
Contents lists available at ScienceDirect

Talanta

journal homepage: www.elsevier.com/locate/talanta

Hydrodynamic injection on electrophoresis microchips using an electronic
micropipette

Ellen F.M. Gabriela, Rodrigo A. dos Santosa, Eulício O. Lobo-Júniora, Kariolanda C.A. Rezendea,
Wendell K.T. Coltroa,b,⁎

a Instituto de Química, Universidade Federal de Goiás, 74690-900 Goiânia, GO, Brazil
b Instituto Nacional de Ciência e Tecnologia em Bioanalítica (INCTBio), 13083-970 Campinas, SP, Brazil

A R T I C L E I N F O

Keywords:
Automatic dispensing
Bias-free sample injection
Microfluidic transport
Portable instrumentation

A B S T R A C T

Here we report for the first time the use of an electronic micropipette as hydrodynamic (HD) injector for
microchip electrophoresis (ME) devices. The micropipette was directly coupled to a PDMS device, which had
been fabricated in a simple cross format with two auxiliary channels for sample volume splitting. Sample flow
during the injection procedure was controlled in automatic dispenser mode using a volume of 0.6 µL. Channel
width and device configuration were optimized and the best results were achieved using a simple cross layout
containing two auxiliary channels with 300 µm width for sample splitting. The performance of the HD injector
was evaluated using a model mixture of high-mobility cationic species. The results obtained were compared to
the data obtained via electrokinetic (EK) injection. Overall, the HD provided better analytical performance in
terms of resolution and injection-to-injection repeatability. The relative standard deviation (RSD) values for
peak intensities were lower than 5% (n=10) when the micropipette was employed. In comparison with EK
injection, the use of the proposed HD injector revealed an unbiased profile for a mixture containing K+ and
Li+(300 µmol L−1 each) over various buffer concentrations. For EK injection, the peak areas decreased from
2.92 ± 0.20–0.72 ± 0.14 V s for K+ and from 1.30 ± 0.10–0.38 ± 0.10 V s for Li+ when the running buffer
increased from 20 to 50 mmol L−1. For HD injection, the peak areas for K+ and Li+ exhibited average values of
2.48 ± 0.07 and 2.10 ± 0.06 V s, respectively. The limits of detection (LDs) for K+, Na+ and Li+ ranged from 18 to
23 µmol L−1. HD injection through an electronic micropipette allows to automatically dispense a bias-free
amount of sample inside microchannels with acceptable repeatability. The proposed approach also exhibited
instrumental simplicity, portability and minimal microfabrication requirements.

1. Introduction

Due to the advantages associated with high separation efficiency,
instrumental simplicity, low sample and reagent consumption, short
analysis time, portability and high-throughput capability, microchip
electrophoresis (ME) has become increasingly popular in recent years
[1–4]. Recent examples of applications showing the separation of
pharmaceuticals compounds [5–7], proteins [2,3,8,9] as well as target
analytes for genetic [10,11], food [12,13] and environmental analyzes
[14,15] have been successfully reported. Despite the advantages
previously cited, ME devices still present some problems that affect
the quality of electrophoretic separations, once the sample introduction
procedure is one of the most important on-chip steps to ensure reliable
and reproducible analysis [4,16–18]. However, the control and manip-
ulation of the ideal volume inside the microchannel is one of the
instrumental challenges to be overcome. Sample introduction on ME

devices can be performed by electrokinetic (EK) or hydrodynamic (HD)
modes [17–19]. As well known, in the EK injection, the analytes flow
through the microchannel under the application of electrical field. With
HD injection, the application of pressure promotes the introduction of
a specific volume inside the microchannel [16,20–22].

The applications involving ME devices are often explored through
sample EK injection due to its instrumental simplicity [3,20]. However,
this kind of injection mode is biased and presents some undesirable
features that negatively affect the electrophoretic performance and,
consequently, the reliability of the quantitative analysis [16,17]. During
the EK injection, the amount of analyte introduced into microchannel
is strongly dependent on the electrophoretic mobility as well as the
electroosmotic flow (EOF) magnitude. In this way, species with high
mobility are preferably injected in comparison with low mobility
compounds [16–18,23,24]. In addition to the biased injection, the
dependence on sample conductivity, the influence of electrolysis on the
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pH and sample leakage represent other common features to be
minimized with the use of EK injection [18,25,26].

Given the limitations of the EK mode, the value of HD injection
when using ME devices has received growing attention in recent years
[3,16,27]. HD sample introduction has been achieved using hydro-
static, negative and positive pressure [18]. In these examples, the
sample introduction and the fluid flow control were realized by
micropumps [17,28–30], microvalves [19,21,22,27,31,32] and elasto-
meric actuators [33–36], which can be positioned inside or outside the
microfluidic platform.

