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ABSTRACT: In capillary electrophoresis (CE), analyte identi-
fication is primarily based on migration time, which is a function of
the analyte’s electrophoretic mobility and the electro-osmotic flow
(EOF). The migration time can be impacted by the presence of
parasitic flow from changes in temperature or pressure during the
run. Presented here is a high-voltage-compatible flow sensor
capable of monitoring the volumetric flow inside the capillary
during a separation with nL/min resolution. The direct measure-
ment of both flow and time allows for compensation of flow
instabilities. By expressing the electropherogram in terms of signal
versus electromigration velocity instead of time, it is possible to
improve the run-to-run reproducibility up to 25X.

lectrophoretic separation techniques such as capillary

electrophoresis (CE) provide rapid and high-efficiency
separations. For this reason, novel, CE-based instruments for
point-of—care, remote, in situ, and autonomous operation are
being developed for a broad range of applications.' " In
portable, low fidelity systems, the voltage-driven electro-osmotic
flow (EOF) can be altered by uncontrolled operating temper-
atures and parasitic flow induced by pressure or gravity. These
effects lead to irreproducible migration times and can confound
analyte identification.

To account for these changes in the migration time, it is
possible to use computerized time scale compensation in CE,
which mainly focuses on peak mobility recalculation based on an
EOF marker, internal standard reference, thermal time marks, or
a two-step method."'~'® Unfortunately, recalculation ap-
proaches fail in cases where EOF fluctuations are unpredictable
and nonlinear."" While thermal marks are capable of handling
cases where the change of EOF velocity fluctuates, they
introduce baseline distortion spikes that can interfere with the
peaks of the analytes."?

In this publication, we describe how to continuously measure
the flow and temperature inside the capillary during the
separation to compensate for parasitic flow contributions and
improve run-to-run reproducibly.

B EXPERIMENTAL SECTION

Theoretical Model. In CE, the solutes in the sample plug
migrate toward the detector once an electric potential is applied
(Figure 1A). This migration velocity (v,) of an analyte can be
expressed as
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where I is the effective length of the capillary (in m) and £, is the
migration time of the analyte to the detector. The migration time
is what is commonly plotted in an electropherogram (“peak
position”). The observed migration velocity does not reflect the
true electromigration velocity of the analyte but is composed of
two vectors:

v,=nty
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where v, is the electromigration velocity of the analyte (in m/s)
and vy, is the actual flow velocity of the background electrolyte
(BGE) (inm/s). If the volumetric flow rate Q (in L/s) inside the
capillary is measured and known, then v, can be calculated with

L_Q
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where V, is the volume that a 1 m length capillary channel
occupies (inL). In CE, v itself has two contributors, the electro-
osmotic flow velocity vpop (driven by the EOF), and the
parasitic flow velocity, vpg.

(4)
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Figure 1. (A) Section view of a capillary. The sample’s migration during
a separation can be described with the migration velocity vectors v, as a
result of the superposition of the volumetric flow velocity v, and the
electromigration velocity of the analyte v, itself. (B) When flow in the
capillary is constant, peak spacing on the time axis is proportional to
migration time (gray). When flow varies during a separation (as is
shown here by the dashed blue curve) it directly influences the
migration times of the analyte peaks (red). When the flow rate is known,
it is possible to compensate for this parasitic flow and calculate the
electrophoretic velocity of the analytes (green).

Parasitic flow contributions include pressure- or gravity-driven
flow. The analyte’s migration time through the separation
process is affected by the variation in flow rate that was observed
before the peak was detected. Therefore, the average previous
flow rate up to time £,, is calculated. This can be expressed as v,.

1
(v X A
VQ(i)=ZI_1#, i=1,2, I

tp (8)
where vQﬂ(i) is the average linear velocity of the flow rate (in m/

s), iis a data point number, and I is a data point number at t, the
recorded migration time of the peak, v, the flow velocity at data
point i, A, is the discretization period (in s) at data point i, and ¢,
the migration time of the analyte (in s).

With eq S, the electromigration velocity (v,) of the analyte
(m/s) can then be calculated as

Y ©)

where v, is the observed migration velocity of the analyte that
corresponds to a certain peak (in m/s) and vQﬂ(i) is the average

linear velocity of the flow rate (in m/s). (Note here the
migration velocity is expressed in cm/min instead of m/s, as
centimeters and minutes are more commonly used in CE.)

Figure 1B is a visual representation of how measuring the
volumetric flow and expressing the acquired data as flow
compensated analyte electromigration velocity can dramatically
increase the reproducibility of CE experiments.

