses laser-induced confocal fluorescence mi-
croscopy, and fluorescent signals were measured using an ICCD
camera and a PMT. This note also presents a calibration of this
system including its signal intensity dependence on microscope
objective specifications and excitation laser power, which are
crucial to the optimization of sensitivity. We demonstrate a
separation and detection of 100 aM fluorophores (Alexa Fluor 488
and bodipy) in a fast assay using a high-sensitivity on-chip CE
detection system and a single-interface ITP/CE protocol with no
manual buffer exchange steps.2*

EXPERIMENTAL SECTION

Chemicals and Microchips. Alexa Fluor 488 (carboxylic acid,
succinimidyl ester) and bodipy FL (STP ester, sodium salt) were
purchased from Molecular Probes (Eugene, OR). Fluorescein
(sodium salt) was purchased from J.T. Baker (Phillipshurg, NJ).
N-Hydroxyethylacrylamide (HEA) was purchased from Cambrex
Bio Science (Walkersville, MD). V-50 initiator (2,2'-azobis(2-
amidinopropane) dihydrochloride) was purchased from Wako
Chemical USA (Richmond, VA). We synthesized poly (N-hydroxy-
ethylacrylamide) (PHEA) using free-radical polymerization in
aqueous solution.?> For ITP, trailing electrolyte (TE) and leading
electrolyte (LE) consist of 5 mM HEPES (pH 7.0; Sigma, St. Louis,
MO) titrated with sodium hydroxide and 600 mM NaCl (Fisher
Scientific, Pittsburgh, PA) dissolved in deionized water, respec-
tively. All electrolyte solutions were filtered prior to use with 200-
nm pore syringe filters (Nalgene Labware, Rochester, NY).

We used a standard, cross-pattern glass microchip (channel
dimensions are 50 ym wide and 20 um deep) purchased from
Micralyne (Alberta, Canada) and a cross-pattern injection-molded
poly (methyl methacrylate) (PMMA) microchip sealed with a 100-
um-thick PMMA cover film (channel dimensions are 80 um wide
and 30 um deep), which was provided to us by Aclara Bioscience
(Mountain View, CA).

Instrumentation. Our high-sensitivity CE system mainly
consists of an Ar ion laser (model 95; Lexel, Fremont, CA), an
inverted epifluorescent microscope (IX70; Olympus, Hauppauge,
NY), a PMT (H7422-40; Hamamatsu Photonics K.K., Shizuoka,
Japan), and an intensified CCD camera (IPentaMAX; Roper
Scientific, Trenton, NJ) with a 12-bit intensity digitization resolution
(Figure 1). We used high numerical aperture objectives (60x, NA
of 0.9 or 1.4; Olympus) and a filter set (Z488/10x, Z488RDC, and
HQ535/50; Omega Optical, Brattleboro, VT) with peak excitation
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Figure 1. Schematic of the high-sensitivity on-chip CE system
showing argon ion laser illumination, light filter, shutter, color filters,
detectors, and data acquisition PC. Actuation of a mirror switch
provides switching from an ICCD camera to a custom-built confocal
system with a PMT.
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and emission wavelength ranges of 483—493 and 510—560 nm,
respectively.

Laser beam from the argon ion laser (488 nm) is focused into
an iris diaphragm (1-mm diameter) and recollimated using a set
of convex lenses (f = 120 mm) to remove unwanted multiple-
order energy peaks and pass only the central maximum of the
diffraction pattern of the laser beam. A power meter (13PEMO001;
Melles Griot, Carlsbad, CA) continuously measures intensity of
laser beam from a 50/50 beam splitter. A microscope tube lens
focuses collected fluorescence emission from the sample. Either
an ICCD camera (for 2D imaging) or a PMT (for single-point
confocal microscopy) can be used as a detector in this setup by
actuating a switchable mirror. A 100-um-diameter detection
pinhole was placed at the focal plane of the tube lens to suppress
out-of-focus rays, and a 10x objective (NA = 0.3; Olympus) to
collect light passes the pinhole into the PMT. A pulse generator
(model 555; BNC, San Rafael, CA) synchronizes a mechanical
shutter (LS3ZM2 and VMMT1; Uniblitz, Rochester, NY) and the
ICCD camera to minimize photobleaching of fluorescent samples.
A LabVIEW-controlled high-voltage power supply (Micralyne,
Alberta, Canada) was used to control the electric field for the ITP/
CE process.

