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Abstract With the maturation of microfluidic technologies,
microchip electrophoresis has been widely employed for
amino acid analysis owing to its advantages of low sample
consumption, reduced analysis time, high throughput, and
potential for integration and automation. In this article, we
review the recent progress in amino acid analysis using mi-
crochip electrophoresis during the period from 2007 to 2012.
Innovations in microchip materials, surface modification,
sample introduction, microchip electrophoresis, and detection
methods are documented, as well as nascent applications of
amino acid analysis in single-cell analysis, microdialysis sam-
pling, food analysis, and extraterrestrial exploration. Without
doubt, more applications of microchip electrophoresis in ami-
no acid analysis may be expected soon.

Keywords Amino acid analysis - Microchip electrophoresis -
Microfluidics - Review

Introduction

Amino acids are a group of organic molecules that play essen-
tial roles in various biological functions. They are not only the
structural units that make up proteins, but some of them have
also been recognized as neurotransmitters regulating important
physiological activities, such as synaptic transmission, aging,
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learning, and memory [1-3]. Amino acids are widespread in
the human body. Variations in the amino acid levels reflect
changes in the biological system, which are of great interest for
researchers to understand many fundamental biological pro-
cesses, entailing accurate analysis of amino acids. However,
analysis of amino acids is a challenging task because most
amino acids are small aliphatic molecules without fluorescence
or strong UV absorption characteristics. The optical properties
of amino acids often necessitate the partitioning of L/D isomers.
In addition, the complex biological system may induce a large
amount of interference during the sampling processes, demand-
ing separation of amino acids before quantitative analysis.

Capillary electrophoresis (CE) has been one of the domi-
nant separation methods for analyzing amino acids. Several
reviews have recently been published on amino acid analysis
by CE [4-6]. With rapid advances in microfluidic technolo-
gies or “lab-on-a-chip” [7—14], microchip electrophoresis
(MCE) has drawn increasing attention of researchers since
its first introduction by Manz and coworkers [15, 16]. MCE
allows amino acid analysis on a small scale using microfluidic
devices. The small volume and short separation channel sig-
nificantly reduce sample consumption and the analysis time.
The potential of MCE for integration and miniaturization
makes possible the development of portable devices that can
operate on-site, which is ideal for point-of-care applications
and even extraterrestrial explorations.

Pumera [17] has summarized the developments of MCE-
based methods for analyzing amino acids before 2007.
Since then, microfluidic technologies have been growing
fast, and many new approaches have been developed for
amino acid analysis, necessitating an update of this topic.
Here, we document the recent advances in amino acid
analysis using MCE-based methods during the period from
2007 to 2012, covering innovations in microchip materials,
surface modification, sample introduction, MCE and
detection methods. Selected applications of MCE will be
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discussed, including single-cell analysis, microdialysis sam-
pling, food analysis, and extraterrestrial exploration.
Analyses of both proteinogenic and nonproteinogenic ami-
no acids will be discussed, with emphasis on proteinogenic
amino acids.

Microchip materials

Design and fabrication of the microchips are the first step in
developing microfluidic-based methods for amino acid anal-
ysis. Cross-shaped microchannels [18-20] are still the com-
monest chip design owing to their convenience for sample
introduction and ease of fabrication. Slight tweaking of the
cross-shaped microchannels has been reported to improve
analytical performance, such as double-T-shaped micro-
channels for sample introduction [21-23], addition of a side
channel for online reaction [24-26], elongation of the sep-
aration channel for enhanced resolution [27, 28], and multi-
plexing of microchannels for higher throughput [29, 30].
Complex microchip designs with multiple layers have also
been used for integration and automation [31].

Microchip fabrications mostly follow standard lithogra-
phy or soft lithography methods [32, 33]. A variety of
materials have been used to construct microfluidic chips,
including silicon [34, 35], glass [36—39], polydimethylsilox-
ane (PDMS) [40—42], poly(methyl methacrylate) (PMMA)
[43-46], polycarbonate [47], cyclic olefin copolymer
[48-50], thermoset polyester [51], and poly(glycidyl meth-
acrylate)-co-(methyl methacrylate) [52]. Glass and PDMS
have been the dominant choice in the past few years. Glass
has good optical properties and chemical stability. The fab-
rication of glass microchips is relatively complex. For seal-
ing of glass microchips, many researchers chose a flat layer
of PDMS to irreversibly bond with the glass substrate with
patterned microchannels [53, 54]. PDMS also has good
chemical stability and optical transparency. The rapid pro-
totyping method makes possible mass production of PDMS
microchips with high reproducibility. However, a thin layer
of PDMS may lack rigidity, resulting in unwanted distortion
of microchannels. Thus, a glass substrate is sometimes used
to irreversibly bond to the PDMS structure to seal open
channels and to improve the structural rigidity [55, 56]. In
some cases, the flexibility of PDMS may also be exploited
for fabricating hybrid PDMS/glass microchips, such as the
construction of diaphragm-based micropumps [57].