Besides correcting for parasitic flow contributions by
measuring the volumetric flow during a separation, we also
introduce an optional second step to correct for Joule heating
and separation voltage-induced effects. Joule heating, and hence

the increase in temperature, is a result of the electrical current
flowing through the capillary due to the applied electric
potential.'” Joule heating (and other effects) results in a
voltage—current nonlinearity. Therefore, as a first-order
approximation, Joule heating and hence the temperature can
be approximated by the relative increase of the separation
current. We here express the results of CE measurements in an
instrument-independent manner by dividing the analyte electro-
migration velocity v, by the separation current I, or if expressed
in SI units, meters per second divided by Amperes. Since
Amperes are equal to Coulombs per second, the resulting unit is
meters per Coulomb.

(m/s) _ (m/s) _ (m)

v
25 —

I (a) (C/s) (O (7)

First, it has to be noted that time and voltage have now been
eliminated entirely from the equation. Second, m/C should be
understood as “charge separation”, or as the distance which the
analyte travels in the BGE per one Coulomb spent to propel the
electromigration.

This work demonstrates how this method allows for the
alignment of electropherograms performed at completely
different voltages, which would not be the case if the results
were plotted versus time.

High Voltage Flow Sensor. High-resolution anemometers
(flow sensors) for microfluidic applications with sensitivities and
accuracies in the nL/min range have been on the market for a
few years.'®>° They have, for example, been used for the inline
calibration of liquid chromatography systems.”' >’ In these
sensors, the liquid flows through a small channel in a microchip
or capillary, where at its center, a heating element adds a minimal
amount of heat to the liquid (Figure 2).
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Figure 2. Inside the flow sensor: The liquid passes through an internal
channel in the flow sensor (bright blue). An integrated heater (H) in
close proximity to the fused silica wall locally heats up the liquid inside
the channel, while the temperature difference (AT) between two
temperature sensors (T1 and T2) is measured. (A) If there is no flow,
the temperature profile is uniform, hence T1 =T2,and AT=T2 - T1 =
0. (B) If there is flow in the positive direction, the temperature profile
gets distorted and T1 < T2, and AT = T2 — T1 > 0.

Two temperature sensors, one upstream and one downstream
of the heater, measure the temperature of the liquid. The
temperature difference between the two sensors is zero when
there is no flow and gets larger the faster the liquid is moving
through the channel. One commercially available version is, e.g.,
the LG16 series from Sensirion AG (Stifa, Switzerland). It can
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measure flow rates up to 7 4L/min with an accuracy of 5% of the
measured value (m.v.) or 0.3% of the full scale (f.s.), whichever
error is larger. The repeatability is 0.5% m.v. or 0.05% fs. In
general, this sensor can easily be connected to a CE capillary by
commercial compression fittings, and pressure-driven flow
through the capillary can accurately be measured through an
electrical interface. Additionally, the sensor’s wetted material is
solely fused silica, the same material as the capillary itself, which
helps to maintain the EOF. Nevertheless, the direct contact of
the fluid flowing through this sensor type prevents the
application of high voltage (HV), as the voltage could break
through the sensor and the electrical connection, compromising
the equipment and CE analysis.

To overcome this problem, an LG16—0150 flow sensor in
combination with an in-house, custom-designed high voltage
interface was used. The CE capillary (Series 106815 from Molex
Polymicro, SO ym inner diameter (i.d.), 363 ym outer diameter
(0.d.)) was connected to the flow sensor with standard
compression fittings (C-NNFFPK from Valco Instruments
Co. Inc., USA), in combination with a PEEK tubing sleeve (1/
32" 0.d. X .015" i.d,, part no. 1568, cut to length from IDEX HS,
USA). Because the capillaries exhibit an internal diameter of 50
pum, the —0150D over the —0025D sensor version was chosen
for this study, for which the sensor’s internal diameter (i.d.) of
the fluid channel is 150 gm versus 25 pm. If the flow sensor’s i.d.
were smaller than the capillary’s, it would act as a choke point.
Since the transition from the capillary to the larger i.d. of the
sensor would disrupt the sample plug, it was installed after the
detector. The maximum flow rate for the —0150D is 8 4L/min
and 1.7 yL/min for the —0025D version. On the basis of the
nature of this sensor to measure minute temperature differences
within the flowing medium, it allows us to precisely assess the
absolute temperature of the liquid. This temperature measure-
ment (S1 of the Supporting Information) can provide important
information, such as current or flow estimates based on Joule
heating, the potential of BGE to form bubbles due to elevated
temperatures, and temperature-induced peak broadening.

