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g r a p h i c a l a b s t r a c t
� In microchip electrophoresis, there
has not been a fixed loop injector as
in HPLC to ensure consistent injec-
tion volume.

� A novel volumetric injector was
developed based on PDMS
microvalves.

� Sample injection repeatability is
significantly higher than other hy-
drodynamic and electrokinetic injec-
tion methods.

� Consistent injection is achieved, in-
dependent of sample constituents
and sample viscosity.

� When injector was coupled to a
capillary, separation could be ach-
ieved with good resolution.
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a b s t r a c t

A novel injector for microchip electrophoresis (MCE) has been designed and evaluated that achieves very
high repeatability of injection volume suitable for quantitative analysis. It eliminates the injection biases
in electrokinetic injection and the dependence on pressure and sample properties in hydrodynamic
injection. The microfluidic injector, made of poly(dimethylsiloxane) (PDMS), operates similarly to an
HPLC injection valve. It contains a channel segment (chamber) with a well-defined volume that serves as
an “injection loop”. Using on-chip microvalves, the chamber can be connected to the sample source
during the “loading” step, and to the CE separation channel during the “injection” step. Once the valves
are opened in the second state, electrophoretic potential is applied to separate the sample. For evaluation
and demonstration purposes, the microinjector was connected to a 75 mm ID capillary and UV absor-
bance detector. For single compounds, a relative standard deviation (RSD) of peak area as low as 1.04%
(n ¼ 11) was obtained, and for compound mixtures, RSD as low as 0.40% (n ¼ 4) was observed. Using the
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Microfluidics
Quality control
same microchip, the performance of this new injection technique was compared to hydrodynamic in-
jection and found to have improved repeatability and less dependence on sample viscosity. Furthermore,
a non-radioactive version of the positron-emission tomography (PET) imaging probe, FLT, was success-
fully separated from its known 3 structurally-similar byproducts with baseline resolution, demonstrating
the potential for rapid, quantitative analysis of impurities to ensure the safety of batches of short-lived
radiotracers. Both the separation efficiency and injection repeatability were found to be substantially
higher when using the novel volumetric injection approach compared to electrokinetic injection (per-
formed in the same chip). This novel microinjector provides a straightforward way to improve the
performance of hydrodynamic injection and enables extremely repeatable sample volume injection in
MCE. It could be used in any MCE application where volume repeatability is needed, including the
quantitation of impurities in pharmaceutical or radiopharmaceutical samples.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Capillary electrophoresis (CE) is a powerful separation tech-
nique with high separation efficiency, flexibility in separation
mechanism, low consumption of sample and reagents, and simple
instrumentation [1,2]. CE is employed in diverse applications
including DNA and protein separation [3e5], detection of disease
biomarkers [6,7], environment monitoring on earth and other
planets [8,9], food (e.g. wine) analysis [10], and pharmaceutical
analysis [11e13]. Unlike other separation methods such as high-
performance liquid chromatography (HPLC), CE can more readily
be miniaturized using microfluidic chip technology [14e17]. This is
especially important for applications where compactness, porta-
bility, and/or low cost are needed. Miniaturization confers even
further advantages, including lower sample consumption,
improved resolution, shorter separation times, improved repro-
ducibility (e.g. from improved temperature control), and increased
sensitivity and diversity of detection methods [18e20]. We have
previously explored the feasibility of using CE as a replacement for
HPLC during quality control (QC) testing of batches of short-lived
radioactive positron emission tomography (PET) tracers for medi-
cal imaging.With CE, comparable separation performance and limit
of detection could be achieved, while analysis times could be
shortened in some cases. This is part of a larger effort tominiaturize
all stages of tracer production to reduce costs of radiation shielding,
equipment, and overall production, which could increase access to
diverse PET tracers [21e24].

However, CE has often been considered to have inferior repro-
ducibility compared to other separation techniques such as HPLC or
gas chromatography (GC) due to sample injection bias, sample
leakage and other factors inherently induced by current sample
injection methods, and thus has not been as widely used in quan-
titative analysis [25e27]. Numerous advances have largely elimi-
nated this concern in recent years [17,28], though achieving the
desired degree of reproducibility (e.g. peak area RSD <2% [29])
remains a challenge in many cases. In HPLC, highly repeatable
sample volumes are achieved by using “injection valves”. In the
“load” state of these specialized two-state valves, a “loop” of well-
defined volume is filled with the sample, and, when switched to the
“inject” state, this sample is injected directly into the separation
pathway. Suchmethod has not been directly applicable to CE due to
the much smaller sample volume requirements of CE as well as
issues arising from the use of high voltages. However, by devel-
oping an electrical decoupler, a similar approach has been shown in
conventional, macroscale, CE systems [25,30]. Sample was loaded
into a nanoliter-scale injection valve, then pushed via a syringe
pump through the electrical decoupler into the separation channel,
after which the CE voltage can be applied. Combining this approach
with low temperature operation, peak area RSD was reported to be
0.5e2.7%.
In microchip electrophoresis (MCE), however, it is generally

preferable that the injection method be integrated directly into the
microfluidic chip rather than relying on external systems. Though a
wide variety of methods have been explored to increase the reli-
ability of sample injection in MCE [31e33], to the best of our
knowledge, there has not been a fixed loop injector as in HPLC that
allows the same quantity of sample to be introduced per injection
[27]. Typically in MCE devices, injection of sample into a separation
channel occurs at the intersection point between a sample channel
and the separation channel. The intersection may be a “T”, a cross, a
“double T”. With a T junction, the sample flows directly into the
separation channel and control of timing or the sample flow de-
termines the injection volume. With a cross or double-T injection,
the sample flow crosses the separation channel and flows toward a
(sample) waste outlet; the detailed geometry of the junction and
operation sequence/timing generally determines the injection
volume.

