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Abstract

The dynamic range of capillary electrophoresis analysis is ultimately limited by molecular shot

noise at low concentrations and by concentration-induced band broadening at high concentrations.

We report a system that approaches these fundamental limits. A laser-induced fluorescence

detector is reported that employs a cascade of four fiber-optic beam-splitters connected in series to

generate a primary signal and four attenuated signals, each monitored by a single-photon counting

avalanche photodiode. Appropriate scaling of the signals from the five photodiodes produces a

linear optical calibration curve for 5-carboxyl-tetramethylrhodamine from the concentration

detection limit of 1 pM to the upper limit of 1 mM. Mass detection limits are 120 yoctomoles (70

molecules) injected into the instrument. The very-wide dynamic range instrument was used to

study the metabolic products of the fluorescently labeled glycosphingolipid GM1-TMR produced

by single cells isolated from the rat cerebellum.

INTRODUCTION

It is sometimes desirable to simultaneously monitor the abundances of both a trace

component and a major component that is present at much higher concentration. For

example, in single-cell enzymatic studies, metabolic products may be at much lower

abundance than the substrate.1 There are two serious challenges involved in such

measurements. First, it is necessary to discriminate the signal generated by the trace

component from that generated by the major component. Second, it is necessary to employ a

detector with a requisite wide dynamic range for the components. Real-time polymerase

chain reaction is an example of a method that provides such discrimination power and high

dynamic range for the analysis of oligonucleotides.2

Correspondence to: Norman J. Dovichi.

NIH Public Access
Author Manuscript
Anal Chem. Author manuscript; available in PMC 2012 April 1.

Published in final edited form as:

Anal Chem. 2011 April 1; 83(7): 2748–2753. doi:10.1021/ac103374x.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Characterization of other biological analytes across a wide dynamic range is more

challenging. Fluorogenic reagents provide an approach to the characterization of selected

enzymatic transformations.3 In these cases, the enzyme converts the weakly fluorescent

substrate into a highly fluorescent product. Such measurements are limited to those

enzymatic reactions where a fluorogenic reagent is available, and become extremely

difficult when characterizing an enzymatic cascade, where a substrate undergoes sequential

biosynthetic steps to create a product.

The use of chromatographic or electrophoretic separations provides a more universal

approach to the discrimination of trace level product from major component. Such analyses

must address the real-world reality of separations. Minor deviations from a linear isotherm,

minute amounts of extra-column band broadening, and incomplete approach to equilibrium

can lead to tailing and fronting, which cause deviations from a Gaussian peak shape that

obliterate the resolution of the components. An equal or greater challenge is provided by

trace level impurities that can interfere in the analysis. Preparation of reagents with purity at

the part-per-billion level requires heroic efforts. As one useful tool, we have found

photobleaching using inexpensive light-emitting diodes reduces the reagent blank in laser-

induced fluorescence experiments.4

Wide dynamic range detection is also challenging. State of the art absorbance detectors are

limited to five orders of magnitude dynamic range by instabilities in the source intensity.5

Fluorescence and light scattering can provide higher dynamic range. In these cases, the

detection limit is determined by shot-noise in the detector dark current, shot-noise in the

background signal, or noise in the background signal that is proportional to fluctuations in

the source intensity.6 The detector ultimately saturates at high fluorescence signals. For

example, conventional fluorescence detectors are often limited by the dynamic range of the

instrument’s analog-to-digital converter. An instrument with a 16-bit converter can generate

four and a half orders of magnitude dynamic range, although signal averaging can extend the

dynamic range.

Photon counting can provide improved performance at low signal levels by discriminating

against some of the dark current inherent in the detector.7 Such improvements are only

significant when the instrument’s blank signal is lower than the dark current. Unfortunately,

the background signal generated by weak Raman scatter or fluorescent impurities often is

often much higher than the detector dark signal, in which case photon counting does not

significantly improve detection limits. Instead, photon counting can extend the dynamic

range of the measurement because the counts can be accumulated to arbitrarily large values.

For CW excitation, the detector’s dead time limits the dynamic range of photon

counters.8–10 This dead time is due to the transit time of the current pulse through the

dynode chain of a photomultiplier tube or to the quenching time of an avalanche photodiode.

