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Abstract

Over the last years there has been an explosion in the number of developments and applications of
capillary electrophoresis (CE) and microchip-CE. In part, this growth has been the direct consequence
of recent developments in instrumentation associated with CE. This review, which is focused on
contributions published in the last five years, is intended to complement the papers presented in this
special issue dedicated to Instrumentation and to provide an overview on the general trend and some
of the most remarkable developments published in the areas of high voltage power supplies, detectors,
auxiliary components, and compact systems. It also includes few examples of alternative uses of and
modifications to traditional CE instruments.

1- Introduction

Due to increasing demands at the industrial and military levels, there has been a recent trend
towards the development of miniaturized or portable sensors. Among others, sensors based on
optical responses [1,2], surface plasmon resonance [3,4], metal oxide semiconductors [5,6],
fluorescence [7], mass spectrometry [8], or surface acoustic waves [9], have been recently
reported. Although most of these sensors are able to detect minute amounts of analytes, one
common shortcoming is their versatility. In this regard, sensors based on gas chromatography
[10,11] and liquid chromatography [12—14] have the potential to quantify a larger number of
important analytes in the same sample without modifications of the hardware. In addition to
those, capillary electrophoresis-based sensors [15,16] have caught much attention recently.
Capillary electrophoresis (CE) is very attractive because it offers high separation efficiency,
low cost, fast analysis, and minimal waste generation. An additional advantage of CE is the
simplicity of the required instrumentation, which requires no moving parts and therefore can
be easily miniaturized. Consequently, CE and microchip-CE (uchip-CE) have the potential to
combine most of the advantages of CE (sample handling capabilities, custom design, and
portability) and also offer similar analytical performance as standard bench-top
instrumentation. Additional advantages of CE-based sensors include the possibility of using a
wide variety of well-established separation techniques, performing the analysis with low-
consumption of power, and controlling the entire system electronically. Today, CE and pchip-
CE devices have become well-accepted, multidimensional analytical platforms in the
biomedical, pharmaceutical, environmental, and forensic sciences [17-24]. In part, this growth
has been the direct consequence of the recent developments in associated instrumentation. For
that reason, and considering the importance of this issue for the CE community, the current
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contribution is intended to provide an update on the general trend and some of the most
remarkable developments in CE and pchip-CE instrumentation published in the last few years.
Reviews specifically describing the development and application of different pumping
techniques [25], valves [26], mixers [27], optical sensing systems [28], detectors [29], and
different aspects of lab-on-a-chip devices [30,31] have been also recently published. It is worth
highlighting two comprehensive reviews focused on portable (non-chip) capillary
electrophoresis systems [32] and the state-of-the-art of fully integrated microfluidic separations
systems for biochemical analysis [33].

2- Instrumentation

2A- High-Voltage Power Supplies

CE encompasses a family of separation techniques driven by an electric potential difference
applied across a narrow-bore capillary (< 100 pm) filled with a (typically aqueous) electrolyte
solution. When a potential difference is applied across the capillary, bulk flow of the solution
is generated by a process referred to as electro-osmotic flow (EOF) [34]. Analytes, introduced
at one extreme of the capillary, are driven toward the detector with a velocity that is proportional
to the EOF and their charge/mass ratio. Clearly the use of reliable high voltage power supplies
(HVPS) is crucial to perform both separations and electrokinetic injection. Glassman
(http://www.glassmanhv.com/) [35] as well as other companies like Spellman
(http://www.spellmanhv.com/) [36,37], UltraVolt (http://www.ultravolt.com/) [38,39], Emco
(http://www.emcohighvoltage.com/) [40], VMI

(http://www .highvoltagepowersupplies.com/), Matsusada Precision Inc
(http://www.matsusada.com/) [41], CE Resources (http://www.ce-resources.com/), and
Elektro Automatik (http://www.elektroautomatik.de/) [42] offer a variety of options in terms
of technical specifications and have been used in recent publications. Although they lay outside
the scope of this review, it is worth mentioning few examples of HVPS published before 2005
[43-49].

Typically, HVPS can apply up to + 30 kV and + 300 pA if designed for standard CE, or up to
+ 3kV and + 100 pA DC (direct current) if designed for pchip-CE. Current leaks from HVPS
can damage internal electronic circuits and is a classic source of noise. Thus, implementation
of hardware and software security switches, light/sound alerts, and adequate mechanical
protection are fundamental when working with HVPS. As pointed by Collins et al. some years
ago, while the advent of microchip devices has made the lab-on-a-chip platform accessible to
most researchers, there are only a few published descriptions of HVPS which can be utilized
to control these devices [50]. In addition to a miniature electrochemical detector, a HVPS
powered by universal serial bus (USB) ports was described by Jiang et al. [S1]. Two strategies
were adopted to ensure its efficient power usage: 1) Only two high-voltage converters (one
positive and one negative) and two relays were used for power saving, while keeping the sample
plug stable and well-defined and avoiding sample leakage for puchip-CE; and 2) The
components and their running modes were designed to avoid power waste. Performance of this
USB-based mini-HVPS was demonstrated using sodium fluorescein analyte with pchip-CE/
LIF (laser-induced fluorescence) detection. The high-voltage board used in this complex and
interesting design was built using the converters EMCO Q15-5 and Q15N-5. The authors
described that the output voltages of this module ranged from £250 to £1.5 kV at 0.5 W. A
versatile programmable eight-path-electrode power supply (PEPS) system for manipulating a
complex microfluidic chip was developed using, among other components, two 12-bit digital-
to-analog converters (D/A, DAC7614, BB, USA), six amplifiers (LM324, National
Semiconductor, USA), eight DC-DC high-voltage modules (DW-P802-1.0D, Tianjin
Dongwen Power Supply Factory, China), eight ground switch high-voltage relays (K81C235,
Kilovac, Cll Technologies, USA), eight floating switch high-voltage relays
(LRL-102-100PCV, Okita, Japan), and one over-current protection relay (943H-1C-3DS,
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Shanghai Eighth Radio Factory, China) [52]. As shown Please insert Figure 1, the PEPS and
the pchip-CE were connected by six Pt electrodes and coupled with a home-made LIF detector.
The voltage output of each of the six electrodes was in the range of 0 to +8000 V (0.1%
precision) while the current output was in the range of 0 to +999pA.

Other high voltage sequencers are commercially available, for example at Lab Smith
(http://www.labsmith.com/) or Major Science (http://www.major-sci.com.tw/). This option
enables the possibility of coupling phase-coordinated sinusoidal and other waveforms to the
separation potential.

2B- Detectors

It is clear that one of the most critical aspects of analysis by CE and pichip-CE is the detection.
The traditional limitation of sensitivity is, in some cases, exacerbated by minute sample
volumes, the presence of the electric field, or the small pathlength available in CE systems.
Consequently, new detection strategies are constantly being developed. In order to complement
previous reviews addressing the challenges and advantages of specific techniques [28,53,54],
this portion will be mainly focused on the instrumentation aspects of the detection devices. It
is also worth mentioning a recent review by Li ef al., discussing dual detection methods for
CE and pchip-CE [55].