A common way to induce the sample flow is by applying a po-
tential between the sample and a waste well (electrokinetic injec-
tion). While very simple and offering the possibility to perform
integrated sample concentration (i.e. stacking) [34], this method
suffers from injection bias in which solutes with higher electro-
phoretic mobilities are preferentially introduced, resulting in a
difference between the compositions of the original and injected
samples [33,35]. The problem is exacerbated with repeated in-
jections, though several groups have developed methods to
replenish the sample to mitigate long-term changes in sample
composition [36,37]. The electrokinetic injection method is also
sensitive to the voltage and to many properties of the sample (e.g.
conductivity, pH, possibility of complex formation, electrolysis)
[33].

To overcome these drawbacks, pressure-driven injection is
becoming more widely used [33]. It is often performed in a cross or
double-T geometry by applying a pressure difference between two
points to drive sample into the separation channel, and then sep-
aration voltage is applied. The resulting sample plug is free of in-
jection bias (thus representative of the original sample). The
sample can be driven by hydrostatic pressure [38], with a syringe
pump [39], or by applying positive or negative pressure to the
sample well [40,41]. A variety of other “plug shaping” techniques
have been developed to reduce the sample volume and/or avoid
sample “leakage” [39,42], or to improve control of the sample
volume [43], but they tend to add complexity and sometimes
introduce injection biases.

Despite the advantages of these pressure-driven injection
methods, injection reproducibility remains too low in many cases.
Rather than rely on geometry to control the injection volume,
several methods rely on internal pumps and valves to exert more



N.S. Ha et al. / Analytica Chimica Acta 985 (2017) 129e140 131
precise control over the amount of sample injected. One approach
is to use microvalve-based chips [44], typically made from poly(-
dimethylsiloxane) (PDMS). The basic concept is to apply constant
pressure to the sample and use a computer-controlled microvalve
that can be momentarily opened to inject the sample into the
separation channel [40,42]. Such valve-based approaches exhibit
repeatable sample injection, yielding RSD of the peak area in the
range of 1.76e5% [32,45,46]. Though pressure-driven injection
eliminates analyte-dependent electrokinetic bias, it could still
suffer from other types of variations due to its dependence on flow
rate of the sample and microvalve timing to determine the volume
injected and could be influenced by the sample properties such as
viscosity, which can vary significantly with temperature.

In addition to timing-based valves, other approaches have been
developed in an attempt to improve repeatability and reduce
dependence on sample properties. Bowen and Martin reported
controlling the actuation time and frequency of an on-chip peri-
staltic pump, rather than timing and pressure, to achieve consistent
injection volume [47]. Karlinsey et al. reported a similar approach
with a CV of peak area of ~5% [48]. There also has been an attempt
to combine the on-chip pump with a valve-enclosed sample
loading area; however, it would be challenging to achieve injection
repeatability due to problems associated with the large dead vol-
ume [49]. Solignac and Gijs reported a different method inwhich an
elastomeric membrane is actuated with an electromagnet to
generate a pressure pulse to inject a controllable amount of sample
[50]. Though most of these reports did not include reproducibility
data, it is expected that all of these methods would still depend on
fluid properties similar to hydrodynamic injection.

In this paper we develop a valve-based microchip injection
method that eliminates all of these biases and is similar in opera-
tion to an HPLC injection valve. Using PDMS microvalves placed
around the separation channel, a well-defined fixed volume can be
confined within the separation channel in a loading step [51]. Due
to the volumetric metering approach, this method eliminates the
injection bias found in electrokinetic injection and eliminates the
influence of several variables in valve-based injection such as
driving pressure, valve response times, or properties of the sample
(e.g. viscosity). Furthermore, unlike previously reportedmethods to
meter accurate volumes in an external injection loop, this method
is directly integrated into the chip, avoids the need for an electrical
decoupler, and avoids dispersion and mixing because the sample
does not need to be moved before separation can begin. Thus
substantially improved injection repeatability can be expected. We
characterize the performance, compare to conventional hydrody-
namic injection and electrokinetic injection, and demonstrate the
independence from fluid properties such as viscosity.
Fig. 1. 3D representation and detailed channel design of the PDMS microfluidic chip conne
geometry. Valve control channels are shown in orange and fluid handling channels are shown
B. The injection chamber is outlined in a red dashed box. vx ¼ valve control port. (C) Microgr
in this figure legend, the reader is referred to the web version of this article.)
2. Materials and methods

2.1. Reagents and solutions

Sodium phosphate monobasic (NaH2PO4), sodium phosphate
dibasic dihydrate (Na2HPO4), sodium dodecyl sulfate (SDS), sodium
hydroxide (NaOH), 3’-deoxy-3’-fluorothymidine (FLT), thymidine,
20,30-didehydro-30-deoxythymidine (Stavudine) and zidovudine
impurity B (chloro-L-thymidine; CLT) were purchased from Sigma
Aldrich (Milwaukee, WI, USA). Glycerol (AR® ACS) was purchased
from Avantor Performance Materials, Inc. (Center Valley, PA, USA).
All chemicals were of analytical grade and were used as received
without further purification. Deionized water (18 MU) was ob-
tained using a Milli-Q® Integral Water Purification system (EMD
Millipore, Billerica, MA, USA).