A second photon that arrives during the dead time will not be detected. If the detector does

not respond to the subsequent photon, then the detector’s response will monotonically

approach a saturating value at high intensity. In a paralizable detector, the dead time is reset

upon arrival of a second photon. In this case, the detector’s response reaches a maximum

and then decreases to zero at higher intensities. In most cases, the dynamic range of a

fluorescence instrument based on a photon counter is limited to four orders of magnitude. A

variety of models have been constructed to linearize the response of the photon counter,

which can perhaps extend the dynamic range by an order of magnitude.8–10

The situation is different for pulsed excitation. Gustafson reported the use of multilevel

discrimination to correct for pulse overlap in photon counting with pulsed laser excitation

and photomultiplier detection.11 Kissick recently reported a similar system that employed
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software-based discriminators to produce six orders of magnitude dynamic range in optical

intensity.12 Both cases required subnanosecond pulsed excitation, which adds to the

instrument’s expense. Neither case evaluated an analytical detection limit.

We previously reported a laser-induced fluorescence detector that employed a cascade of

two beam-splitters and three photodiodes to generate six orders of magnitude dynamic range

for electrophoretic detection.13 In this approach, the collected light in a fluorescence

instrument was split by fiber-optic devices and directed to a set of avalanche photodiodes.

The train of photodiodes simultaneously measured successively more attenuated

fluorescence intensity. The signals were combined so that the highest sensitivity detector

reported the lowest intensity signals, the intermediate sensitivity detector reported

intermediate intensity signals, and the lowest sensitivity detector reported the highest

intensity signals. Since only the most sensitive detector was used to measure the lowest

intensity signal, there was no additive noise from combining signals from several detectors.

This system has several advantages. The design is robust because it operates with rugged

avalanche photodiodes and rugged fiber optical components that are designed for the

communication industry; the dynamic range of detection can be extended to arbitrarily high

values; and the detector employs an inexpensive and reliable continuous wave laser.

In this paper, we extend the dynamic range by three orders of magnitude, so that and the

lower limit approaches molecular shot noise. This thousand-fold increase in dynamic range

was accomplished with two addition fiber optic beam splitters and two avalanche

photodiodes. We apply the instrument to metabolic cytometry analysis of glycolipid

metabolism in primary rat cerebellum cells.

Materials and Methods

Capillary electrophoresis

The laser-induced fluorescence/ capillary electrophoresis system is similar to others reported

by our group.13–18 For 5-carboxyl-tetramethylrhodamine (TAMRA) measurements, a 33 cm

long, 31 µm ID, and 150 µm OD bare fused silica capillary is used. The separation running

buffer is 10 mM borate and the separation is performed at 20 kV. Injection is for 1 s at 1 kV.

Counts are recorded at 50 Hz. The instrument is equipped with a post-column sheath-flow

cuvette for fluorescence detection. The separation buffer and the capillary length are

different for single cell measurements. The capillary for single cell measurement is 30-µm

ID and 38 cm long. The single cell separation buffer is composed of 10 mM sodium

tetraborate, 35 mM sodium deoxycholate, and 5 mM methyl-β-cyclodextrin.

High Dynamic Range CE-LIF Instrument

The optical design of the high-dynamic range system is similar to the one previously

reported, Figure 1.13 Excitation is provided with a 10 mW diode-pumped solid-state laser

beam at 532 nm that is focused in a sheath-flow cuvette.14,15 Fluorescence is collected by a

0.70 NA microscope objective, passed through a 580 DF40 bandpass filter, and imaged onto

a GRIN-lens coupled fiber optic. The fiber optic is coupled to a train of four fiber optics

beam-splitters and five avalanche photodiode detectors (APDs).

We employ a train of four cascaded fiber-optic beam-splitters to divide the fluorescence into

five channels; one channel retains most of the original intensity and the subsequent channels

present attenuated versions. The beam-splitters (Timbercon, Inc.) have a nominal 99:1 split

ratio at 850 ± 40 nm. The split ratio degrades at the 580 nm emission wavelength of the

fluorescence. The first splitter generates a split ratio of ~27:1 and the others generate a split

ratio of ~6:1. The splitters are placed in series, such that the less intense output of one
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splitter is directed to the input of the next splitter. The intense output of each splitter, along

with the less intense output of the last splitter, is connected to a single photon counting

avalanche photodiode. PerkinElmer SPCM single photon counting modules are employed in

the experiment; all have nominal dead time of 55 ns. The splitters and associated optical

fibers are covered with an opaque plastic sheet to eliminate background signal due to room

light that leaks through the fiber’s cladding.