Optical Detection—Optical has traditionally been the most commonly used detection
method in CE and pchip-CE. Although other zones of the spectra such as the infrared spectral
region have been used [56], UV-Vis is the default detection method in most commercial
instruments. Pertinent examples include Beckman [57], Shimadzu [58], Waters [59], Hitachi
[60], Caliper [61], Agilent [62,63], or Bio-Rad [64], just to name a few. The advantages of
UV-Vis detection include versatility (most organic analytes absorb light in this range), speed,
and a wide variety of commercial sources. In order to increase the sensitivity in uchip-CE, a
three-dimensional U-type flow cell (126 um pathlength) was microfabricated and evaluated
using a green light-emitting diode (LED) (525 nm, Allied Electronics), a microscope objective
(Newport, U-27X), a red-shifted photomultiplier tube (PMT) (H5784, Hamamatsu), and
LabView (National Instruments, Austin, TX) [65]. Indirect detection (UVIS 200, Linear, Reno,
NV) has also been recently applied [66]. Probably due to the extraordinary limits of detection
(LODs) and dynamic range [67], most instrumental developments in terms of optical detection
have been focused on fluorescence detection. In this regard, authors have used commercial
instruments [68] or coupled the capillary with either fluorescence microscopes [69,70] or
home-built detectors. Using the latter approach, an inverted fluorescence microscope (CK40,
Olympus, Japan), a diode laser (808 nm, 1W, Institute of Semiconductor, Beijing, China) or
Ti:Sapphire laser (Spectra Physics, USA), a dichroic mirror (E625SP, Chroma, USA), an oil
objective (100x, NA1.25, Olympus, Japan), a PMT (R5070, Hamamatsu, Japan), and a low-
pass filter (BG18, Newport, USA) were used to first demonstrate the advantages of continuous
wave-based multiphoton excitation fluorescence for CE [71]. Rodat et al. utilized an ellipsoidal
mirror, glued on the capillary window and screwed inside the capillary cassette, to allow the
collection of the fluorescence in the capillary, trapped by a silica/air interface [68]. The
performance of this new detector setup was found to be identical to the collinear setup using
the same ball lens. Using this setup the LOD of Immunoglobulin G2 was calculated to be in
the 50 pg-mL_1 (tetramethylrhodamine-labeled, 532 nm diode laser, 25 mW, CrystaLaser,
Reno, USA) to 150 pg-mL_1 (fluorescein isothiocyanate-labeled, 488 nm argon ion, 25 mW
laser Spectra Physics, Mountain View, CA) range. A new LIF detection system based on a line
laser beam for pchip-CE analysis was developed by Xu et al. [72]. This detection system was
constructed by using a solid-state laser system (488 nm, 20 mW, model: 85 BCD-020-230,
Melles Griot Inc) as the light source and collecting the fluorescence using objective lens (Rolyn
Optics), a 493 nm long-pass filter (Model: XR3000/493 AELP, Omega Optical, Inc.), a 530
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nm band-pass filter (Model: XCY-530DF30, Omega Optical, Inc.), and a PMT (H9301,
Hamamatsu photonics K.K., Electron Tube Center). An in-house program (Visual C++ 6.0,
Microsoft Corporation) was used to visualize the data and perform a 30-point adjacent
averaging smoothing program. Using FITC (fluorescein isothiocyanate) as a model analyte,
authors reported LODs of 0.13 nmol-L™!. A similar system, composed by a9 mW Ar-ion laser
(Spectra Physics, Mountain View, CA, USA), a 40X microscope objective, a 550 nm cut-off
filter and an interference filter, and a PMT (R928 Hamamatsu, Masse, France), was used to
obtain protein fingerprinting of Staphylococcus species by CE with on-capillary derivatization
[73]. An on-line wall-free cell for LIF detection was fabricated by etching a 10 mm x 50um
inner diameter (ID) fused-silica capillary [74]. The wall-free cell was mounted on a three-
dimensional micropositioner (Zolix Instruments, Beijing, China) to adjust the cell center to the
waist of the laser beam. The fluorescence signal was amplified by a GD-1 optical detector
(Xi’an Reike Electric Equipment, Shanxi, China) and recorded by an N-2000 double-channel
chromatography processor (Institute of Information and Engineering, Zhejiang University,
Zhejiang, China). According to the report, significant improvements (6—15 fold when
compared with on-column cell) were obtained with the proposed cell. A system featuring a
two-laser, two-color detector was also developed and applied for the detection of cytokines
(naturally occurring and recombinant) in biological samples [75]. By labeling recombinant
cytokines with Bimane (detected at 408 nm) and endogenous cytokines with AlexaFluor633
(detected at 633 nm), Morgan and coworkers were able to obtain two parallel
electropherograms. The corresponding overlaid traces enabled quantification of the
endogenous cytokines with excellent recoveries. Instead of using the conventional LIF setup
equipped with delicate spatial filters and complex control systems, Lin et al. proposed the use
of a hollow cone illumination generated using a dark-field condenser (Dry 0.95-0.80, Nikon)
to converge light from a 20 W tungsten bulb [76]. Other parts of the system include a UV—
Vis—NIR spectrophotometer (HR4000, Ocean Optics, Dunedin, FL, USA), a multimode fused-
silica fiber (P400-2-UV/Vis, Ocean Optic), and a programmable HVPS (MP-3500, Major
Science, Taipei, Taiwan). Although the LOD (5 umol-L~!, FITC) is not extraordinary,
experimental results show that the proposed system is feasible for simultaneously detecting a
mixed sample composed of three fluorescent dyes (Atto 610, Rhodamine B, and FITC) in a
single run. Furthermore, a mixed sample composed of two 16-mer single-stranded
deoxyribonucleic acid (DNA) molecules (labeled with Cy3 and FITC) was also successfully
detected with the proposed system. The same group later presented an advanced diascopic
illumination technique for simultaneous multi-wavelength fluorescence excitation and
detection without using any spatial filter sets [77]. This system enabled the separation and
detection of a sample composed of three single-stranded DNA samples labeled with Cy3, FITC,
and Alexa647 fluorescence in a single channel. The impact of the excitation intensity of a deep-
UV laser (266 nm continuous wave) on the signal-to-noise ratio (S/N ratio) of aromatic
compounds as well as of proteins was also investigated [78]. Although LODs in the 113 — 475
nmol L ™! range (for serotonin and 3-phenoxy-1,2-propandiol, respectively) were achieved,
fluorescence saturation and photobleaching effects were observed.