2.2. Microfluidic chip design and fabrication

The microfluidic injector chip and details of the channel design
are shown in Fig. 1. To achieve a well-controlled injection volume,
sample is loaded into a fixed-volume chamber within the chip. The
chamber is formed from a segment of a microchannel bounded by
closed microvalves. The geometry and positioning of the micro-
valves are designed to minimize the dead volume. Inlets and outlet
are connected to the sides of the chamber via microvalves to enable
sample loading and washing. Once the chamber has been filled,
microvalves at the ends of the chamber are opened, allowing the
contents to be injected into the separation channel.

The chip was fabricated in the UCLA Integrated Systems Nano-
fabrication Cleanroom (ISNC) from poly(dimethylsiloxane) (PDMS)
using multilayer soft lithography [44]. The chip consisted of two
layers of PDMS bonded to a bottom PDMS substrate layer. Inte-
grated microvalves were formed via a “push-up” valve architecture
[52], with valve control channels (15 mm deep x 75 mm wide)
molded in the thin PDMS layer closest to the substrate, and fluid-
carrying (“flow”) channels (20 mm deep x 75 mm wide) molded in
a thicker layer above. The flow channel layers had a rounded cross
section to enable complete channel sealing when underlying con-
trol channels were actuated. To minimize dead volumes, micro-
valves were placed as close as possible to the edge of the channel
they were blocking. Details of the fabrication of molds and micro-
fluidic chips are described in the Supporting Information.

Separation was performed in a 20 cm long, Teflon-coated fused
silica capillary (75 mm I.D., 375 mm O.D; Polymicro, Phoenix, AZ,
USA) connected to the PDMS chip. In initial experiments, the
capillary was connected via a port perpendicular to the channel
(“perpendicular junction”). While suitable for characterizing
cted to a capillary with (A) perpendicular junction geometry and (B) collinear junction
in blue. Micrograph of the collinear junction (blue dashed box) is shown in the inset in

aph of the region in the black dashed box. (For interpretation of the references to colour
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volume repeatability, the dead volume inherent in this design led to
non-optimal separation. Thus, in later experiments, the capillary
was connected by insertion directly into the microchannel through
the side of the microfluidic chip (“collinear junction”). The two
chip-to-capillary junctions are illustrated in Fig. 1.

2.3. Microchip and capillary conditioning

The chip was hydrated prior to conditioning by filling the chip
and capillary with water via the buffer inlet port. Water was loaded
at 10 psi for 30 min to ensure all air was purged from the device.
The chip was placed in a Petri dish containing a damp Kimwipe and
wrapped with parafilm and the other end of the capillary was
inserted into a septum-sealed vial containing DI water. Condition-
ing, to form hydroxyl groups [53] was performed by following this
same procedure using 1 M NaOH instead of water. Just prior to use,
the NaOH was flushed first with water and then the separation
buffer, i.e., 30 mM sodium phosphate buffer with 100 mM SDS.

2.4. Capillary electrophoresis setup

The overall setup to evaluate the PDMS injector chip is shown in
Fig. 2. The capillary extending out of the hybrid chip runs through a
detection cell and the other end is placed in a PDMSwastewell. The
waste well is fabricated from two 100�1/200 PDMS slabs (~5 mm
thick). Awell is created by punching a 4.75 mm ID hole through the
top slab prior to corona discharge bonding of the two slabs
together.

The sample (~1 mL) was contained in a 2 mL septum-sealed vial
(Fisherbrand™ 2 mL screw thread autosampler vial, Thermo Fisher
Scientific, Waltham, MA, USA). Pressurized nitrogen gas was sup-
plied to the vial through an electronic pressure regulator (ITV0010-
3BL, SMC Corporation of America, Noblesville, IN, USA) set to a
pressure of 1.5 psi. The vial also contained an outlet tubing (#30
PTFE tubing) connected to the sample inlet port of the injector chip.
The buffer was contained in an identical vial, supplied with 6.0 psi
nitrogen pressure, and with the outlet tubing connected to the
buffer inlet of the injector chip. On-chip microvalves were each
controlled by the common port of an external solenoid valve
(S070B-5DG, SMC Corporation), connected to the chip via #30 PTFE
Fig. 2. Experimental setup for eva
tubing. The solenoid valves switched between two states: (i) sup-
plying pressurized nitrogen (35 psi) to close the on-chip micro-
valve, and (ii) venting to atmosphere to allow the on-chip
microvalve to open via elastic restoration of the PDMS. To avoid the
generation of air bubbles inside the sample-containing channels of
the chip, the valve control channels were filled with water. To
achieve this, the end of each PTFE tubing was immersed in DI water
and a ~100 water plug aspirated into the tubing prior to connection
to the chip. By then supplying 35 psi pressure to each tubing for a
few minutes, the small amount of air trapped in the corresponding
channel was eliminated prior to operation.