In addition to the materials mentioned above, a few new
materials have been reported recently for fabricating micro-
fluidic chips, such as poly(ethylene glycol) diacrylate
(PEGDA) [58, 59] and OrmoComp [60]. PEGDA is a poly
(ethylene glycol) (PEG)-functionalized polymer that is inher-
ently resistant to protein adsorption. Fabrication of PEGDA
microchips follows the photopolymerization-based method
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[61], which is similar to the soft lithography method, and both
patterning and bonding can be completed within 10 min.
OrmoComp is a new commercial hybrid ceramic polymer
[60]. Both UV lithography and UV embossing can be used
to fabricate OrmoComp microfluidic separation chips.
OrmoComp chips exhibits stable cathodic electroosmotic
flow (EOF) that can be used for MCE.

Surface modification

The properties of the microchip materials, including chem-
ical stability, surface chemistry, and optical properties, are
essential for amino acid analysis. In most cases, it is the
hydrophobicity of microfluidic chips that complicates their
use in separating amino acids. This is because high hydro-
phobicity often means undesired nonspecific adsorption of
samples onto the microchannel surface. Thus, surface mod-
ification is sometimes necessary to enhance the resistance of
microchannel walls to amino acids.

Glass-based microfluidic chips have been extensively
used in amino acid analysis owing to their good chemical
stability and transparency. However, it is sometimes neces-
sary to suppress the strong EOF of glass microchips for
better separation performance. Schulze and Belder [62] re-
cently reported the use of a hydrophilic-coating material,
PEG-1 M-100, to modify the channel surface in a glass
microchip. The modified device exhibited a suppressed
EOF and reduced analyte adsorption, and was successfully
applied in MCE of fluorescein isothiocyanate (FITC)-la-
beled amino acids.

PDMS is the most frequently used polymer material for
fabricating microfluidic chips. Its high hydrophobicity often
induces nonspecific adsorption of amino acids and proteins.
Many efforts have been dedicated to the surface modifica-
tion of PDMS to improve its hydrophilicity and separation
performance. Dynamic adsorption [20, 42, 63—65] and
chemical grafting [18, 19, 66, 67] are two common methods
for PDMS modifications. For example, Qiu et al. [42] used a
dynamic coating method to layer-by-layer immobilize poly
(diallyldimethylammonium chloride) and TiO, nanoparticles
on a PDMS surface. The modified PDMS microchip exhibited
a decreased and stable EOF, which was favorable for separat-
ing biomolecules with similar migration times. Efficient sep-
aration of arginine, phenylalanine, serine, and threonine was
demonstrated within 100 s in a 3.7-cm-long separation
channel. Liang et al. [20] used the reaction between
dopamine and HAuCly to trigger dopamine polymerization
and generation of metallic nanoparticles in the microchan-
nel, resulting in an in situ well-distributed and robust
polydopamine/gold nanoparticle coating on the microchan-
nel walls (Fig. 1). Compared with the native PDMS
microchannel, the modified surfaces exhibited much better
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Fig. 1 Coating of a polydimethylsiloxane (PDMS) channel with poly-
dopamine (PDA)/gold nanoparticles (Au NP) for separation of amino
acids. The construction of the PDA/Au NP modified PDMS micro-
fluidic devices (4). Separation mechanism of the electrophoretic