In order to overcome the limited flexibility of traditional LIF systems (due to the limited number
of excitation lasers and low detection frequencies), a xenon lamp (75 W, U-LH75XEAPO,
Olympus), a fluorescence microscope (IX-71S1F, Olympus), a spectrograph with
exchangeable gratings (150 and 600 lines/mm) and an intensified charge-coupled device
(CCD) camera (PI-Max 512RB, Princeton Instruments) were used by Gotz and Karst [79]. The
proposed approach enabled the whole visible spectrum of light (350-800 nm) to be used for
excitation and emission and to record on-line emission spectra with high repetition rates (up
to 60 Hz), which are needed to monitor rapid on-chip separations with peak widths <0.5 s. The
performance of the system was demonstrated by performing pchip-CE separation of three
rhodamines and their impurities (excitation: 450-490 nm; emission: >500 nm) at sub-
pmol-L~! concentrations.
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One of the current trends in optical detection is to move away from expensive lasers and use
LEDs as light sources. The combination of high stability, small size, low cost, and very long
lifetime make LEDs an very attractive excitation source for fluorescence detection, especially
to design miniaturized or portable devices [80,81]. Using this approach, Arraez-Roman and
coworkers constructed a simple fluorescence detector for both direct and indirect CE methods
using a blue LED (470 nm, LED-470, Ocean Optics) as excitation source, a bifurcated optical
fiber as a waveguide, and a CCD camera as a detector [82]. According to the report, the
connection of all the components is fairly easy (even for non-experts) and the use of a CCD
camera improves the applicability of this detector compared to the others using PMTs because
it permits the recording of two-dimensional electropherograms or phosphorescence
measurements with LODs in the low pmol-L~! range. Using a LED (with enhanced emission
spectrum, 150 mA x 3.05 V, Shifeng Corp., China), a band pass filter (BP 470 nm, FWHM 30
nm, Huibo Optical Corp. Ltd., China) as the excitation light source, and a metal-packaged mini-
PMT (H5784, Hamamatsu, Japan), Xu et al. constructed and evaluated the performance of a
fluorescence detector for CE applications [83]. This arrangement and the use of a refractive
index (RI)-matching fluid enabled reducing scattering light and the noise level to reach a LOD
of 1.5 nmol-L™! (fluorescein). The combination of a blue LED (473 nm, ZD 0180, J aycar) and
ahighly absorbing (478 nm) anionic dye (Orange G, dissolved in methanol to reduce adsorption
to the capillary wall) were used to perform indirect photometric detection of inorganic and
organic anions [84]. In this report, a range of commercial LEDs was tested to improve the
detection performance, with a difference of 25% in sensitivity being observed between the best
and worst performing LED. The optimized background electrolyte (4 mmol-L ™! Orange G,
0.05% w/v hydroxypropylcellulose, 20 mmol-L™! triethanolamine, in methanol) exhibited
stable baselines and enabled two- to six-fold improvement in LODs (over previous studies).
Segura-Carretero et al. described the performance of a homemade, simple, LIF detector for
CE [85]. Combining an LED as excitation source, a bifurcated optical fiber as a waveguide,
and a CCD as a photodetector this device provides a low-cost and rapid alternative for the
determination of high-quantum-yield native fluorescence compounds (R-phycoerythrin and B-
phycoerythrin) as well as compounds labeled with FITC. Detection limits in the low
umol-L ™! range were achieved. One of the cheapest (less than $50) alternatives to perform
fluorescence detection was described by Yang et al. [86]. In this work, a blue concave LED
(excitation source), a lens (obtained from a broken DVD-ROM), an ocular (obtained from a
pen microscope), a band-pass filter, and a photodiode detector were used. The performance of
this detector was demonstrated in CE separations using sodium fluorescein and FITC-labeled
amino acids as model samples, reaching LODs of 0.92 umol-L™!. Krmovi et al. investigated
the suitability of a deep-UV LED (Seoul Optodevice 255 nm from Sensor Electronic
Technology, Columbia, SC, USA,) as a novel light source for photometric detection [87].
Although the use of this LED (see Please insert Figure 2) enables the detection of nucleotides
with satisfactory performance and LODs in the pumol-L ! range (for adenosine monophosphate,
adenosine diphosphate, and guanosine diphosphate), authors also found that the emission
spectrum deep-UV-LED contains significant parasitic emission bands in the 400-500 nm
spectral region.

A novel miniaturized and multiplexed, on-capillary, RI detector using liquid core optical ring
resonators (LCORRs) was also developed [88]. The LCORR employs a glass capillary with a
diameter of 100 um and a wall thickness of a few micrometers. The circular cross section of
the capillary forms a ring resonator along which the light circulates in the form of the
whispering gallery modes (WGMs). The WGM has an evanescent field extending into the
capillary core and responds to the RI change due to the analyte conducted in the capillary, thus
permitting label-free measurement. The resonating nature of the WGM enables repetitive light
analyte interaction, significantly enhancing the LCORR sensitivity. This LCORR architecture
achieves dual use of the capillary as a sensor head and a CE fluidic channel, allowing for
integrated, and multiplexed on-capillary detection at any location along the capillary. In this
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work, EOF and glycerol were used as a model system to demonstrate the fluid transport
capability of the LCORRs. In addition, a flow speed measurement was performed on the
LCORR to demonstrate its flow analysis capability. Finally, using the LCORR’s label-free
sensing mechanism, the analyte concentration was deduced in real time at a given point on the
capillary. A sensitivity of 20 nm/RIU (refractive index units) was observed, leading to an RI
detection limit of 10-6 RIU. The LCORR marries photonic technology with microfluidics and
enables rapid on-capillary sample analysis and flow profile monitoring [88]. In order to
demonstrate the advantages of combining organic LEDs, Si:H based multispectral photodiodes
as detectors, and monolithic integration, Merfort et al., adapted the spectral response of a
tunable multispectral photodiode to individual fluorescence spectra of different dyes [89]. The
organic LEDs used in the report were fabricated using PDY-132 thin-films (<1 um) that emit
in the green region of the visible spectrum and had active areas of in the 0.9 to 2.1 mm? range.

A highly sensitive chemiluminescence detection system was also developed for detection of
enkephalin-related peptides labeled with acridinium ester [90]. The interface included two
sections to 1) acidify the capillary outflow (so that the corresponding acridinium pseudo-base
form can be changed into acridinium ester form by adding excess acid to the system), and 2)
provide a suitable solution to produce the chemiluminescence from acridinium ester. This
allowed reaching detection limits in the attomole range. A system using CE/Ru(bpy)s*
electrochemiluminescence detection with the assistance of ionic liquids was also recently
presented [91]. Although not strictly instrumental, an analytical method to calculate radiative
fluxes incident on a planar circular detector from a volume multiple point chemi- or bio-
luminescent source inside a coaxial cylindrical reactor was proposed [92]. The obtained
formulas are suitable for optimizing and/or calibrating the considered source-detectors systems
(optical radiometers or luminometers) and determining radiative fluxes generated by chemical,
biological, and physical processes. According to Mandaji ef al. the performance of fluorescence
detectors in CE can be maximized by modulating the excitation light intensity [93]. In such
case, the PMT-amplified raw output signal can be captured directly by a personal computer
sound card and processed by a lock-in emulated by software. The LODs obtained were at least
three times better compared to conventional systems based on LEDs.

Electrochemical Detection—The cost of classic optical instrumentation, the frequent need
for analyte derivatization, and the limited portability of LIF have led to a significant interest
in electrochemical detection (ECD) as an attractive alternative for detection in CE and pchip-
CE. As one of the first examples of an ECD designed for CE, Martin et al. presented an isolated
potentiostat that enabled placing the working electrode directly in the separation channel,
avoiding the use of a decoupler [94]. The potentiostat had several components of a conventional
3-electrode digital potentiostat: analog-to-digital converters (ADC), digital-to-analog
converters, voltage reference, timer, digital control, serial communication, and nonvolatile
memory. Different modes of ECD [95,96] can be used with many different assay types, offering
remarkable mass sensitivity (approaching that of fluorescence), inherent miniaturization of
both the detector and control instrumentation, independence from sample turbidity and
substrate clarity, low cost, minimal power demands, and high compatibility with advanced
micromachining and microfabrication technologies [97,98]. Moreover, the analytical
sensitivity is not compromised by miniaturization, the associated instrumentation is relatively
simple (compared to optical detectors or mass spectrometry), and electrodes for detection can
be fabricated with different materials, allowing significant improvements in sensitivity and
selectivity [99]. Despite these advantages, two main challenges still affect the widespread use
of ECD: 1) a limited number of commercial ECDs are available [100] and 2) (probably most
importantly) there is the need to eliminate the effect of the strong electric field used in
electrophoretic separation from the conditions of electrochemical detections [101]. With
respect to the first point, commercial instruments from Metrohm (Switzerland), ECO Chemie
(Netherlands) [102], CH Instruments (Austin, TX) [103—-106], Bioanalytical Systems (West
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Lafayette, IN) [107], Palm Instruments BV (Netherlands) [108], Pinnacle Tech. (Lawrence,
KS) [109], or ESA Biosciences (Chelmsford, MA) have been used in conjunction with CE. In
order to minimize the effect of the separation potential the three main approaches [96,110]
have been proposed: placing the detection electrode aligned just outside the separation channel
(end-channel) [111,112], placing the detection electrode in the separation channel (in-channel,
requires using an isolated potentiostat) [113], and using a decoupler to ground the separation
voltage before it reaches the detector, typically made with Pd (off-channel) [114,115]. As
relevant examples of the latter approach, Scott Martin’s group has investigated several designs
of decouplers and found that the optimal distance between the first electrode and the decoupler
was 250 um, while the distance between the two electrodes has been optimized at 100 pm
[116,117]. Alternatively, a uchip-CE containing an integrated sheath-flow ECD was
developed. The microdevice consists of an upper glass wafer (carrying the etched separation,
injection, and sheath-flow channels) and a lower glass wafer (with the Au and Ag electrodes)
[118]. The same principle was later used to develop an ECD system capable of accommodating
capillaries with ID larger than 25 pm [119]. In line with this, a general literature search shows
that most of the work in this area has been directed to the design and integration of the detection
electrodes with the separation channel [118,120]. In this regard, a homemade on-column ECD
cell and pressure program was employed to perform two-dimensional CE coupled with on-
column ECD [121]. Just to name a few examples at the microchip scale, Joo et al. used
evaporation to deposit Au electrodes (250 pm width, 320 nm thick) on a glass substrate coated
with an adhesion layer of Ti (50 nm) [122]. Using a permanent dry film resist (Ordyl SY300)
to create microfluidic channels (followed by electroplating of silver and subsequent
chlorination) a full-wafer process was presented for fast (1 day) and simple fabrication of glass
microfluidic chips with integrated electroplated electrodes [123].