Injected samples were separated via micellular electrokinetic
chromatography (MEKC). The separation voltage was provided by a
0e30 kV high voltage DC power supply (HV350, Information Un-
limited, Amherst, NH, USA). The tip of the high voltage electrode
wire was submerged in the separation buffer well of the injector
chip and that of the ground electrode wire was submerged in the
PDMS waste well. Electrodes were held in place by electrically-
insulated clamps mounted on a retort stand. 4 kV was supplied to
achieve a field of 190 V/cm across the separation channel (~1 cm
long channel in chip plus 20 cm long capillary). CE voltage was
turned on or off using a solid-state relay in series with the high-
voltage side of the circuit. During operation, DC current was
monitored in real-time via a digital multimeter (Model 2831E, BK
precision, Yorba Linda, CA, USA) to detect any abnormal behavior of
the chip such as air bubble formation followed by electrical arcing.
The typical current was ~0.6mA. If arcing occurred, the high voltage
was immediately interrupted and the channel and capillary were
flushed with buffer for 2 min to purge any bubbles and re-
equilibrate the inner surfaces.

The detection cell was located 16 cm from the inlet of the
capillary, i.e. 17 cm from the point of injection. It consisted of a 4-
way junction (PEEK Cross, P-729, Idex Health & Science, Oak Har-
bor, WA, USA) for aligning the illumination and detection optical
fibers with the capillary to perform UV absorbance measurements.
Illumination was provided by a deuterium continuous light source
(DH2000-DUV, Ocean Optics, Inc, Dunedin, FL, USA) and detection
was performed via a spectrometer (USB4000, Ocean Optics, Inc,
Dunedin, FL, USA). UV absorbance was measured at 262 nm, cor-
responding to the wavelength of maximum absorbance for the
luation of micro-injector chip.



Fig. 3. Schematic view of injector chip operation for volumetric injection (A) and timed injection (B). Solid red boxes indicate closed microvalves and hollow red boxes indicate open
microvalves. Arrows indicate direction of fluid flow. Channels filled with buffer are shown in blue while those filled with sample are shown in green. The capillary and waste well
are connected for all steps but for clarity are only depicted in the final step when the separation voltage is applied. Diagrams not to scale. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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model compounds used (see Supporting Information).
The solenoid valves, digital pressure regulator and spectrometer

were connected to a digital acquisition (DAQ) module (USB 6211,
National Instruments Corporation, Austin, TX, USA). A custom-
written LabVIEW program (National Instruments Corporation,
Austin, TX, USA) was used to coordinate the timing of all functions.
2.5. UV absorbance measurements

Spectrometer output was recorded at a rate of 10 samples/s
since the time of injection to create an electropherogram. The
transmitted light intensity across the buffer-filled capillary, IB, was
measured by the spectrometer prior to sample injection and used
as a reference. Then, the absorbance of the sample (AS) was calcu-
lated as AS ¼ log10(IS/IB), where IS is the transmitted light intensity
across the capillary containing the sample as measured by the
spectrometer.
2.6. Chip operation

2.6.1. Volumetric injection
The detailed steps involved in operation of the chip to perform

volumetric injection are shown in Fig. 3A. The basic approach is to
prefill a fixed chamber (to volumetrically measure the sample),
then open valves to fluidically connect this chamber to the sepa-
ration channel, and finally apply the electric potential. The chamber
was a channel of length 4mm (75 mmwide, 20 mmdeep). Due to the
rounded profile the nominal volume is approximately 4 nL. In our
chip design, a valve (v7) was also included in the middle of this
chamber, enabling switching to a chamber of only half the volume
(i.e. ~2 nL). This valve is not shown in Fig. 3A, but is shown in
Figure S-2 of the Supporting information. Valve v4 was not used
andwas kept closed at all times. Before operation, the chip was first
primed with buffer (Step 1) to ensure that the tubing from the
buffer vial and all channels are filled with buffer. This was accom-
plished by pressurizing the buffer vial (6 psi) and opening valves v1,



Fig. 4. (A) Example electropherogram of single injection of 50 mM thymidine using the microfluidic volumetric injector chip. (B) Example electropherogram for sample of 50 mM
FLT. (C) Assembled electropherograms of successive injections (n ¼ 11) for 50 mM thymidine. Peak area RSD was 1.04%. There is a gap between peaks because the wells were
replenished between runs to avoid effects of buffer depletion. (D) Assembled electropherograms for 50 mM FLT. Peak area RSD was 1.55%.

Table 1
Summary of RSD for single-compound injections using volumetric injection and
timed injection in the same PDMS chip design. Each RSD value is computed from
n ¼ 11 individual injections. A fresh microfluidic chip was used for each trial and for
each compound.

Injection method Injection parameters Trial Peak area RSD (%)

thymidine FLT

Volumetric injection Sample volume ¼ 4 nL 1 1.34 1.79
2 1.04 1.55
3 1.47 1.74

Timed injection Injection time ¼ 600 ms 1 3.37 7.16
2 4.59 1.86
3 2.04 3.65
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v3, and v6 until the entire channel and capillary were filled with
buffer, and the buffer started flowing out of all the ports and buffer
well. Next (Step 2), the sample inlet was primed to ensure that the
tubing from the sample vial as well as the sample inlet channel
were completely filled with sample. This could be accomplished in
two ways. In the first method (shown in the figure), the sample vial
could be temporarily pressurized to a higher pressure (e.g. ~10 psi)
causing the air ahead of the sample to permeate out through the
PDMS until the sample inlet was completely filled with sample up
to the valve v5 (blind filling). A faster method is to purge the air by
applying the normal sample pressure and opening both v2 and v5
until all of the air has passed through v5, the sample chamber, and
past v2.