The outputs of the photodiodes are digitized at 50 Hz by counters (National Instruments)

with a Labview program in a PC. The data are then processed on a Macintosh computer

using Matlab. Data are first corrected for detector dead time, treated with a five point

median filter, and then convoluted with a 44-point wide Gaussian function with 5-point (100

ms) standard deviation. The Matlab routine cftool is used to fit a Gaussian function to the

TAMRA peak; peak area is estimated as  * peak amplitude * peak standard deviation.

The beam-splitters show some wavelength dependence. Since the background signal has

different spectrum than the TAMRA fluorescence, the two components have different

scaling factors. In addition, dark counts should not be used when scaling. To deal with these

issues, we first subtract the background from each photodiode signal. Then, the analyte

signals are multiplied by a factor that accounts for the attenuation experienced by each

photodiode, the signals are combined to make a smooth scaled electropherogram, and finally

the first diode’s background signal is added back to the data. The supporting information

section of this paper presents the M-file used to scale the corrected data.

Single Cell Analysis

Collection and culture of cells from the rat cerebellum was adapted from an established

protocol.19 Cerebella were dissected from postnatal day 5–6 rats, the meninges were

removed and the brain tissue was dissociated with a papain dissociation kit (Worthington)

using the supplier’s protocol. Briefly, freshly isolated brain tissue was bathed in a solution

of papain and DNase for 30 min at 37°C, then cells were dissociated by trituration with a

fire-polished glass pipette. Dissociated cells were collected by centrifugation (10 min, 240 ×

g), re-suspended in containing solution of ovomucoid papain inhibitor, and re-collected by

centrifugation. Cells were finally re-suspended in serum-free growth medium at 1 million

cells/mL and plated at 2 mL per 35 mm tissue culture dish. Cells were cultured at 37°C in a

humidified 5% CO2 atmosphere for 11 days before addition of the fluorescent lipid. Cells

were cultured for 14 h in medium containing 5 µM tetramethylrhodamine labeled GM1

(GM1-TMR),20 washed with fresh medium without GM1-TMR, then incubated for 45 min

with 2.5 µM of CellTracker CMFDA (Invitrogen). The medium was replaced with fresh

medium containing neither GM1-TMR nor CMFDA, followed by 30 minutes incubation to

allow for CMFDA incorporation. Single cells were collected by trypsinizing the cells from

the plate, quenching with trypsin inhibitor, washing with phosphate-buffered saline (PBS),

fixing with 4% paraformaldehyde, and then quenching with glycine-containing PBS. Cells

were subsequently stored in glycine-PBS until analysis.

Capillary electrophoresis separation of the content of a single cell was carried out in an

uncoated fused silica capillary.1,21 Single cell injection was performed by applying a 1s

negative pressure at the sheath flow at the terminus of the capillary, causing siphoning and

thus injection of a single cell, or a small volume of sample. Likewise, 2 plugs of triton

X-100 were injected (before and after cell injection) to ensure lysis of the cell.
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3. RESULTS AND DISCUSSION

Instrument performance

We first treat the signal to account for the photon counter’s dead time;13,22 we refer to data

treated with this function as the corrected signal. To further increase the dynamic range of a

capillary electrophoresis-laser induced fluorescence detector using CW excitation, we

incorporated a series of beam-splitters into the fluorescence optical train. We scaled the data

to correct for each diode’s attenuation, and then combined the data to create a very wide

dynamic range detector; this scaled data is presented in figure 2. In the full-scale data,

Figure 2A, the most attenuated photodiodes’ signals are used to present the major

components in the electropherogram. The scaled peak amplitude, determined by scaling the

signal from the most attenuated photodiode, is nearly 1 GHz. Figure 2B presents the signal

at 100-fold higher sensitivity; the two major peaks show slight tailing, and a few trace

impurities are visible. Figure 2C shows the signal at 104-fold higher sensitivity using the

signal from the most sensitive photodiode. At this scale, tailing from the high-amplitude

peaks extends across much of the electropherogram.