In 2007, a mini-ECD for pchip-CE was presented by Jiang ef al. [51]. The main electrical
components of the system were USB to UART BRIDGE CP2101 (from Silicon Laboratories,
Austin, TX), a 8-bit microcontroller (MSC1211Y5 with a 24 MHz system clock), an
operational amplifier (OPA129, Texas Instruments Inc., Dallas, TX), and a DC-DC converter
(ADM660, Analog Devices Inc., Norwood). The electronic diagram of the electrochemical
detector is also included in the report. To improve the S/N ratio (<1 pA), low-pass filters were
placed at both the input end and the output end in the OPA129 circuit and the OPA129 input
pad was designed as short as possible and shielded with ground pads. The analytical
performance of the new system was demonstrated by the detection of epinephrine using an
integrated (polydimethyl)siloxane (PDMS)/glass microchip reaching a detection limit of 2.1
pmol-L71,

A new detector based on the principle of electromagnetic induction for application to CE and
pchip-CE has been described [124]. The detector has an inductor connected in series to a high-
frequency (optimal frequency 1.63 MHz-1.1 MHz) signal generator. The detection is based on
the measurement of the change in inductive reactance (detected by a high-frequency voltmeter
and enhanced by an amplifier) produced by the analytes. According to Chen et al., this new
detection technique offers simple construction, assembly and operation, and has great potential
for universal application. Although not integrated with CE separations, other ECDs have been
also described [125-127].

Conductivity Detection—In 1980 Gas et al. introduced a first approach for what today is
known as capacitively-coupled contactless conductivity detection (C*D) as a new detection

mode applied to isotachophoresis of small ions [128]. Almost two decades later, da Silva and
do Lago [35] and Zemann [129] independently published simplified versions of C*D applied
to CE. Since then, the use of CE-C*D has grown exponentially and is used today for the analysis
of small ions as well as complex biochemical species. C*D is composed of two radial electrodes
placed around the capillary or two planar electrodes placed in the end of the microchip channel.
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A high-frequency is applied to one of the electrodes and the resulting alternating current that
passes through the cell to the second electrode is electronically amplified, rectified, filtered,
and converted to a digital signal using an ADC. The positioning of the electrodes outside the
capillary simplifies the construction and implementation of this detector. As the electrodes are
not in contact with the solution, the high DC electromigration voltages are uncoupled from the
low voltage circuit of the detector [130]. In 2005, Brito-Neto et al.[131,132], using simulated
and experimental results, suggested several aspects to be considered in the development of new
detectors or when planning experiments using C*D. In summary, C*D sensitivity depends on:
1) analytes and background electrolyte conductivity differences; 2) the mobilities of the
electrolyte co-ion and counter-ion; 3) cell geometry; 4) electrode positioning along the capillary
or the microfluidic channel; and 5) operating frequency. The use of a ground plane between
the electrodes, electrode tightness, and temperature control should be also addressed to
minimize possible sources of noise and consequently increase the sensitivity. A review by
Kuban and Hauser [133] described the recent instrumental developments and applications of
this detection mode. The analysis of around a hundred papers described in this review shows
peak-to-peak voltage varying from 2 to 500 Vp,, and frequencies between 14 to 625 kHz being
used in CE or microchip analysis. Although these parameters were found to be important to
determine the absolute value of the C*D sensitivity, adjustments of these two parameters for
different detector implementations seem to lead to similar LODs. Kang et al. [134] created a
low-impedance C*D using a piezoelectric quartz crystal (PQC) connected in series with the
function generator to reduce the impedance in pchip-CE. The impedance in the detector was
reduced because the capacitive reactance from the wall capacitance was compensated by the
inductive reactance from the PQC. The operation frequency of the low-impedance C*D was
set at the resonant frequency of the series combination of a PQC with a C*D, where minimum
impedance was obtained at IMHz for the specific glass microchip. The authors conclude that
S/N ratio of the low-impedance C*D were improved by ~20-50 times over those of a standard
C*D. LODs were 0.38,0.49, and 1.6 um01~L_1 for K* with microchip lid thickness of 0.20,
0.40, and 1.0 mm, respectively. Do Lago’s group described in detail a new version of a C*D
electronic circuit considering the following four principles: simplicity, robustness,
compactness, and performance [135]. This new version was developed with an integrated 1.1
MHz and 4 V,,, sine wave local oscillator and an ADC of 21 bits that eliminates the necessity
of baseline compensation by hardware. The circuit works with any noise-free power supply
between 7 and 12 V and uses a 20 pm thick copper foil as a ground plane. It was constructed
with a lower number of connections to reduce possible sources of noise. The authors also
described a clever idea to determine the ID of capillaries from 20 to 100 um by comparing the
signal obtained from capillaries alternately filled with air and water. The LOD for K*, Ba*,
Ca?*, Na*, MgZ*, and Li* were 0.6, 0.4, 0.3, 0.5, 0.6, and 0.8umol-L ™, respectively, which is
comparable to other high-quality versions of C*D. Guo et al. [136] experimentally examined
the impedance of a C*D detector cell for different parameters (length and cell gap) by alternate
current impedance. They concluded that the impedance increases with increasing gap between
the electrodes and the length of the electrodes. It was shown that the diameter of the electrode
is critical and tightly coupling the electrodes to the outer wall of the capillary is necessary.
These results were consistent with the simulations of Brito-Neto [131,132]. New improvements
in pchip-CE were also achieved by Coltro et al. in 2008. The authors presented a method to
fabricate and integrate planar C*D electrodes on polyester-toner microchips [137]. The
electrode material (aluminum) was sputtered over a printed toner mask and remained anchored
to the surface after the toner removal (lift-off). The integration of the electrodes to printed
channels was provided by a thermal lamination at 120 °C in less than 2 min. These toner-based
microdevices can be fabricated in a matter of minutes using low-cost consumables and simple
tools. The incorporation of the electrodes in the chip eliminates the problem of manual
alignment. The proposed methods also provided more robustness and better reproducibility,
emphasizing the great potential of C*D to be a platform of choice for portable and disposable
point-of-care analysis. The LODs (at 400 kHz and 10 V,,) for K*, Na*, and Lit were,
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respectively, 3.1, 4.3, and 7.2 umol-L ™! in less than 90 s under an electric field of 250V/cm.
Fercher et al. [138] described a novel microchip C*D device produced in low-temperature co-
fired ceramics (LTCC). The application of LTCC multilayer technology allows a broad
diversity of electrode arrangements inside and on top of the ceramics and increase the dielectric
constant compared with glass or plastics microchips, resulting in better C*D sensitivity
according to the authors. In these experiments, inorganic ions were separated in less than 1
min at 300V/cm with C*D detection performed at 2.25 MHz, 5 Vpp. The LOD of
10umol-L~! for K* was achieved using this ceramic device. The increase in sensitivity argued
by the authors has not been confirmed experimentally in literature. LODs of K* using
polymethyl methacrylate (PMMA), PDMS, or conventional fused silica capillaries are in the
same detection range. The lamination process used to build this device consumes around two
hours. Wang et al. describe a wall-jet conductivity detector for PMMA microchips [139]. The
device is based on a “hybrid” arrangement where the receiving electrode is insulated by a thin
layer of a dielectric and the emitting electrode is in direct contact with the solution. LODs as
low as 3 and Spmol-L ™! (for ammonium and sodium, respectively) were achieved using a
sinusoidal frequency of 200 kHz and 10 V,,. The authors suggested that further improvements
of the detector sensitivity are expected by application of high-voltage conductivity detection
schemes and new detection geometries. Ryvolova et al. [42] developed a 3-in-1 detection cell
that for the first time allows current single-point detection of three signals: C*D, photometric
and fluorimetric. The single-point preserves the identical times of peaks passing through the
detector and the three signals can be easily compared. The gap between the C*D electrodes of
~7 mm is unusual compared with the traditional ~2 mm. At 50 kHz the LOD of K* and
MgZ* were 6.4 and 5 pmol-L ™, respectively (around 10 times less sensitive than LOD average
to CE or microchip to these cations). Although other conductivity detectors have been recently
described [140], it seems like most LODs are stabilized around thepmol-L~! range. This
indicates that new electronic developments are necessary to increase the applicability of this
powerful yet simple detection technique.