Sample Preparation. We carefully prepared sample solutions
by serial dilution of stock solution. Glass bottles (volume of ~15
mL) were first washed with 30% hydrogen peroxide and then
rinsed with DI water to avoid contamination. The concentration
of stock solution was typically 1 uM,% and we serially diluted this
by 1/10 ratios (e.g., mixing 1 mL of 1 uM Alexa Fluor and 9 mL
of buffer solution to make 100 nM Alexa Fluor solution) until we
reached the desired concentration level. The lowest sample
concentration used in this paper was 100 aM. We dispensed 100
uL into the chip reservoirs for each of our separation assays. The
intensities of prepared sample solutions were also measured in
order to calibrate the dilution process. We measured fluorescent
signals of Alexa Fluor 488 (three independent lines of dilution
ranging from 1 pM to 1 uM) in a glass microchannel. The
normalized signal intensity of diluted sample solutions was linearly
proportional to the sample concentration. This calibration validates



the sample dilution process and validates that normalized signal
intensity data can be interpreted as measurements of absolute
sample concentration. Photophysical properties of fluorophores
are also important in the calibration process and the optimization
of the detection system. For our lowest analyte concentration
measurements, we chose Alexa Fluor 488 as a main sample
analyte, as it has a high quantum yield, is more photostable than,
for example, fluorescein and its conjugates, and is insensitive to
pH changes within pH 4-9.27

RESULTS AND DISCUSSION
In evaluating our high-sensitivity CE detection system, we

focused on three parameters. First, we used either an ICCD
camera or a high-efficiency PMT. Second, high NA objectives were
used for high collection efficiency of emitted photons. Third, we
optimized excitation laser power and the associated optical path
so as not to overly saturate photon emission from fluorophores.
We validated the signal intensity dependence on various param-
eters including sample concentration, Cs, exposure time of CCD
camera, Af, NA, and magnification (M) of objectives using an
inverted epifluorescent microscope. The results confirmed that
signal intensity (I) is proportional to the sample concentration,
exposure time of CCD camera, and the fourth power of NA, and
is also inversely proportional to the second power of the objective
magnification: I = ACsAINA*M~2. For high sensitivity, high-NA
objectives (e.g., oil immersion objectives) should be used with
the lowest magnification compatible with the desired measure-
ment. For example, the resolution, ds (i.e., the point response
function diameter) of an oil immersion objective with NA = 1.4)
is 0.3 um, which is smaller than the pixel dimension of our CCD
using a 60x objective.?8 Therefore, magnifications greater than
60x can result in decreased sensitivity. Such considerations, of
course, should be balanced with the working distance (WD =
0.25 mm) of the objective, which is often not compatible with many
off-the-shelf microchips. In the data described below, we used a
60x water immersion objective (NA = 0.9, WD = 2 mm) for the
glass microchips (cover glass thickness of 1 mm). Jung? pre-
sented a detailed discussion of our calibration procedures includ-
ing a quantitative study of sensitivity for our detection system.
Details are also given in the Supporting Information.

Figure 2 shows the measured relative signal-to-noise ratio
(SNR) of two fluorescein concentrations together with predicted
signal intensity as a function of excitation laser intensity. We define
SNR as the ratio of peak intensity (above the background signal
value) to twice the standard deviation of background noise. We
also define relative SNR as SNR/Cs and use it here to compare
SNRs across different sample concentrations. Both the 1 and 10
pM cases clearly show that relative SNR increases as laser
intensity increases in the low laser power, absorption-dominated
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Figure 2. Relative SNR and calculated signal intensity of fluorescein
as a function of excitation laser intensity. Relative SNR is defined as
the ratio of SNR to the sample concentration. We used a 60x water
immersion objective (NA = 0.9) and a simple cross-pattern glass
microchip. The exposure time and frame rate of CCD camera was
respectively 20 ms and 10 Hz. The error bars reflect 95% confidence
intervals as determined from five realizations of each condition.