After priming, the sample chamber is loaded by pressurizing the
sample to 1.5 psi and opening valves v2 and v5 (Step 3). Once the
sample has started exiting the chamber through the waste, v5 is
closed first, followed by closure of v2 after a ~2s delay (Step 4). The
delay is included so that the sample pressure (1.5 psi) is not
“trapped” in the sample chamber, which could distort the PDMS
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and change its volume [54]. The sample is then injected by opening
valves v1 and v6 (Step 5), allowing a brief delay (150 ms) to ensure
the valves are fully open, then applying the electrophoretic po-
tential (Step 6).

Though completion of chamber loading was monitored by
observing liquid emerging out of the waste port, which could
consume a relatively large amount of sample, it is conceivable to
use other means such as on-chip peristaltic pumping for a certain
number of cycles [47] to minimize sample consumption associated
with each injection.

2.6.2. Timed hydrodynamic injection
Using the same chip, it is also possible to perform conventional

hydrodynamic sample injection, providing an ideal benchmark for
comparison of the performance of the two injection methods.
Basically, the sample is pressurized and a microvalve is momen-
tarily opened to admit a small amount of sample into the separation
channel. The detailed operation of the chip to perform “timed in-
jection” is shown in Fig. 3B. Before use, the chip is first primed with
buffer (Step 1) by pressurizing the buffer vial and opening valves v1,
v3, and v6 until buffer started flow out of all the ports and buffer
well. Next, the sample inlet is primed (Step 2) using either of the
two methods described in the previous section. If the “purging”
method is used, it necessary to flush the sample out of the sepa-
ration channel by flowing buffer through v3 and v2.

To load the sample, valve v1 is opened, and then valve v5 is
momentarily opened for a fixed time to allow sample to fill part of
the main channel in the chip (Steps 3e4). The opening time
(600 ms) was chosen to achieve a comparable injection volume as
the volumetric injection method (see Supporting Information for
details). The peak area resulting from volumetric injection was
measured to be 3.5 AU-sec and 6.3 AU-sec for the timed injection.To
inject the sample, v1 and v6 were opened (Step 5), followed by a
brief delay (150ms), and then electrophoretic potential was applied
(Step 6).

It should be noted that in many reports of timed injection, there
is no valve interrupting the separation channel. Since the sample
flow is less constrained in that case (i.e. it flows both upstream and
downstream into the separation channel), we believe such form of
timed injection would have comparable or inferior performance to
that reported here.

2.7. Injection performance characterization

Using the same chip design, comparisons were made among
volumetric injection and timed hydrodynamic injection, as well as
electrokinetic injection (see Supporting Information).

Injections were performed with single compounds initially, and
then mixtures of multiple compounds. The single-compound
samples comprised thymidine in DI water or FLT in 95:5 water:-
acetonitrile (v/v). The mixture sample contained thymidine, stav-
udine, FLT, and CLT in water. These represent the product and
structurally-similar side products in the synthesis of the positron
emission tomography (PET) tracer [18F]FLT [55,56]. Each injection
resulted in an electropherogram. The detected UV absorbance
peaks (at 262 nm) were fit to a Gaussian profile to determine the
peak area andmigration time (tm; peak center) from each injection.
Injection repeatability was measured by performing multiple in-
jections in the same chip and calculating the RSD of peak areas. Sets
of injections were performed in different chips to determine
consistency.

Since peak symmetry can affect the resolution for mixture
samples, we also characterized the peak symmetry by computing
the U.S. Pharmacopeia (USP) tailing factor for each peak: Tf ¼ wac/
2wab, where wac is the peak width at 5% of the peak height, and wab
is the front half-width measured from the leading edge to a
perpendicular dropped from the peak apex at 5% of the peak height.
Tailing factor close to 1 is desired. The number of theoretical plates
was also calculated for each peak: N¼ 16� (tm/W)2, where tm is the
migration time and W is the baseline peak width determined via
the tangent method (see Supporting Information). For mixture
samples, the peak resolution between pairs of neighboring peaks
was calculated: R¼ (tm2-tm1)/0.5*(W1þW2), where tmi is migration
time and Wi is the peak width at baseline (tangent method) for
each peak (i ¼ 1,2).

To avoid effects of buffer depletion, which can affect the
migration speed and hence the peak area, the fluidic channels were
flushed with fresh buffer solution after each individual injection. In
addition, the buffer well and waste well were replenished with
~120 mL each of fresh buffer solution. It may be possible to avoid the
need for manual buffer exchange by implmenting wells for buffer
and waste that have larger volume. Alternatively, a more sophisti-
cated microfluidic chip could be designed that includes additional
valves and pumps to perform automated buffer exchange.