Conductivity detection has been also used in conjuction with a semicontinuous aerosol
composition analyzer [141]. The system consisted of a growth tube particle collector coupled
to a microfluidic device for chemical analysis. The growth tube enlarges particles through water
condensation in a laminar flow, permitting inertial collection into the microchip sample
reservoir. For inorganic anions, temporal resolution of 1 min and estimated detection limits of
70 140 ng m 3 min were obtained. The system was used to measure sulfate and nitrate, and
results were compared to a particle-into-liquid-sampler running in parallel.

Other Detection Modes—Mass spectrometry (MS) has become a well-accepted analytical
approach that combines molecular information with separation efficiency. Although a
significant number of applications has been described [142-146] and research in areas that go
above and beyond simple separation has been recently reviewed [54], the routine use of CE-
MS has not kept pace with technical and instrumental developments [146]. When coupling CE
and MS, two critical problems must be addressed: 1) grounding the electrical current of the
CE separation voltage; and 2) transferring the analytes into the mass spectrometer at maximum
efficiency [54,147-150]. To accomplish these, three types of ionization methods (electrospray
ionization, or ESI, atmospheric pressure chemical ionization, or APCI, and matrix-assisted
laser desorption ionization, or MALDI) and three interface setups (sheathless [151], co-axial
sheath flow, and liquid junction) are typically employed. Because it allows the direct transfer
of analytes from the liquid phase to the gas phase and the formation of multi-charged ions, ESI
has been the preferred ionization method for on-line setups [152—-155]. CE-ESI-MS also
enables completing the electrical circuit for analyte separation, while simultaneously providing
an electrical potential to the spray tip, generally accomplished using sheath-flow interfaces
[156]. Recently, the numerical analysis of the mass transport of analytes through the liquid
junction interface between the separation and nano-ESI capillaries was described [157]. In the
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report, Kleparnik and Otevrel identified three operational parameters that can be rationally
optimized, if the dynamics of the process are known: 1) the geometry of the interface, especially
the width of the gap between the separation and spray capillaries; 2) the electric field strength,
controlling the migration of analytes in the separation capillary and in the gap, and 3) the
pressure exerted on the gap, controlling the flow rate of the liquid through the spray capillary.
A microfabricated fluidic device was developed for the automated real-time analysis of
individual cells using CE-ESI-MS [158]. In this case, the chip was mounted on an x-y-z
translational stage in front of the atmospheric pressure inlet of a Micromass QTOF Micro mass
spectrometer (Waters Corp., Milford, MA). The chip was positioned so the spray corner was
approximately 7 mm apart from the mass spectrometer inlet orifice. The feasibility of APCI
as an alternative ionization technique for CE-MS was investigated using a grounded sheath-
flow CE-MS sprayer and an orthogonal APCI source. The APCI-MS set-up enabled detection
of basic, neutral, and acidic compounds, whereas apolar and ionic compounds could not be
detected. Background electrolyte composition, sheath-liquid flow rate, and vaporizer
temperature can be optimized with respect to the CE separation without affecting the APCI-
MS response and reaching detection limits (S/N ratio = 3) in the 2—-10 pmol-L ™! [159]. A PDMS
microchip for CE-MALDI-MS has been described by Luo ef al. [160]. The chip allowed
fractionating the separated analytes and pushing the analyte fractions into open reservoirs. Each
analyte fraction was then mixed with a matrix solution and deposited on a MALDI target. An
overview of chip fabrication, microfluidic components, and the interfacing of these devices to
MALDI-MS is also available [161]. Other pertinent reports describing on-line coupling of CE
with atmospheric-pressure photoionization [162], a new algorithm to align CE-MS data
[150], the performance of various capillary coating strategies used in CE-MS [163], a liquid-
junction/low-flow interface [164], and a procedure for collecting fractions during CE for their
analysis using various stand-alone instruments [148] have been also described.

Combining the extraordinary separation efficiency of CE with nuclear magnetic resonance
(NMR) has yielded unique analytical possibilities. The great strength of NMR spectroscopy is
that it can provide, non-destructively and at atomic resolution, molecular information about
the samples. For these reasons it is routinely used to identify small molecules, to study structure
and reaction dynamics, and to probe a variety of intermolecular interactions [165,166].
Although significant improvements can be made by increasing the observation time, using
stronger magnetic fields, or by designing specific detection schemes [167-170], the relatively
poor sensitivity of NMR seems to be one of major drawbacks, specially when coupled to CE
[171]. Using advances in laser microfabrication techniques, a series of radiofrequency
microcoils were developed to produce field deployable, high sensitivity NMR-based detectors
[172]. This was followed by the development of a low-cost microcoil CE-NMR system for in
situ characterization of metal compound speciation [173]. In this case, high-precision laser
lithography was used to produce copper sputtered microcoils that have comparable resistivity
and quality factors to that of hand wound microcoils. Another strategy to improve the sensitivity
of NMR is to couple it with capillary isotachophoresis (cITP). As pointed by Korir and Larive
[174], in cITP the sample is injected between plugs of buffer with higher and lower effective
electrophoretic mobility, enabling the formation of stable boundaries that remain in contact
with each other and travel at constant velocity. In this regard, they constructed a solenoidal
microcoil (1 mm long) using 50 um polyurethane-coated copper wire wrapped around a
polyimide sleeve of inner and outer diameters of 370 and 430 pum, respectively (Please insert
Figure 4). This setup (Avance Bruker spectrometer, 600 MHz) allowed them to perform on-
line NMR detection of microgram quantities of heparin-derived oligosaccharides and to
elucidate their structure. A similar instrumental setup was also used to isolate and detect 4-
aminophenol in an acetaminophen sample spiked at the 0.1% level, with no interference from
the parent compound [175].
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Few reports have also described pchip-CE devices with integrated NMR detection [176]. In
this regard, a new electromagnetic induction detector with two vertical inductors for CE and
uchip-CE was developed [124]. The system consisted of a high-frequency generator (DG1011,
Rigol Technologies, Inc.), a high-frequency voltmeter (HFJ-8B, Shanghai Wuyi Electronic
Equipment Co., Ltd.), and a simple amplifier made of IC 3140 (Texas Instruments Co., USA).
The magnetic core consisted of a cylindrical magnetic conductor (diameter: 2 mm; length: 10
mm) made from non-magnetized ferrate wrapped with enamelled wire (diameter, 0.1 mm).
Upon optimizing the detector’s response (number of coil turns, frequency, and effective
voltage), its feasibility and performance were demonstrated by analyzing inorganic ions (KC1
and MgCl,). Although not integrated, several other reports supported the advantages of
correlating CE and NMR information [177-179]. As pointed in a recent review [180], due to
the optimal premises of both techniques, further developments in CE-NMR are expected to
open new research avenues in the near future.