region. Relative SNR then saturates at higher laser power in a
fluorophore-limiting region, where the fluorescence is saturated.’
The 1/¢? waist of focused beam (7)) was measured to be 4.0 um,
and laser power was varied from 0.1 to 20 mW. The effective probe
volume (V) was estimated to be ~5.3 pL by taking into account
electromigration of fluorescein molecules under an applied field
(E=450V/cm): V, = h(mr? + 2rur EAY), where k is the depth
of microchannel, up, (= 3 x 1078 m?/V-s) is the electrophoretic
mobility of fluorescein, and At (= 20 ms) is the exposure time of
CCD camera. We suppressed electroosmotic flow to less than 4%
of the bare-surface value using 0.1% w/v PHEA.2425 For these data,
we estimate that we collect signals from an average of ap-
proximately three molecules for the 1 pM sample concentration
under the flowing conditions. The photon absorption and emission
cycle rate (k) quantifies the fluorescent signal intensity and can
be calculated using the equation, ks = 1/(z; + 1/k,), where 1; is
the excited-state life time and &, is the absorption rate.*! We used
photophysical parameters of fluorescein quoted from published
data.®? (r; = 4.7 ns, k, = 3.8 x 1073¢P/nr?, where € is the molar
extinction coefficient of fluorescein, P is the laser power, and 7,
is the radius of focused laser beam.) The predicted signal intensity
shows fairly good agreement with the experimental data.

We demonstrated the performance of our high-sensitivity CE
system using the highest NA objectives (60x oil immersion, NA
= 1.4) and the PMMA microchip with a thin cover film. Figure 3
shows signal bursts from single and near-single molecules of Alexa
Fluor 488 flowing in pressure-driven flow (bulk velocity of 1 cm/
s). The left column in Figure 3 shows the background noises
signal from deionized water, and the right column shows the
signals from the 10 pM Alexa Fluor 488 sample. The measured
1/¢? waist of focused beam (27y) was 2.0 um. For the 60x objective
(NA = 1.4) and 100-um pinhole used here, the 1/¢? probe depth
(229) is limited by spherical aberration of the objective in practice
and is estimated to be ~3.0 um based on the performance of
similar confocal microscope setups.?33¢ We performed an auto-
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Figure 3. Instantaneous signals from single-molecule detection of
Alexa Fluor 488. Left and right columns are respectively the signal
intensity of DI water (with no buffer or sample ions) and 10 pM Alexa
Fluor 488. Shown together with the data are horizontal gray lines
showing the respective time-averaged value for each signal (the
middle and top traces in each plot are offset by 0.2 and 0.4 AU,
respectively). We used a PMMA microchip (microchannel cross-
sectional dimensions are 50 um wide and 20 um deep) and 60x oil
immersion objective (NA = 1.4). The excitation intensity of argon ion
laser (488 nm) was 0.5 mW. Data acquisition rate was 50 kHz and
temporal bin width 1 ms.

correlation analysis to verify that we achieved single-molecule
sensitivity. The amplitude of the correlation function at zero time
delay is proportional to the reciprocal of average number of
molecules in the probe volume, and the decay of correlation
represents the diffusion properties of molecules. The normalized
correlation function, G(r), can be expressed as

G@) =

gpd ~ INO 2,2

IMI(t + t)D_L(l +@)—1(1 +@)—0-5
0

@

where d1 is the fluctuation of fluorescence intensity, [NUis the
average number of molecules in the probe volume, and D is the
diffusion coefficient.® Although the temporal resolution of our data
is not high enough to fully resolve diffusion properties, we can
effectively bound the average number of molecules. We estimate
an average of 0.6 fluorophores in the effective measurement
volume for the data of Figure 3 (for an integration time of 20 us).