3. Results and discussion

3.1. Comparison of injection performance

In volumetric mode, the microfluidic chip with perpendicular
chip-to-capillary junction was used to inject successive ~4 nL
samples of single compounds. For each run, the electropherogram
showed a flat baseline with a sharp single peak (Fig. 4A,B). The
migration time for thymidine was 207 ± 2 s (n ¼ 11), and that for
FLT was 221 ± 6 s (n ¼ 11). Examples of the UV absorbance peaks
from 11 successive injections in the same chip are shown in Fig. 4C
for 50 mM thymidine, and Fig. 4D for 50 mM FLT. Table 1 compares
the peak area RSD values. As summarized in Table 1, the peak area
RSD values for 3 trials (of 11 injections each) were 1.34%, 1.04%, and
1.47% for thymidine, and 1.79%, 1.55%, and 1.74% for FLT.

The small RSD values are comparable to or better than literature
reports. To the best of our knowledge, the best reported peak area
RSD was 1.77% (n ¼ 15) using a PDMS chip with integrated
microvalves for timed hydrodynamic injection [45]. Since there are
many factors of the setup that could affect the apparent consistency
of the results (e.g., optical setup, light source stability, detector
performance), our results likely cannot be directly compared to
those of Li et al.

To better gauge the enhanced performance of volumetric in-
jection, we also performed timed hydrodynamic injection in the
same chip to eliminate potential variables. As expected, operation
in time-dependent injectionmode resulted in higher peak area RSD
compared to volumetric injection. For thymidine, we observed
peak area RSD values of 2.04%, 3.37% and 4.59% in three chips (11
injections per chip), and for FLT we observed values of 1.86%, 3.65%
and 7.16%. Clearly, using the same chip and CE setup, volumetric
injection shows significantly improved performance over timed
injection.

3.2. Sources of variation in timed injection

We investigated some factors that affect only the timed injec-
tion method to see if they could potentially explain the different
performance (peak area RSD) between the two injection methods.

One consideration is the stability and repeatability of the pres-
sure source. The flow rate of the sample would be expected to
change linearly with any pressure changes. Some reports have
controlled pressure via fluid height (hydrostatic pressure)
[38,57,58] or external syringe pump [39,59], while we used an
electronic pressure regulator. The regulator is reported to have a
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stability of ±0.2% of full-scale value (i.e. ±0.06 psi). Since the sample
pressure was nominally 1.5 psi, it is possible that pressure fluctu-
ations could be responsible for at least some of the observed
variation.

Another consideration is the consistency of microvalve opera-
tion: any variation in the opening or closing time could potentially
affect the total amount of time the sample is flowing into the
separation channel, and thus the volume that is loaded. The actual
time the microvalve is open is the programmed opening time
minus the opening response time plus the closing response time.
The response times depend on several parameters: (i) the pressure
of the gas used to control the valves (which may be subject to some
fluctuation), (ii) the electromechanical response time of the
external solenoid valve that switches between pressurized and
vented state, (iii) the fluidic delay due to movement of pneumatic/
hydraulic fluid within the valve control channel and valve control
line (which would vary based on the amount of hydraulic fluid in
the lines), and (iv) the mechanical deflection of the microvalve
membrane (which would vary depending on the thickness of the
micromachined valve membrane and the elastic properties of the
PDMS). By monitoring the electrical current through a micro-
channel, we found in some cases significant variation (up to several
%) in the total open time for a single valve or for different valves in
the same chip (see Supporting Information). Variations in amount
of hydraulic fluid in the valve control lines seem to have negligible
effect on the total open time of the valves (see Supporting
Information).

Volumetric injection, on the other hand, provides a way to use
similar technology for injection (i.e. microvalves), but eliminate the
effect of any variability in driving pressure, valve response times,
etc.
3.3. Effect of sample viscosity

The volumetric flow rate, Q ¼ Dp=R, can be affected by the
stability of the driving pressure Dp or by the fluid resistance, R,
Fig. 5. (A) Representative electropherograms of thymidine samples with different viscositie
that the small negative peak in the eletropherograms for the higher viscosity samples likely
each) observed at detector after separation voltage applied. The use of timed injection result
injection, the peak area is independent of viscosity.
which is highly dependent on the geometry of the channel as well
as fluid properties (i.e., proportional to sample viscosity). A higher
viscosity sample will flow more slowly than a low one, so any in-
consistencies in sample concentrations, sample buffer composition,
or temperature (e.g. Joule heating over time) can lead to poor
reproducibility. The latter can be a significant issue as viscosity of
aqueous solutions can exhibit significant temperature dependence
(e.g., at room temperature, the viscosity of water or saline solution
can vary ~2%/�C [60,61]). One of the expected advantages of volu-
metric injection is that the loaded volume should be independent
of the fluid properties. We compared the effect of viscosity on the
quantity of sample injected for the two injection methods (Fig. 5).
Samples consisted of 50 mM thymidine dissolved in DI water or
dissolved in 30% glycerol/water (v/v), with expected dynamic vis-
cosities of 0.893 mPa-s and 2.57 mPa-s, respectively, at room
temperature [62,63].