Though used less frequently, other detection methods [181,182] including atomic fluorescence
spectrometry [183], inductively coupled plasma MS [147,184,185], atomic absorption
spectrometry [186], laser-induced capillary vibration, and surface plasmon resonance [187]
are available to monitor CE separations.

2C- Components for CE and pchip-CE

Pumps, valves, actuators and mixers are essential components in many electrophoretic devices.
For that reason, a variety of techniques have been used for delivery and control of liquids in
CE-sensors and other microfluidic devices. Among others [30,188—191], a description of the
principles and some applications of electrophoretic, electro-osmotic, opto-acoustic, optically-
driven, electrochemical, and gravity-driven pumps has been recently published [25]. Because
they do not require moving parts (motors, actuators, or check valves) and can be controlled
with the same instrumentation used to power separation, most pumps used in CE and pchip-
CE devices are electro-osmotically-driven. In this regard, a simple bead-packed electro-
osmotic pump was designed, fabricated, and theoretically described using models for
hydrodynamic and electrokinetic transport in complex porous media [192]. The theoretical
analysis yields useful relationships between the parameters of the pump (bead size, capillary
size, electrokinetic {potential) and its performance (pressure and flow) rate and hence, provides
guidelines for optimal design for desired properties. The possibility of using a series of
miniature semiconductor diodes embedded in the walls of a microfluidic channel to pump
liquid was demonstrated by Chang et al. [193]. In this case, the signal to the electrodes was
provided by an alternating current generator (FG-7002C, EZ Digital) and amplifier (PZD 700,
Trek), and was monitored with an oscilloscope and a digital voltmeter. Yairi and Richter
described a voltage-controlled pump based on EOF capable of generating both high flow rates
and high pressures [194]. The pump consisted of approximately one half-million
microchannels and was able to produce pressures of 5.5 kPa/V and flow rate of 0.054 mL/min/
V/em?2. Xu and co-workers recently described the development and application of a capillary
partially coated with poly-vinyl alcohol as an electro-osmotic pump [195]. Similarly, Joo and
co-workers [196] used glass coated with either anionic or cationic polymers to produce a rapid
(262.4 nL min ! when 1.0 kV cm ! was applied in 10 mmol-L™! phosphate buffer at pH 7.0)
field-free electro-osmotic micropump. The different surface charge of the Y-shaped pump
produced EOF in opposite directions when an electric field was applied along the two coated
arms. The hydrodynamic pressure developed at the common junction of the three arms
generated field-free flow, which responded rapidly and reversibly to the applied electric field.
Additionally, a simple diaphragm micropump and a single voltage supply were used by Li et
al. to generate controllable well-defined sample plugs [197]. Ducrée and co-workers described
the possibility of using centrifugal forces to integrate liquid handling for sample preparation
and subsequent detection [198]. Among other advantages, this approach can operate widely
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independent liquid properties (viscosity, electrical conductivity, thermal behavior) and surface
tension over a broad range of volumes. Similarly, Kim presented two different methods for a
passive flow switching valve on a centrifugal microfluidic platform, which controls the
direction of a flowing liquid at a junction where a common inlet and two outlet channels meet
[199]. Switching of the flow can be performed either by relying on the Coriolis or by means
of the fluidic capacitance of an air pocket trapped between two fluids at a non-symmetric
junction. Yoo et al. presented a microfluidic system with paraffin-actuated microvalves and a
thermopneumatic-actuated micropump that are easily integrated on the microchip substrate
using PDMS, indium tin oxide and glass [200]. A maximum pumping rate of about 2.0 pl
min~! was measured at a duty ratio of 5% and a frequency of 1 Hz. The flow cut-off powers
for the microvalves with the channel depth of 220um, were 300 and 350 mW for valve seat
diameters of 1.5 and 2.0 mm, respectively. Pappas and Holland demonstrated the utility of
aqueous phospholipid preparations comprised of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine and 1,2-dihexanoyl-sn-glycero-3-phosphocholine for fluid steering in a
microfluidic device [201]. Using three copper conduits, a hot/cold circulating water bath, and
standard manual valves they were able to achieve a change in flow direction for opening and
for closing the channel of 19+ 1 s (n=10) and 11 + 1 s (n = 10), respectively. More recently,
Bachman’s group reported a bubble-based valve system that is simple in design and fabrication,
can be individually addressed electronically, can be easily integrated into existing microfluidic
devices without additional manufacturing steps, and requires very little footprint [202]. In the
described design, a temperature gradient in the microfluidic channel was used to control the
size of an air bubble, which is capable of opening/closing a valve. Leslie and co-workers
demonstrated a simple strategy for flow control using fluidic networks with embedded
deformable features [203]. These fluidic networks consist of capacitors (a deformable film)
and resistors (conventional microchannel) and were operated by modulating the dimensions
of the channels and capacitor film and the frequency of a time-modulated pressure source.

Other authors have opted for the use of commercial systems for flow control (pumps and valves)
in microfluidic devices. Among others, Fluigent [204—-206], Eksigent [207], or LabSmith are
some of the many companies offering products that have been used in pertinent publications.
It is also worth mentioning that to bond connectors to microfluidic devices, Ng et al.
investigated the use of ultrasonic welding (Branson 921 AES). Different schemes of the method
were explored based on different designs of the connectors to achieve a strong (withstand at
least 6 bars), minimal dead-volume connection. Combining the small scale of welding, the use
of inserts, and proper fixture designs, they were able to attach PMMA connectors to PMMA
chips [208]. Additionally, a novel low dead-volume capillary—capillary interface was
fabricated allowing two-dimensional CE separations in a comprehensive mode [209].

3- Compact Systems

This section highlights selected developments of compact CE and pchip-CE systems in
academic research, focusing on systems that have all components needed to perform the
analysis (HVPS, detection system, etc.) in a self-contained format. These systems tend to be
highly integrated, portable, and require modest power. Applications include remote analysis
for space exploration, hazardous environmental testing, gene sequencing, forensics, and
diagnostics.

In 2005, Culbertson et al. demonstrated the feasibility of CE separations in reduced-gravity
and hypergravity environments [210]. Their portable CE device (Please insert Figure 5) has a
glass microchip, two HVPS, a high-voltage switch, a solid-state diode-pumped green laser
pointer (The Laser Guy, Houston, TX), and a channel photomultiplier (MD972, Perkin-Elmer
Optoelectronics, Santa Clara, CA) for detection, among other optical components. An inertial
mass measurement unit (ADXL105EM-3, Analog Devices, Norwood, MA) was included to
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measure the gravitational environment during analysis. The entire device, enclosed in a 28 x

38.4 x 16 cm acrylonitrile butadiene styrene and polycarbonate box, can be powered by 10 D-
cell alkaline batteries. The device successfully demonstrated the separation and detection of

labeled amino acids under low gravity conditions, though some drift was observed.