The origins of this tailing are not clear. This tailing could be caused by slow desorption from

a small number of sites. This possibility is eliminated because the peak shape is preserved

across at least five orders of magnitude in dye concentration (see figure S3 in supporting

information). Saturation of the binding sites would lead to a nonlinear isotherm and

variation in peak shape with concentration. The tailing also is not due to dead volume in the

system, which would produce an exponentially-modified Gaussian peak shape; we fit the

peaks with such a function, which failed to reproduce the tail. Finally, the tailing is not due

to perturbation of the ionic strength by the sample; as shown below, such perturbations lead

to peak fronting and only at much higher concentrations.

Part-per-billion impurities generate small peaks that rise above the tailing signal. In addition,

a small offset that remains at the end of the electropherogram, which is likely due to minute

amounts of sample that contaminate the running buffer vial. After injection, we rinse the tip

of the capillary by dipping it in clean running buffer in a disposable centrifuge tube, and

then discard the solution, which is replaced by fresh electrophoresis buffer in a new

disposable centrifuge tube. Despite these precautions, it appears that a few parts per billion

of solution made its way into the running buffer.

Calibration curve and dynamic range

Determining the linearity of wide dynamic range signals is not straightforward. With

standards prepared by serial dilution, a simple plot of signal vs. concentration is virtually

guaranteed to produce a high correlation linear plot. A more robust approach is to observe

the slope of the calibration curve on log-log axes. If the signal increases linearly with

concentration, the slope should be close to 1.0. Alternatively, the signal can be divided by

analyte concentration. If the signal is linear, then the ratio is independent of concentration.

We constructed a calibration curve using dye concentrations from 5 × 10−12 M to 1 × 10−3

M. The main peak in the scaled electropherograms was fit with a Gaussian function and the

peak areas are plotted in Figure 3. The slope of the log-log plot was 0.949 ± 0.003, ,

across the billion-fold concentration range (from the 3 σ detection limit of 1 pM to 1 mM).

As we show below, there is a systematic error at the highest concentration samples,

presumably due to anti-stacking effects where the ionic strength due to the dye results in a

decreased injection volume. Neglecting the two highest concentration samples, the slope of

the log-log plot was 0.982 ± 0.007, .
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Figure 4 presents the signal divided by concentration. The ratio is nearly independent of

concentration from 5 × 10−12 M to 1 × 10−5 M (slope = −0.125 ± 0.025). However, the ratio

drops by roughly a factor of two for the 10−4 and 10−3 M solutions, reflecting the effect of

the analyte’s ionic strength on injection volume. We have normalized the Y-axis to the

number of photons/molecule. For the domain where the injection volume appears to be well

behaved, the weighted average signal was 3.1 photons/molecule.

Peak Shape at High Concentrations

We measured the number of theoretical plates for the major peak across the concentration

range. The plate counts were constant at 900,000 ± 85,000 from 5 × 10−12 to 10−6 M, Figure

5. The plate counts decreased slightly at 10−5 µM and much more significantly at higher

injected concentrations.

Figure 6A presents a close-up of the main peaks generated by the 10−3 M sample. The ionic

strength of these components presumably perturbs the electric field in their vicinity, leading

to peak distortion.23 Such peak distortions lead to errors in calculation of peak moments.24

In particular, peak height is underestimated and peak width is overestimated.

Figure 6B shows the profile of a trace impurity, which retains a Gaussian shape. The high

ionic strength of the major components did not degrade the separation efficiency of the trace

component; the unfiltered peak generated 750,000 theoretical plates.

Single cell analysis

We applied the very wide dynamic range instrument to the analysis of the metabolic

products of single cells isolated from the rat cerebullum. Cultured cells were incubated with

the fluorescence glycolipid GM1-TMR, which serves as a substrate for catabolism within

the cell. Figure 7 presents electropherograms of the metabolic products from two single

cells. The cultured cells include mainly neurons along with a small number of support cells

isolated from the brains of young rats. Their diameters vary from 7 to 16 µm, which results

in an order of magnitude difference in volume. Additional factors, such as cell type and cell

age, apparently account for additional differences in the uptake and metabolism of the GM1

derivative.