The sensor is mounted to a custom printed circuit board
(PCB) along with its power and communication lines (Figure
3A-D). The PCB is powered by a 9 V battery and houses a
microcontroller (ARM Cortex-M0+ STM32L0, STMicroelec-
tronics, Switzerland) that handles the direct communication
with the flow sensor via I*C protocol. This board is connected to
a second PCB via high voltage tolerant optocouplers
(OPI1268S, TT Electronics, United Kingdom), which use
light as a means of communication instead of electrical signals to
isolate the sending and receiving end electrically. The second
PCB is then connected to a computer or the CE instrument
itself. The two optocouplers allow for bidirectional communi-
cation via the microcontroller to the flow sensor while
electrically isolating the sensor’s communication terminal,
even when high voltage is applied. UART was chosen as the
serial protocol to communicate via the optocouplers since it
allows for two unidirectional lines, one for transmitting (Tx) and
one for receiving (Rx) data, ideal for the unidirectional
optocouplers. Additionally, in contrast to other protocols such
as SPI and I’C, no clock or chip select signal is required,
therefore also reducing the number of required optocouplers.

The flow sensor floats at the applied potential while it is
powered by the battery, which is also referenced to this floating
potential. The microprocessor firmware, as well as the hardware,
is designed to minimize power consumption to extend battery
life. Instead of using optocouplers for high-voltage-compatible
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Figure 3. Schematic representation of the high voltage flow sensor for
CE, top (A) and bottom view (B). The capillary (brown) is connected
to the flow sensor. A microcontroller communicates with the flow
sensor as well as the isolated “outside world” via two high voltage
optocouplers (blue). The isolated portion is powered by a 9 V battery.
The communication terminal is connected to the isolated PCB via
cables (black, red, yellow, and green) and exchanges data via standard
serial communication protocols. Photographs of the HV flow sensor
interface: Top view (C) and bottom view (D). (E) Schematic
representation of where the flow sensor is located in the custom CE-LIF
instrument.

means of communication, one could also use wireless trans-
mission such as WIFI, Bluetooth, or similar. The reason for this
high voltage isolation is to protect both the operator and the
measurement equipment. Besides the two optocouplers, the two
PCBs are mechanically connected via a CNC machined bracket
made from poly(ether imide) (PEI), an amorphous thermo-
plastic commonly used in high voltage electrical insulation
applications.

This HV flow sensor was installed in a custom-built CE
instrument equipped with a laser-induced fluorescence detector
(CE-LIF). The system comprised a grounded BGE reservoir
with platinum (Pt) anode, a 40 cm long capillary (30 cm to the
LIF detection window) with an i.d. of 50 ym (same capillary as
above), then the HV flow sensor, followed by a 10 cm long
capillary with an id. of 100 ym (TSP10037S, Polymicro
Technologies, USA) terminated in a high voltage reservoir, also
equipped with a Pt cathode (Figure 3E). The larger capillary,
100 pm i.d., same o.d. (363 um), was used to reduce the voltage
drop between the cathode and the detector and also to reduce
the risk of bubbles getting stuck inside the flow sensor. A high
voltage power supply (UM20N4/C/T /M from Spellman Corp.,
NY, USA) provided up to —20 kV to the cathode and was
controlled and monitored using an in-house built controller
board.”* Controlled pneumatic pressure (0—15 psi) applied to
the anode reservoir allowed for capillary conditioning and
hydrodynamic injection of the sample plug. The custom
epifluorescent LIF detector used a 488 nm laser (QFLD-488—
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20S, QPhotonics, MI, USA) for the excitation of the fluorescent
label and a photomultiplier tube (PMT) (H10721-210,
Hamamatsu, Japan) for the emission signal detection.”*® The
LIF signal, separation voltage, and the current were recorded at 8
Hz, and the flow and temperature inside the capillary at 2.5 Hz.
In accordance with the datasheet, the response time to flow
changes is 40 ms. The exact details of the CE-LIF instrument are
beyond the scope of this report and will be described elsewhere.
The goal is to demonstrate the working principle of this high-
voltage-compatible flow sensor, which is independent of the CE
system used. To underline the potential of the presented
method, the custom CE system used closed reservoirs, and the
height of the reservoirs relative to each other, as well as the
overall system temperature, were not tightly controlled. These
are all factors that can contribute to parasitic flow inside the
capillary and are relevant for portable, in situ, and also potentially
low-cost CE systems.