One of the most highly developed and integrated CE systems designed for space exploration
is the Mars Organic Analyzer (MOA). This system was developed in 2005 by Richard Mathies’
group [211] as an alternative to the former gas chromatography-MS method of detection of
biomarkers of life on Mars [212,213]. The MOA includes a microfabricated chip with
membrane valves and pumps, a sipper for sampling, and a CE separation channel. Three
miniature HVPS and one high-voltage solid-state switch are used to produce and control the
potential for electrophoresis and to float the anode. Two rotary pumps actuate pneumatic
components for the pumps and valves, and a thermoelectric cooler maintains the temperature
of the separation channel at 8°C. Detection is accomplished by LIF with a 400 nm diode laser
(CrystaLaser, Reno, NV), 430 nm dichroic beam splitter, objective lens, 430 nm long-pass and
522 nm band-pass filters, and a 100 um-diameter fiber-optic-coupled photomultiplier [211].
The MOA was initially used to analyze fluorescamine-derivitized amino acids and their
chirality [211]. Further work has extended its use to the analysis of nucleobases and other
amine-containing biomarker compounds [214], neuroactive bioamines in food products
[215], and polycyclic aromatic hydrocarbons [216]. Re-optimization of conditions has allowed
the analysis of samples in highly acidic or saline conditions [217] and the use of Pacific Blue
as a derivatizing agent has significantly lowered detection limits of the MOA. Recently,
Benhabib er al. have improved the instrumentation as well as the microchip in the latest version
of the CE system-the Multichannel Mars Organic Analyzer, or McMOA [218]. The instrument
is now autonomous, has integrated sample preparation (sample retrieval, sample distribution,
and cleaning) and has been expanded to eight independent separation channels. The optical
components for LIF detection include a compact 405 nm diode laser (FiberTEC405, Blue Sky
Research, Milpitas, CA), linear scanning objective, and CCD array detector spectrometer
(USB4000, Ocean Optics, FL). Portable CE instruments have also been developed for use in
hazardous environments. In 2009, Seiman et al. demonstrated the use of a battery-powered CE
device for detection of the degradation products of chemical warfare agents in soil extracts
[219]. The portable device, with dimensions of 330 x 180 x 130 mm, simply contains a cross-
sampler for injection into the separation capillary (EMCO DX250 HVPS, Sutter Creek, CA)
and employs a lab-built C*D detection system.

In 2006, Easley et al. reported the design of a microfluidic genetic analysis system capable of
accepting crude biological samples (e.g. whole blood) and generating a genetic profile [220].
The chip has two sample preparation domains: nucleic acid purification through solid-phase
extraction, and target sequence amplification by polymerase chain reaction (PCR). Fluid is
driven by a syringe pump and valves direct the flow. The amplicons then pass through an
electrophoresis-LIF analytical domain. The custom-built dual-polarity HVPS is comprised of
two Spellman high-voltage sources (Hauppauge, NY). LIF detection is achieved by excitation
through an Argon ion laser (Model LS200, Dynamic Laser, Salt Lake City, UT) and emission
is collected by a PMT and a 515 nm bandpass filter in a conventional confocal detection setup
[220]. The article suggests that the system can be assembled into a portable system for use in
clinical, forensic, and biowarfare defense applications. Kaigala et al. demonstrated cost-
effective fabrication of a portable and integrated microchip-based reverse transcriptase-PCR-
CE system for genetic analysis in 2008 [221]. The system includes a glass-PDMS microchip
with integrated pneumatic valves and pumps for fluid control and a resistive thin-film heater
and temperature sensor element. The optical detection components include a laser diode and
a CCD camera. All components for the system totaled about $1,000 [221]. In 2006, the Mathies
group reported a system capable of nanoliter-scale Sanger DNA sequencing [222]. The
microchip has regions for the three major steps of the process: thermal cycling, controlled by
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a surface heater (7.8 Q, Minco, Minneapolis) and resistive temperature detector, sample
purification, and CE with LIF detection by the Berkeley confocal rotary scanner [223]. Since
this system can be used to perform fundamental operations such as DNA amplification, nucleic
acid concentration/purification, and DNA-fragment size determination, it is useful in a wide
range of applications. The Mathies’ group then took a first step toward a multichannel PCR-
CE system capable of four parallel analyses [224]. They used a similar device to perform
reverse transcription-PCR for gene expression and biomarker analysis [225]. Next, the group
reported the design of a portable PCR-CE microdevice for short tandem repeat analysis. The
fully integrated system, which can be powered with 20 W, has redesigned electronics for
uniform temperature during PCR, pneumatics for microfluidic manipulation, four HVPS for
CE, a 488 nm frequency-doubled diode laser (Protera, Novalux Corp., Sunnyvale, CA) and an
optical system for four-color fluorescence detection [226].

Some drawbacks of including PMTs in detection systems include high cost and bulky size,
especially in sequencing applications when detection of four bases requires four PMTs. Rech
et al. validated the use of solid-state single photon avalanche diode (SPAD) array detectors for
DNA fragments in 2006 [227]. SPAD sensors have high sensitivity and allow significant
miniaturization of genetic analysis systems along with simplicity, low power consumption,
and reduced cost compared to PMTs or CCDs. Recently, the group produced an ultra-compact
complete genetic analysis system comprised of custom and low-cost components. The
separation microchip (Micronit) is only 45 x 15 x 1.8 mm with separation channels that are 50
pm wide. Injection and separation potentials are produced and controlled by three independent
HVPS developed from an ultra-compact high-voltage DC converter (EMCO). After
electrophoretic separation, the fluorescent markers on the DNA fragments are excited with two
low-cost and compact laser diodes (TOLD 9442 by Toshiba and L7910 by Hamamatsu) instead
of bulky Argon lasers. The emissions pass through optical filters (Chroma Technology USA)
and are collected by a microscope objective. The four remaining wavelengths separate by a
transmission grating (6001/mm Thorlabs) and then are focalized on a monolithic array of 4
SPAD detectors (IMM-CNR, Bologna). The size of the entire module is merely 19 x 12.5 x
15 cm [228].

In 2008, the first prototype of a lab-on-a-robot device was presented by Berg et al. [229]. The
system is capable of collecting a gas sample, performing the subsequent analysis (injection,
separation, and detection), and sending the data to a distant control unit. The operation of the
lab-on-a-robot (Please insert Figure 6A) begins by selecting the strategic geographic location
of the mobile unit employing global positioning systems (GPS) and transmitted video.
Subsequently, using aLabVIEW graphical user interface (GUI) for communication, the robot’s
peripherals are transferred from mobility to chemical detection and the testing specifications
are transmitted from a base station and stored in the robot. Next, a micro-actuated pump (model
mp5, Bartels Mikrotechnik, Dortmund, Germany) is activated to diffuse a gaseous sample
through a 150 um ID fused silica capillary and into the sample reservoir on the chip. Next, an
aliquot of the sample is injected (pinched injection) and the components are electrophoretically
separated. While the test is running, detection current as a function of time is transmitted to a
personal computer and a real time electropherogram can be produced through the GUI. As
shown in Please insert Figure 6B, the capabilities of the systems were demonstrated by
analyzing a sample of air containing phenol and using ferulic acid as the internal standard.