Figure 8 presents the same data on a logarithmic intensity axis. The figure also presents

identification of the major and minor components, as determined by comparison with the

migration time of standard compounds. There is a remarkable difference in total signal,

which reflects differences in uptake between the cells, and in the generation of LacCer,

GlcCer, and the Unknown component, which reflects differences in metabolism between

cells

4.0 Conclusion

We have demonstrated nine orders of magnitude dynamic range in capillary electrophoresis

with laser induced fluorescence detection, and we have applied the instrument to metabolic

cytometry of the metabolic contents of single primary neurons.

It is interesting to speculate on improvements to this instrument. Performance at higher

concentrations is currently limited by electrophoretic peak distortion. While minor

improvements are possible by use of higher ionic strength separation buffers, those

improvements are limited. Significant improvements in dynamic range are only possible by

improvement in detection limit, which is limited by noise in the background signal. One

approach is to employ pulsed laser excitation and time-gated detection to discriminate

against scattered laser photons.25

Dada et al. Page 6

Anal Chem. Author manuscript; available in PMC 2012 April 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



The ultimate performance would range from single molecule detection to electrophoretic

saturation,26 which would allow the widest possible dynamic range in electrophoretic

detection—eleven or twelve orders of magnitude in analyte concentration should be

possible. Application of this technology to metabolic cytometry will be fascinating; every

product, down to the single molecule level, would be detected as long as the fluorescent tag

remains intact in those products.27

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic diagram of the very wide dynamic range laser-induced fluorescence detector with

a cascade of four fiber optics beam-splitters that divides the fluorescence signal into five

channels, which are monitored by avalanche photodiodes. APD 1 provides the highest

sensitivity but saturates at relatively low signal intensity. The beam-splitters successively

present attenuated signals to the other APDs. APD 5 monitors the most attenuated signal.
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Figure 2.

Corrected and scaled electropherogram of 1 µM solution of TAMRA recorded with five

photodiodes. The signals from APD 2, APD 3, APD 4, and APD 5 have been scaled to

account for attenuation by the fiber optic beam-splitters and combined to create a single,

very high dynamic range electropherogram. Panel A – The full scale data. Only the signals

from the two main peaks are observed. Panel B – Expansion of the y-axis by two orders of

magnitude to reveal minor components. Panel C – Expansion of the y-axis by two more

orders of magnitude to reveal trace components. A minute offset due to buffer

contamination is noted by the arrows. Another version of this figure is shown as Figure S1

in the supporting information for this paper; that version presents the Y-axis on a

logarithmic scale. The corrected signals from the individual diodes are shown in Figure S2.
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Figure 3.

Log-log calibration curve. Data are plotted ± one standard deviation of the mean. The

straight line is a weighted least-squares fit to the log-log data. The 3 σ detection limit (1 pM)

is plotted as the open circle and the extrapolation of the calibration curve to the detection

limit is shown as the dashed line. As we show below, the highest concentration samples

deviate slightly from the line because the ionic strength of the sample reduces the injection

volume compared to lower concentrations. The upper axis provides an estimate of the

number of molecules injected.
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Figure 4.

Plot of the number of photons detected per molecule across the sample concentration range.

The straight line is a weighted least squares fit of a line to the logarithm of concentration in

the range of 5 pM to 100 µM. Data are plotted as ± one standard deviation of the mean.

Dada et al. Page 12

Anal Chem. Author manuscript; available in PMC 2012 April 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 5.

Number of theoretical plates measured as a function of analyte concentration. Plates counts

were determined by fitting a Gaussian function to the unprocessed peaks. Data are plotted as

± one standard deviation of the mean.
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Figure 6.

Peak shape for 10−3 M sample. Panel A – Major components show fronting. Panel B –

Trace component generates a Gaussian peak.
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Figure 7.

Scaled electropherogram of two cerebellar granule neurons incubated with GM1 - TMR.

One cell generated an intense signal (green trace) while the other generated a much weaker

signal (blue trace). Panel A – Full-scale data. Panel B – Expansion highlights intermediate

amplitude components of the intense cell. Panel C – Further expansion highlights trace

components in the intense cell and major components in the weak cell. Panel D – Further

expansion highlights ultratrace components in the intense cell and minor components in the

weak cell.
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Figure 8.

Logarithmic Y-axis version of figure 7. The peaks are labeled based on the migration time

of standards.
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