Although many HD injection methods have demonstrated good
analytical performance to overcome the introduction of a biased
sample, most of the reported approaches are laborious and require
sophisticated microfabrication facilities, which may not be readily
accessible. On the other hand, the use of electronic micropipettes in
analytical systems has demonstrated valuable instrumental potentiality
due to its capability to realize aspiration, propulsion and sample
injection. Examples of applications involving micro-flow [37] and
batch injection analysis [38–41] have been successfully reported. In
this scenario, this paper describes for the first time the use of an
electronic micropipette as HD injector for ME devices. The micropip-
ette tip was directly positioned on the PDMS microchannel using a
polymeric tube as connector. In order to reduce the sample volume
dispensed by the electronic micropipette, the ME device was designed
with two auxiliary channels to promote sample splitting. The proof-of-
concept of the proposed injector was demonstrated with the separation
of high-mobility cationic species. The HD injector can provide unbiased
injections independently of the running buffer concentration.

2. Material and methods

2.1. Chemicals and materials

Decafilm WR emulsion (poly(vinyl) acetate, PVAc) and photoini-
tiator (Diazo D Sensitizer salt) were obtained from Polo Visual
(Goiânia, GO, Brazil). Sylgard 184 silicone elastomer and curing agent
were acquired from Dow Corning (Midland, MI, USA). Glass slides (24
× 60 × 0.1 mm) were purchased from Protec (Goiânia, GO, Brazil).
Sodium chloride, potassium chloride, lithium chloride, L-Histidine
(His), 2-(N-morpholino) ethanesulfonic acid (MES) were received from
Sigma Aldrich (St. Louis, MO, USA). The 20 mmol L−1 MES/His
running buffer solution (pH 6.1) was prepared weekly in ultrapure
water (resistivity ≥18 MΩ). Stock solution of cations (10 mmol L−1

each) were prepared from the corresponding chloride salts. All
chemicals were reagent grade. Ultrapure water was used throughout.

2.2. Fabrication of PDMS device

PDMS microchannels were fabricated by soft lithography using
high-relief masters defined in poly(vinyl acetate), as recently reported
[42]. The monomer and the curing agent were mixed at a ratio of 10:1
(m:m), poured on the master, and kept at 80 °C during 30 min.
Afterwards, PDMS replica was peeled off the master and sealed against
a glass surface previously coated with a PDMS membrane [43], as
shown in Fig. 1A. Prior to the curing step, a polymeric tube (0.3 cm)
was added on the reservoir dedicated to injection point in order to
promote the coupling between electronic micropipette and ME device
(Fig. 1B). PDMS electrophoresis devices were fabricated in a simple
cross format with two auxiliary channels for sample volume splitting
(Fig. 1A). The split, injection and separation channels were 2.5, 2.5 and
45 mm long, respectively. The width of the injection and separation
channels were of 50 µm. The width of the split channels was 300 µm.
The depth of all channels was approximately 40 µm.

2.3. Hydrodynamic injection

To proceed with unbiased injection, the sample was introduced in
HD mode. In this step, a commercial electronic micropipette purchased
from Transferpette® (Wertheim, Germany) electronic was used to
sample flow control. This micropipette can be programmable to
dispense fractionated volumes from a total volume of 10 µL. The
minimal dispensed volume is 0.5 µL. The micropipette was directly
coupled to a PDMS device by a polymeric tube as shown in Fig. 1B.
During the injection procedure, the use of an electronic micropipette
adjusted in the dispenser mode promotes the introduction of a sample
amount inside the microchannel. Due to the large volume, the sample
is divided through auxiliary channels and a small fraction reaches the
intersection between injection and separation channels (Fig. 1C). Then,
when the desirable voltage is applied, a sample zone is introduced
inside separation channel.

2.4. Electrophoresis procedure and C4D measurements

PDMS channels were first filled with isopropyl alcohol to avoid the
formation of air bubbles. Running buffer was added to all reservoirs
and the channels were electrokinetically preconditioned during 10 min.
After the conditioning step, the micropipette containing sample solu-
tion was connected to the injection point for proceeding the HD
injection. Separation was performed under the application of 800 V.
The voltages were generated using a bipolar two-channel high voltage
sequencer model ER230 from eDAQ (Denistone East, Australia).
Electrophoretic separations were monitored by a lab-made C4D system
developed according to electronics reported by da Silva et al. [44]. C4D
was performed by applying a 400 kHz sinusoidal wave with 1 Vpeak-to-

peak amplitude to the excitation electrode. The resulting signal was
recorded in a receiver electrode and monitored in real time using a
software written in LabVIEW® (National Instruments, Austin, TX,
USA). Sensing electrodes were fabricated on office paper sheet by a
hand drawing protocol using a graphite pencil as described elsewhere
[44]. The electrodes (2-mm wide) were designed in an antiparallel
configuration with distance between the electrodes of 1 mm and length
of 20 mm.