Chemicals and Reagents. Sodium tetraborate (STB),
dimethylformamide (DMF), methanol, hydrochloric acid
(HC1), sodium hydroxide (NaOH), fluorescein, and amino
acids were purchased as analytical grade reagents from Sigma-
Aldrich (St. Louis, MO, USA). S5-Carboxyfluorescein succini-
midyl ester (CFSE) was obtained from Invitrogen of Thermo-
Fisher Scientific (Waltham, MA, USA). All aqueous solutions
were made with 18 M X cm water.

A fluorescein standard was prepared at 10 mM in water and
diluted in water to 10, 100, or 500 nM before analysis by CE-
LIF. A standard solution of 1-Ala, -His, -Ser, -Val, and Gly
(hereafter referred to as “MixS solution”) was prepared at 5 uM
in SO0 mM STB. A concentrated standard mixture was labeled (1
UM Mix$, 20 uM CFSE) and left to react at room temperature
for 2 h then kept in the refrigerator. Samples were diluted in
water to 100 nM daily before analysis by CE-LIF.

Experimental Setup. To demonstrate the working
principle of the presented approach, a set of experiments were
conducted: (a) a simple measurement of the flow rate versus
applied voltage, (b) electromigration and detection of one single
compound (fluorescein), and (c) separation and detection of a
mix of five amino acids labeled with CFSE: (a) The flow rate
versus applied voltage (S2 of the Supporting Information) was
measured to prove the basic working principle of the high
voltage flow sensor and its capability to acquire the volumetric
flow inside the capillary despite the application of a high voltage
potential. First, the capillary was conditioned for S min with 0.1
N NaOH, followed by water for S min, and then 50 mM STB for
S min. With just the BGE inside the capillary (no sample
injection), the voltage was ramped from 0 to —15 kV at —1 kV
steps every 30 s, while recording the volumetric flow rate. (b)
Hydrodynamic injections of sodium fluorescein dissolved in
water at three different concentrations (10, 100, and 500 nM)
were performed at 3 psi injection pressure for 500 ms. Three
different concentrations were chosen to investigate whether
there is a concentration dependency on the proposed method.
The electrophoretic separation was executed at —15 kV, and
triplicate measurements were performed per fluorescein
concentration. The LIF signal, applied voltage, current,
temperature and flow were recorded in parallel. (c) Labeled
Mix$ solution was diluted in water to 100 nM and hydro-
dynamically injected at 3 psi for 500 ms. Three separations were
performed at —10 kV, and three at —15 kV, while again
simultaneously recording LIF signal, applied voltage, current,
temperature, and flow.

B RESULTS

The electropherograms for the nine fluorescein samples, three at
10, 100, and 500 nM each, are depicted in Figure 4A. The
average migration time for all nine runs was 9.24 + 0.33 min,
with an average relative standard deviation (RSD) between the
three triplicates of 3.54%. In this electropherogram, the LIF
signal intensity is plotted versus the migration time t, as
commonly done in capillary electrophoresis.
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Figure 4. (A) Triplicate electropherograms at 10, 100, and S00 nM
fluorescein in water expressed as signal versus migration time. BGE was
50 mM sodium tetraborate and separation voltage —15 kV. (B) Same
measurements but corrected with flow sensor data and plotted versus
analyte electromigration velocity v,. Negatively charged anions exhibit a
negative electromigration velocity, whereas it would be positive for
cations under the same conditions. Signals are plotted slightly offset
along the y-axis for better visibility.
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Since the volumetric flow inside the capillary was recorded in
parallel with the separation (see S3 of the Supporting
Information), the migration time can be converted with eqs
1—6) to the electromigration velocity of the analyte v,.

In contrast to Figure 4A, the x-axis in Figure 4B does not
represent the migration time t, but the electromigration
velocity v, in cm/min. The scale of the x-axis was reversed to
allow for easier visual comparison between the two graphs, with
negative values to the right-hand side of the y-axis.