Although most attempts at miniaturizing CE systems have focused on the use of microfluidic
devices as separation platforms, it has been demonstrated that systems can be designed to be
portable while still using capillary tubing for electrophoretic separations. In 2007, Kuban et
al. designed and field-tested a portable, battery-powered CE system with integrated contactless
conductivity detection for detection of ionic compounds in environmental samples [40].
Though the separation is conducted in a silica capillary (as opposed to a microchip channel),
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the unit is still a compact 70 mm x 205 mm x 160 mm. Other non-chip based portable CE
systems have been reviewed recently [230].

4- Innovative Uses and Modifications of Classic CE Instrumentation

The most basic instrumental setup for a CE includes a couple of vials containing either
background electrolyte or sample, a capillary tube (50—150 um ID), a power supply, and a
detector. Most commercial instruments also contain a pressure/vacuum system to perform
hydrodynamic injections and to rinse the capillary between runs. Although this setup has
proven to be extremely effective to perform separations, other uses have been also reported.
The objective of including this section is to highlight a few examples of conventional
instruments that function beyond the quantification of a group of analytes to expand the
capabilities of current laboratories, and to enable new training opportunities for students.

Since 1995, several reports have described the use of CE instrumentation for the determination
of critical micellar concentration (CMC) values [231-234]. Recently, Stanley ef al. reported a
fast (~4 min) method for the determination of CMC values that uses CE instrumentation to
monitor relative viscosity changes [235]. Similarly, a CE instrument was used to measure
viscosity, conductivity and absorbance of pure ionic liquids and ionic liquid—molecular solvent
mixtures using minimum sample volumes (~50 pL) [236]. In order to characterize both protein-
ligand binding as well as protein hydrodynamic radius, Taylor dispersion analysis and CE were
combined. Using two different systems (glycosylated human serum proteins and albumin
interacting with propranolol) and frontal analysis mode, binding constants and hydrodynamic
radii were obtained and correlated by independent methods [237]. Similarly, the effect of
separation parameters such as ligand concentration and CE voltage on the separation dynamics
of a-fetoproteins was investigated. Bharadwaj et al. described a comprehensive mathematical
model to predict electropherograms for affinity-based (nonequilibrium conditions) separations
[238]. The model includes the effects of molecular diffusion, electromigration, nonequilibrium
reaction, and detection process. Other examples of frontal analysis have been also reported
[239]. The collective diffusion coefficient (D) of diluted suspensions of positively-charged
iron oxide maghemite nanoparticles was also investigated using a CE instrument on the grounds
of Taylor dispersion theory [240]. CE has been also used to determine the size of water-soluble
CdSe/ZnS core-shell quantum dots [241] and the electrophoretic mobility of colloidal particles
[242]. Mora et al. used a CE to investigate the adsorption of surfactants to PDMS-coated
capillaries and to develop a simple model to estimate the EOF as a function of the structure of
the surfactant and its concentration [38].

The use of a modified instrument (Beckman P/ACE MDQ) with on-column LIF detection for
the automated analysis of individual latex particles in solution was also reported [243]. The
modification included an external input/output (I/O) board that allowed for faster data
acquisition rates (e.g. 100 Hz) than those available with the standard instrument settings (e.g.
4 Hz). This system opened exciting possibilities for those interested in the study and analyses
of organelles, liposomes, and nanoparticles [244].

Reijenga and co-workers showed that different operating temperatures (a custom-programmed
CE) can be used to fine-tune the separation. The same group also proposed specific ways of
programming the instrument (Beckmann P/ACE 5500) and performing a sequential
electrokinetic injection [245]. Using an EOF marker as a sample to find optimal conditions for
cross-correlation experiments, S/N ratio improvements of around 2.8 (compared to 4.0
theoretical) were obtained. Although not available in most basic instruments, a LIF
photobleaching anemometer was developed for measuring fluid flow velocity in a microfluidic
instrument in less than 10 min at extremely low cost [246].
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The use of two additional reservoirs to accommodate the electrodes of the power source was
proposed to improve the stability of the running electrolyte in CE [247]. The basic idea is to
use salt bridges to connect those reservoirs to the ones containing the capillary ends. According
to the report, the electrolysis-separated system enabled performing at least 15 runs without
observing significant changes in the migration time or resolution, allowing the preparation of
running electrolytes with electroactive species or using unbuffered solutions. The same group
also presented a clever and simple way to monitor the EOF in CE using thermal marks [248].
The so-called thermal mark is a perturbation of the electrolyte concentration generated by a
punctual heating of the capillary (provided by a tungsten filament or a resistor, see Please insert
Figure 7) while the separation electric field is maintained. The thermal mark was recorded with
a conductivity detector (described elsewhere [41,135]) as part of a usual electropherogram and
used to index the analyte peaks and thus compensate for variations of the EOF. This is an
excellent example of how few resources could be used to develop useful instrumentation.

5- Conclusions

This review intended to provide a broad view of recent instrumentation dedicated to improve
the performance of CE and pchip-CE devices. A quick bibliography search shows that the
development of optical detectors (in particular, LED-based systems) and components (valves,
pumps, efc.) are some of the most active fields in the last five years. On the contrary, few
developments in HVPS have been recently published. Outstanding achievements have been
found in regards to the developments of compact systems and detection devices, enabling the
analysis of a wide variety of samples and, in the case of MS and NMR, obtaining structural
information of the components of a mixture. It is therefore expected that future developments
in instrumentation will enable closing the gap between the current technologies and true lab-
on-a-chip devices for general analytical needs.

List of Abbreviations

uchip-CE microchip-capillary electrophoresis

ADC analog-to-digital converter

APCI atmospheric pressure chemical ionization

Cc'D capacitively-coupled contactless conductivity detection
DC direct current

ECD electrochemical detection

ESI electrospray ionization

GPS global positioning system

GUI graphical user interface

HVPS high-voltage power supply

ID inner diameter

LCORR liquid core optical ring resonator

LTCC low-temperature co-fired ceramics

McMOA Multichannel Mars Organic Analyzer

MOA Mars Organic Analyzer

PEPS programmable eight-path-electrode power supply
PMT photomultiplier tube
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PQC piezoelectric quartz crystal

RI refractive index

RIU refractive index units

SPAD single photon avalanche diode
USB universal serial bus

WGM whispering gallery mode
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Figure 1.

Experimental set-up used to connect the PEPS with the microchip and the detection system.
In this figure, each reservoir is addressed by an individual electrode. Adapted from reference
[52].
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Figure 2.
Instrumental arrangement to perform optical detection using a deep-UV-LED. Adapted from
reference [87].
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Figure 3.
Picture of the mini-ECD (3.6 x 5.0 cm) described in reference [51].
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Figure 4.

a) Photo of the 14-turn coil used in the construction of the second-generation probe, b)
illustration of how the microcoil is mounted on a plastic circuit board for mechanical support,
photos of ¢) first- and d) second-generation probes showing some of the differences in design.
The arrows indicate the points where the coil circuit was connected to the tuning capacitor.
From reference [174].
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Figure 5.
Photograph of portable microfluidic device flown on NASA’s microgravity research aircraft.
From reference [210].
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Figure 6.

Picture (left) of the assembled Lab-on-a-Robot containing HVPS, ECD, mobile platform,
radiofrequency modem, compass, and GPS. Electropherograms (right) obtained wirelessly
with the described lab-on-a-robot. Conditions: 5 mmol-L™! phosphate buffer (pH=12.0), 1
mmol-L~! sodium dodecyl sulfate, separation potential 1200 V, tinj=7s, pulsed amperometric
detection. Adapted from reference [229].
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B)

Figure 7.

Tungsten lamp (left) and SMD resistor (right) used to produce thermal markers. Both figures
show the position of the silica capillary with respect to the heating elements. Adapted from
reference [248].
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