3. Results and discussion

3.1. Characterization of the hydrodynamic system

The sample amount injected into the separation channel depends

Fig. 1. Scheme of the (A) microfluidic structure arranged in a PDMS/glass platform, (B)
coupling between electronic micropipette and PDMS device and (C) sample introduction
with volume splitting prior to electrophoretic separation.
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on several factors, including the volume controlled by the micropipette,
coupling between the micropipette and polymeric device and the
channel configuration and dimensions.

The volume dispensed by the micropipette can be controlled in
dispenser mode. Using this mode, the volume required to completely
fill the entire injection channel was estimated to be 0.6 µL (data not
shown). After the volume splitting by using auxiliary channels, the
sample flows towards the intersection defined by injection and separa-
tion channels. In this step, the sample dispersion through the channels
is observed while the voltage required for separation is turned off. The
dispersion is affected by the time period between the injection and the
voltage application. The longer this delay time, the larger the sample
zone plug. In this case, the injection procedure exhibits a strong time
dependence. For this reason, the time between the injection and the
voltage application was carefully controlled to ensure injection-to-
injection repeatability.

Taking into account the sample volume previously defined to be
dispensed by the micropipette, the device configuration was optimized
in order to ensure the control of the injection volume. Basically, two
different configurations were studied including a single-T device as well
as a chip with split configuration (two auxiliary channels), as demon-
strated in Fig. S1, available in the supplementary material. The
principle of the split configuration is similar to the split-mode injection
usually explored in gas chromatography [45]. Using the 0.6 µL volume,
the single-T configuration was firstly tested. The main problem found
with this layout is related to bubbles formation inside channels. The
bubbles appeared due to the difference of pressure created during the
coupling between PDMS chip and micropipette. Besides, during the
electrophoresis procedure, the device did not provide separations with
acceptable efficiency and resolution (data not shown). For this reason,
the feasibility of a device containing two auxiliary channels was
investigated (Fig. S1-B in the Supplemental). The injected volume
was theoretically estimated according to the methodology proposed by
Gaspar et al. [46], whom explored the Hangen–Poiseuille law. The
theoretical value was compared to the experimental data obtained
based on the microfluidic area filled with a methylene blue solution and
analyzed by optical microscopy. Using channels with width equal to
100 µm, the theoretical volume injection was approximately 12 nL.
Comparing this result with the experimental volume
(584 µm×100 µm×40 µm), the theoretical volume was approximately
five times greater than the experimental value. The biggest theoretical
volume can be explained since a large amount of dead volume is
observed in the injection point between connector and microchannel.
This dead volume was not used for theoretical calculations.

In order to demonstrate the capabilities of split mode with regard to
sample volume control, the effect of channel width throughout the
injection process was studied. The two auxiliary channels were

fabricated with widths ranging from 100 to 400 µm. The theoretical
and experimental sample volumes obtained versus channel dimension
are displayed in Fig. S2. As it can be observed, the width of auxiliary
channels has pronounced effects on sample volume. In general, the
larger width, the smaller volume to be injected inside the separation
channel. The experimental volume values to fill channels with 100 µm
and 400 µm of width are equal to 3.0 and 0.77 nL, respectively. This
behavior was somehow expected once the increasing of the channel
dimension promotes the decreasing on the fluidic resistance.
Consequently, the sample flow towards the auxiliary channels is raised.
Because larger split channel widths reduce the injection volume, a
value of 300 µm was kept as the ideal configuration for the split
channel and used for the remaining experiments.

3.2. Injection-to-injection repeatability

Once the microfluidic geometry and injection volume were selected,
the performance of the proposed HD injector was evaluated and
compared to the data obtained by EK injection. In this study, a mixture
containing cationic species (K+, Na+ and Li+, 300 µmol L−1 each) was
used as model. Fig. 2A and B display electropherograms recorded for
ten consecutive injections using HD and EK injection modes, respec-
tively. As can be seen in Fig. 2, all cations were separated within 50 s
with good baseline resolution (R > 1.0).

The use of HD injection provided excellent run-to-run repeatability.
Table 1 (available in the supplemental) depicts an intra-injection
comparison with information about migration times, peak height, peak
width and symmetry, separation efficiencies and resolution values.
According to the presented data, it can be noted that the HD injection
through electronic micropipette provided better analytical performance
when compared to EK injection. The peak height for K+, Na+ and Li+

were 0.22 ± 0.02, 0.21 ± 0.01 and 0.20 ± 0.01 V, respectively. The
relative standard deviation (RSD) values for peak height decreased
from 27% to 5% when HD injection was employed instead of EK mode.