The average electromigration velocity for fluorescein v, was
—6.49 + 0.01 cm/min, with an average RSD between the three
triplicates of 0.14%. This represents an improvement of more
than 25X compared to the original data, whereas traditional
compensation based on a neutral marker shows peak position
RSD of 0.59%. Fluorescein is an anion and therefore migrates
toward the anode or “against the EOF”, which results in a
negative v,z. The signal rectification enabled by the flow sensor
can also visually be confirmed by the almost perfectly
overlapping peaks in Figure 4B compared to the peaks in Figure
4A. The peak height remains unchanged as the conversion from
migration time to electromigration velocity does not affect the
signal intensity. At v, = 0, the migration velocity v, and the
volumetric flow velocity are equal (eq 6), and neutral species
comigrate at v, = 0, as they are not attracted to either pole. If
there were any detectable cations in the sample, they would be
expected to appear on the positive side of the x-scale. The flow
sensor data for these measurements is discussed in more detail in
the Supporting Information.

To demonstrate that this novel method also works for
multiple analytes, triplicate separations of five CFSE-derivatized
amino acids (100 nM MixS in water) were performed at —15 kV
(Figure SA). The average RSD for migration times was 3.32%.
When converted to analyte electromigration velocity v,, the
average RSD dropped to 0.44%, or an improvement of the
repeatability over all five amino acid peaks by a factor of 7.5.

The same experiment was repeated at —10 kV. When the
detector signals for the two separation voltages are plotted
versus m/C instead of electromigration velocity v,, the peaks
now align (Figure SB). The peak intensity and resolution remain
lower for the —10 kV separation compared to the —15kV, as one
would expect at lower field strengths, which causes longer
migration times and hence more time for the sample plug to
diffuse. Hence, this technique can be used to compensate for
peak shifts in the electropherograms that are caused by the
fluctuating current and voltage. Interestingly, calculations with
voltage alone do not provide such an improvement of peak
alignment as “charge separation” methodology does. Voltage
drop calculation on the separation capillary are provided in S4 of
the Supporting Information.

B CONCLUSION

In portable CE systems, gravity-driven flow can cause poor run-
to-run reproducibility. The sensor described here can be a
powerful tool to measure the EOF during CE separations in real
time. This information can be used to correct the analytical data
recorded by the detector, reducing ambiguities in peak
identification. We demonstrated that measuring the volumetric
flow inside the capillary during a separation allows for a powerful
correction method of electropherograms, improved RSD, and it
allows for better comparison between the acquired electro-
pherograms. A previous study shows that plotting electro-
phoretic mobility instead of time for x-axis improves peak
position repeatability almost up to five times.”” However, said
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Figure S. (A) Triplicate separations of MixS, at a concentration of 100
nM in water. BGE was 50 mM sodium tetraborate and separation
voltage —15 kV. Signals are plotted offset along the y-axis for better
visibility. (B) Six separations or 100 nM MixS, three at —15 kV (black,
red, and blue), and three at —10 kV (pink, green, and purple). (Top)
Standard electropherogram representation with signal versus migration
time. (Bottom) Signal versus “charge separation”.

technique requires internal markers, whereas our proposed
methodology is marker-free. Several attempts to plot electro-
pherograms in another way than migration time on the x-axis are
described in the literature. The inverted time domain, for
example, allows for improving peak position repeatability.”®
Additional computational methods further improve qualitative
and quantitative precision.”” The transformation of raw
electropherograms into continuous distributions allows visual-
izing the distribution of the chemical charge density or even
molar mass.” These approaches can be used as a robust tool in
metabolomics.”’
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Also, from an engineering perspective, this sensor can be
helpful to monitor capillary conditioning (SS of the Supporting
Information), or also to optimize hydrodynamic sample
injection. Moreover, the presented technology will help identify
faults, such as a clogged capillary, and provide telemetry, which is
critical for remotely controlled systems, e.g., for environmental
monitoring or for spaceflight.

Theoretically, this approach might allow for the measurement
of the hydrodynamic radius of the solutes (S6 of the Supporting
Information).”>™** The derived hydrodynamic radius of the
fluorescein molecule in borate buffer was in the same order of
magnitude as published in the literature.”>*” One could envision
plotting CE separations as signal versus hydrodynamic radius-
to-charge ratio (r;/z) instead of migration time, similar to mass
spectrometry, where the spectra are expressed in 7/z (mass over
charge) ratios instead of time-of-flight. These “electrophero-
spectra” for a given BGE could then be compared, independent
of the system that acquired it.

The authors hope that this HV-compatible flow sensor will
open new avenues for the CE community and aid in other fields
where precision flow measurements at the high voltage side are
necessary. It could potentially helg) improve dosing in electro-
spray-driven cancer treatment,”® electrospray-based gene
delivery,* electrospinnin§ applications,” and electrospray-
based propulsion systems.”""**
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