For timed injection, the higher viscosity sample showed
significantly lower peak area compared to non-viscous sample
(p ¼ 8 � 10�8 << 0.05, two-tailed T-test). The peak area was
3.58 ± 0.10 AU-sec (n ¼ 6) for the low viscosity sample and
2.84 ± 0.09 AU-sec (n ¼ 6) for the high viscosity sample. Based on
the Hagen-Poiseuille equation, the flow rate is expected to be
inversely related to the dynamic viscosity, and so a nearly 3-fold
reduction in injected volume would be expected based on the
viscosity differences (for the same driving pressure and valve
opening time). A smaller reductionwas seen, perhaps due in part to
the elastic nature of the PDMS which may expand slightly and tend
to reduce the fluidic resistance, counteracting the effect of
increased viscosity.

In contrast, with volumetric injection, the peak areas of the low
and higher viscosity samples were not significantly different
(p ¼ 0.20). The lower viscosity sample had peak area of 3.05 ± 0.08
AU-sec (n ¼ 6), while the higher viscosity sample had peak area of
3.10 ± 0.05 AU-sec (n ¼ 6). Thus the volumetric injection technique
is expected to prevent differences in injection amounts for different
samples, or for the same sample at different temperatures. This
s injected via timed injection (hydrodynamic injection) and volumetric injection. Note
represents the glycerol that is present in these samples. (B) Averaged peak area (n ¼ 6
s in variation in peak area (i.e. amount injected) depending on viscosity. For volumetric



Fig. 6. CE electropherogram showing baseline separation of a mixture of 4 compounds using the microfluidic volumetric injector chip and 20 cm capillary connected via collinear
junction. Injected sample contained: 20 mM thymidine (peak 1), 13.6 mM Stavudine (peak 2), 16 mM FLT (peak 3) and 14 mM CLT (peak 4).
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could enhance quantitative performance in situations where a va-
riety of different samples (or sample buffers) may be injected in
sequence.

3.4. Other comparisons between injection methods

An advantage of timed injection is that different injection vol-
umes can easily be achieved via control of the valve opening time.
This flexibility can be used to accommodate different length cap-
illaries or other variations in CE method that might require
different sample amounts. In the volumetric approach, the volume
too can be adjusted, but requires redesign of the chip to implement
a chamber of different volume. Alternatively, modest changes in
volume could be achieved by filling the chamber under pressurized
conditions, which leads to a predictable expansion of the chamber
volume [54]. (The loading process would need to be slightly
modified to ensure that the sample chamber is closed while still
under pressurized conditions.) Another possible approach to add
volume flexibility is to introduce several microvalves along the
sample chamber to allow the length of the chamber to be
dynamically adjusted (in discrete steps) [64], as was done in the
chip designed in this study (i.e. either ~2 or ~4 nL injection volume;
see Supporting Information, Figure S-2).

Another difference between the two injection methods is the
flow profile. The hydrodynamic flow associated with timed injec-
tion has a parabolic velocity profile (i.e. faster flow in middle of
channel compared to flow near the walls), which could lead to a
small amount of dispersion in the sample plug as it is loaded from
the inlet into the separation channel. In contrast, in volumetric
injection, the injection chamber is part of the separation pathway
and the sample does not undergo this dispersive flow prior to
experiencing the separation potential.

3.5. Improvement of peak symmetry

It was evident from the electropherograms (e.g. Fig. 4) that there
was significant peak tailing for both the volumetric and timed in-
jection approaches. For samples of 50 mM FLT, the tailing factors
were 1.78 ± 0.2 (n¼ 8; volumetric injection) and 1.80 ± 0.19 (n¼ 8;
timed injection), and for 50 mM thymidine, the tailing factors were
1.62 ± 0.14 (n ¼ 8; volumetric injection) and 1.85 ± 0.05 (n ¼ 8;
timed injection).

We suspected the tailing was largely due to the chip-to-capillary
junction. The “perpendicular” junction used in initial studies has
significant dead volume (see Supporting Information), which is
known to be a cause of dispersion and potentially peak asymmetry
as the sample plug is flowing through that region [65,66]. To
attempt to resolve the issue of peak shape, we implemented an
improved chip-to-capillary junction with minimal dead volume.
Indeed, when switching to a “collinear” junction geometry, we
observed that absorbance peaks were significantly narrower and
more symmetric (see Supporting Information, Figure S-11). For
samples of 50 mM thymidine, the tailing factor was within the
acceptable range (i.e., 1.15 ± 0.01, n ¼ 8) with the collinear junction
compared to 1.62 ± 0.14 (n ¼ 8) with the perpendicular junction
and this was comparable to the tailing factor of electrokinetic in-
jection with the collinear junction, 1.18 ± 0.21 (n ¼ 8).

In addition, the number of theoretical plates increased from
7770 ± 730 (n ¼ 8) to 9130 ± 710 (n ¼ 8) with use of the collinear
junction compared to the perpendicular junction. For a trial of
successive injections, the peak area RSD was found to be 1.56%
(n ¼ 10), which is in the same range as results with the perpen-
dicular junction chips.

3.6. Separation of 4-compound mixtures

We then examined the ability to separate multiple compounds,
and compared results of volumetric injection (with two different
junction geometries) as well as the widely-used approach of elec-
trokinetic injection. To avoid introducing additional variables,
similar injection volume was used in all three different injection
modes (see Supporting Information). Baseline separation of a



Table 2
Summary of peak area RSD (%) for mixture samples.