Last, we demonstrated the effectiveness of our high-sensitivity
CE system combined with our ITP/CE protocol to show separa-
tions of Alexa Fluor 488 and bodipy. The details of our ITP/CE
protocol are presented in our previous work.2* We used 600 mM
NaCl and 5 mM HEPES as LE and TE, respectively. Figure 4
shows four separations of sample analytes (100 aM solutions each
of Alexa Fluor 488 and bodipy) detected 30 mm downstream of
the intersection with 40-s ITP stacking under a nominal electric
field of 220 V/cm. Here, we used the cross-pattern borosilicate
glass microchip. The electropherograms are determined by
temporally binning (5-ms integration) PMT signals recorded at 1
kHz. The signal intensity was normalized with a background signal
level, Cs, and a reference signal level as

(35) Rigler, R; Elson, E. S. Fluorescence Correlation Spectroscopy: Theory and
Applications; Springer: New York, 2001.
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Figure 4. Four sample realizations of the electropherograms of ITP/
CE separation of Alexa Fluor 488 (the peaks near 73.5 s) and bodipy
(peaks near 76.5 s). We used a glass microchip (microchannel cross-
sectional dimensions are 50 um wide and 20 um deep) and 60x water
immersion objective (NA = 0.9). The detector was located at 30 mm
downstream of the injection region of microchannel. The ensemble
averaged SNR of the first and second peaks are approximately 50
and 39, respectively.

Cs= — L)/ U — L) @

ref ( raw

where C is the concentration of reference sample (10 pM) and
Ly, L, and I, are respectively the signal intensities of stacked
sample, reference sample, and background signal with no sample
(the latter with shutter open and illumination as normal). We also
prepared three independently diluted sample solutions using the
serial dilution step described in the Experimental Section. For
preparation of different sample solutions, we used the same initial
stock solution of sample (1 #M) and the same DI water source in
the same laboratory. The dilutions were otherwise independent
including the day of preparation and the gloves, glassware, and
pipet tips that were used. We carefully washed the microchannel
before the loading of different sample solutions (5 min of DI water,
5 min of 0.1 M NaOH, 5 min of 1 M HCI, 5 min of 0.1% PHEA in
DI water). We verified that the microchannels were not contami-
nated or that the experiments suffered from sample carryover
(e.g., due to adsorption of sample onto channel walls) by running
the ITP/CE protocol with a control buffer (sans sample). The
results show that the stacking, separation, and detection process
is repeatable for multiple experiments with independently pre-
pared 100 aM sample solutions. For the data of Figure 4, the
concentrations measured after injection, ITP stacking, and separa-
tion are respectively 21.4 and 15.9 pM for Alexa Fluor 488 and
bodipy, as averaged across five realizations. This experiment
achieves a concentration increase of 2.1x10°fold relative to the
initial sample concentration of 100 aM.

SUMMARY

We have developed a high-sensitivity on-chip CE detection
system that leverages both optimized optics and a single-interface,
transient ITP stacking protocol. In order to increase the intrinsic



sensitivity of CE system, we chose high-efficiency photodetectors
and performed extensive calibration studies of signal intensity
dependence on excitation lasing power and objective specifications
(NAs and magnifications). We used a high-NA objective with
relatively low magnification (yet compatible with cover glass
thickness of microchip) and optimization of laser power so as not
to overly saturate sample analytes. We also used fluorophores with
high quantum yield and photo and chemical stability. We
demonstrated effective single-molecule detection of 10 pM Alexa
Fluor 488 under pressure-flow conditions (bulk velocity of 1 cm/
s) using an optimized laser-induced confocal fluorescence micro-
scope setup fitted with 60x objective (NA of 1.4). We combined
this high-sensitivity CE detection system and a single-interface,

transient ITP stacking method developed previously to show
separation and detection of 100 aM concentrations each of Alexa
Fluor 488 and bodipy. This is, to our knowledge, the highest
sensitivity capillary electrophoresis separation and detection using
either a microchip-based or traditional capillary CE system.
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