3.3. Unbiased sample injection

When the EK mode is used to perform multiple injections, certain
factors can negatively affect the analytical reliability and reproducibility
[19]. These key factors include the ionic strength and the pH changes
promoted by the electrolysis process. Furthermore, since EK injection
is extremely dependent on the electrophoretic mobility and EOF
magnitude, minimal change on buffer pH or composition can be
enough to harm the injection performance [18,19,47]. Huang et al.
[47] reported for the first time the effect of buffer resistance on peak
area of model species like K+ and Li+, which were introduced inside the
capillary under EK and HD injection modes. The authors observed that

Fig. 2. Electropherograms showing the separation of a model mixture of inorganic cations (K+, Na+ and Li+, 300 µmol L−1 each) introduced inside separation channels by (A) HD and
(B) EK injection modes. Separation voltage: 800 V. Running buffer: 20 mmol L−1 MES/His, pH 6.1. Dispensing rate: 12 ± 1 µL s−1. Detection conditions: 400-kHz, 1.5 Vpp.
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HD injection provides similar peak areas for all conditions, whereas the
EK procedure introduces a linear bias, in which a large amount of
analytes is injected when buffer solution having higher resistance [47].
Similar results were described by Carneiro et al. [48]. In their study,
the peak area for different herbicides decreased when the solution
conductivity increased.

Similarly, we evaluated the unbiased sample injection for the
proposed HD approach using a mixture of K+ and Li+ (300 µmol L−1

each) that had previously been prepared in the running buffer to avoid
sample preconcentration. The separations were carried out using MES/
His running buffer with concentrations ranging from 20 to
50 mmol L−1. As it can be seen in the data depicted in Fig. 3, a
decrease in the peak areas for both analytes introduced through EK
injection was observed. The peak area values decreased from 2.92 ±
0.20−0.72 ± 0.14 V s and from 1.30 ± 0.10−0.38 ± 0.10 V s for K+ and
Li+, respectively. The lower amount of injected analyte in higher buffer
concentration occurs due to the dependence on electrophoretic mobi-
lity and EOF magnitude [47,49]. On the other hand, HD injection
promoted the introduction of similar sample amounts independently of
the buffer concentration. As presented in Fig. 3, the peak areas for K+

and Li+ exhibited average values of 2.48 ± 0.07 and 2.10 ± 0.06 V s,
respectively. The results achieved via automatic sample dispensing
through as electronic micropipette suggest that sample injection in ME
devices was unbiased.

3.4. Analytical performance

Coupling the HD injector to an ME-C4D system resulted in linear
behavior for concentrations ranging from 50 to 250 µmol L−1. The
limits of detection (LDs) found for K+, Na+ and Li+ were estimated (S/
N=3) to be 18, 20 and 23 µmol L−1, respectively. When compared to
the data recorded with the same C4D electronics, the LD values were
similar to those reported for glass [50] and hybrid PDMS/glass [51]
devices. However, these values are higher than those reported for
polyester-toner [52] and PMMA [44] devices. The main difference was
the thickness of the insulation layer between the channel and the
electrodes. Herein, the thickness of the insulation was estimated to be
approximately150 µm. This layer is probably thicker than the insula-
tion layer used in the references cited [44,52].

4. Conclusions

Here we reported for the first time the use of an electronic
micropipette to automatically dispense sample into separation chan-
nels by using auxiliary channels for volume splitting. Coupling between
microchannel and micropipette does not require laborious microfabri-
cation steps or sophisticated instrumentation. The best experimental
conditions were found using a sample volume of 0.6 µL and a
microfluidic design in combination with auxiliary channels (300-µm
wide) for sample volume splitting. The use of HD injection in
combination with the electronic micropipette promoted excellent
injection-to-injection repeatability and bias-free sample injection.
Similar amounts of K+ and Li+ were injected into microchannels when
the buffer concentration was changed from 20 to 50 mmol L−1.
Furthermore, the proposed HD injector did not compromise the
analytical performance recorded with a C4D system. When the relation-
ship between signal intensity and concentration (50–250 µmol L−1

range) was analyzed, linear behavior was observed for all species.
The LD values achieved ranged from 18 to 23 µmol L−1; these values
are comparable with most previous reports. Notably, the use of an
electronic micropipette offers instrumental simplicity and high poten-
tiality for integration with portable equipment for chemical analysis in
the field. Due to the low level of energy consumption, the complete set
of instrumentation (high-voltage power supply, C4D system and
electronic micropipette) can be powered by batteries or a universal
serial bus (USB) port.

Supplementary material

Detailed information about the device configuration, electrophore-
tic parameters and effect of the split channel dimension on the
injection volume.
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