Volumetric injection Electrokinetic injection

Perpendicular junction
(n ¼ 4)

Collinear junction
(n ¼ 3)

Collinear junction
(n ¼ 3)

thymidine 0.40 0.55 7.13
stavudine 1.59 1.70 7.86
FLT 1.78 0.65 7.79
CLT 1.93 1.69 5.78

Table 3
Summary of the number of theoretical plates and the peak resolution for mixture samples.

Peak(s) Volumetric injection Electrokinetic injection

Perpendicular junction
(n ¼ 4)

Collinear junction
(n ¼ 3)

Collinear junction
(n ¼ 3)

Number of theoretical plates, N thymidine 12090 ± 1600 21910 ± 1100 12440 ± 860
Stavudine 12130 ± 660 18190 ± 550 10720 ± 940
FLT 10190 ± 750 15390 ± 770 8800 ± 1400
CLT 14400 ± 1300 17570 ± 1030 8040 ± 530

Peak resolution, R thymidine-Stavudine 3.18 ± 0.22 3.60 ± 0.19 2.65 ± 0.10
Stavudine-FLT 2.28 ± 0.09 2.34 ± 0.07 1.77 ± 0.12
FTL-CLT 7.77 ± 0.44 8.10 ± 0.19 5.32 ± 0.30
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mixture of 4 compounds was achieved using the microfluidic
volumetric injector chip with the collinear junction (Fig. 6). Sepa-
ration using the perpendicular junction is shown in the Supporting
Information, Figure S-12, and separation using electrokinetic in-
jection is shown in the Supporting Information, Figure S-13.

Peak area RSD values for the 4 compounds and various injection
methods are summarized in Table 2. It can be seen that the
capillary-to-chip junction geometry does not significantly affect the
sample injection repeatability. This is expected because the injec-
ted sample amount is physically metered within the injection
chamber before even seeing the junction. For volumetric injection,
the peak area RSD was always <2.0% and values as low as 0.55%
were observed. When electrokinetic injectionwas performed in the
same chip with the same injection volume (as verified by
comparing peak areas), the peak area RSD was found to be sub-
stantially higher, indicating less consistent sample injection. From
these results and the comparison of volumetric and timed injection
presented earlier, it appears that sample injection repeatability is
mainly influenced by the injection method.

The number of theoretical plates, N, was also calculated for each
peak for each junction geometry (Table 3). As expected, we
observed N to be significantly higher for all compounds for injec-
tion using the collinear junction compared to the perpendicular
junction (p < 0.05, See Supporting Information for details). In
addition, N was significantly higher using volumetric injection than
electrokinetic injection in the same chip (p < 0.05). The peak res-
olution, R, was also calculated between pairs of adjacent peaks
(Table 3). Peak resolution between the thymidine and Stavudine
peaks was significantly higher for volumetric injection using the
collinear capillary-to-chip junction compared to the perpendicular
junction; however, the difference in resolution for Stavudine and
FLT peaks, and for FLT and CLT peaks, was not statistically signifi-
cant. Interestingly, R was significantly higher for volumetric injec-
tion than for electrokinetic injection in the same chip. These results
illustrate that the improved injection repeatability does not come
at the expense of sacrificed performance elsewhere.
4. Conclusions

A novel type of volumetric microfluidic injector for CE was
developed to eliminate variations in injection volume and thereby
increase repeatability for quantitative analysis. With this injection
method, substantially improved repeatability of sample injection
was achieved compared to hydrodynamic injection. Volumetric
injection showed relative standard deviation (RSD) of peak area as
low as 1.04% (n ¼ 11) for single-compound injections and as low as
0.40% (n ¼ 4) for multiple compound injections, both of which are
lower than the best RSD values reported in the literature for hy-
drodynamic microvalve-based injection. Furthermore, in contrast
to hydrodynamic injection, volumetric injection was found not to
depend on sample viscosity, whichmight be beneficial in situations
where diverse samples are studied, or where sample temperature is
not well controlled.

As a demonstration of the performance of the volumetric in-
jection approach, we showed successful baseline separation of a 4-
compound mixture with high injection repeatability. The set of
compounds represents a positron emission tomography tracer and
synthesis byproducts, illustrating how rapid CE analysis could be
used in the QC testing process of radiopharmaceuticals to ensure
that levels of impurities are below acceptable limits. In previous
workwe showed that adequate limit of detection could be achieved
for this application [56].

We also made comparisons of injection repeatability, peak
symmetry, and separation efficiency for different chip-to-capillary
junction geometries between the PDMS injection chip and sepa-
ration capillary. Injection repeatability was not influenced by the
junction geometry, but number of theoretical plates and peak
symmetry were all higher in the collinear junction (with very small
dead volume) compared to the perpendicular junction (with sig-
nificant dead volume). Compared to electrokinetic injection (per-
formed in the same chip to avoid introducing additional variables),
we found volumetric injection to have significantly higher sepa-
ration efficiency, resolution, and injection repeatability.

The injector is straightforward to implement with standard
PDMS microfluidic fabrication techniques. To increase volume
flexibility, valve-based approaches where the volume or length of
the chamber is dynamically adjusted can be readily incorporated
[54,64]. The separation channel can be incorporated in a hybrid
fashion as was done here (i.e. with capillary), or could be integrated
directly into themicrofluidic chip. This injector would be useful in a
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wide range of applications where an accurate and/or consistent
injection amount is needed.
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