wettability, high stability, and suppressed electroosmotic
mobility, and less nonspecific adsorption towards biomole-
cules. Recently, Zhang et al. [18] developed an environ-
mentally friendly chemical grafting strategy in which
PEG-NH, was covalently attached to a silanized PDMS
surface. EOF measurements and protein adsorption studies
revealed noticeable EOF suppression and resistance to
nonspecific adsorption for more than 30 days. Separation
of four FITC-labeled amino acids was demonstrated with
high repeatability and reproducibility. A “click” chemistry
based modification strategy was further proposed by the
same research group [19], where alkyne-PEG was “click”
grafted to azido-PDMS for enhanced EOF and resistance
to nonspecific adsorption. In addition to dynamic coating
and chemical grafting, it is also possible to modify PDMS
microchips by bulk modification. Xiao et al. [68] reported
a simple and rapid bulk-modification method by adding an
amphiphilic copolymer, poly(lactic acid)-PEG, during the
fabrication of PDMS microchips. The bulk-modified
PDMS microchips exhibited reproducible and stable EOF
behavior, and were successfully used for separating mix-
tures of amino acids.
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microchip system for analysis of five amino acids integrated with
end-channel electrochemical detection (B). D4 dopamine, PBS phos-
phate-buffered saline. (Adapted from [20])

Sample introduction

For microfluidic separation of amino acids, sample introduc-
tion is a key step to achieve efficient analysis. Karlinsey [69]
lately reviewed sample introduction techniques for MCE.
Here, we will only give an overview of the recent develop-
ment of sample introduction methods in amino acid analysis.

In the past 5 years, electrokinetic injection has still been
the commonest technique for mobilizing samples on micro-
chips using EOF. Various modes have been reported for
electrokinetic injection on microfluidic systems, including
floating, pinched, gated, and dynamic loading modes.
Recently, Blas et al. [70] conducted a comparative study
of floating and dynamic injection modes in an electrokinetic
microfluidic separation system by separating a mixture of
fluorescently labeled arginine, glycine, glutamic acid,
aspartic acid, and y-aminobutyric acid (GABA), a nonpro-
teinogenic amino acid. The dynamic loading mode was
superior to the floating mode in terms of efficiency and
reproducibility, because the sample plug was less dispersed.
A monolithic sampling probe system was fabricated by He
et al. [71] using simple tools, including a glass cutter and a
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bench drill. In combination with a slotted-vial array sam-
ple/reagent presentation system, a train of different samples
could be continuously introduced by electrokinetic injection
without interruption. Separation of FITC-labeled amino
acids showed relative standard deviations (RSD) of 3.6 %,
3.3 %, and 3.5 % in peak height for arginine, FITC, and
phenylalanine, respectively (n=11).

As an alternative to mobilizing samples by EOF, new
sample loading methods have been reported for electrokinetic
injection. Zhang and Yin [72] developed a microvacuum-
pump-based negative pressure sampling device for parallel
separation of multiple samples on a microfluidic chip array.
The negative pressure sampling device consists of a micro-
vacuum air pump, a buffer vessel, a three-way electromagnet
valve, and a vacuum gauge. Six samples were simultaneously
loaded by negative pressure to form pinched sample plugs at
the channel crossings, which could then be injected into the
separation channels by EOF after the release of the negative
pressure. A hybrid microfluidic system was reported by
Abdelgawad et al. [73] to interface discrete droplet samples
with MCE separations (Fig. 2). Discrete droplets were manip-
ulated on an array of electrodes by dielectrophoresis for on-
chip labeling of amino acids, which was then moved to the
inlet of the separation channel, and were injected by electro-
kinetic means for MCE analysis.

Aside from its widespread use, electrokinetic injection
suffers from biased sample introduction owing to the different

electrophoretic mobility of molecules. In contrast, hydrody-
namic injection allows unbiased sample introduction. PDMS-
based pneumatic valves have been developed for reproducible
MCE of amino acids. For example, Li and Martin [74]
reported integration of PDMS-based pneumatic valves for
the rapid injection of analytes from a continuously flowing
stream into a channel network for MCE. Continuous injec-
tions of a 0.39-nL fluorescein plug into the separation chan-
nels showed that the injection process was highly reproducible
(RSD of 0.7 %, n=10). A similar strategy was employed by
Sun et al. [75], where a rapidly actuated PDMS pneumatic
valve made possible injection of discrete sample plugs as
small as 100 pL for MCE separation. PDMS-based micro-
pumps can also be used for sample introduction on micro-
fluidic chips. For example, Li et al. [76] integrated a PDMS-
based peristaltic pump on a cross-shaped MCE system to
generate a well-defined sample plug. Sequential injections of
1x10° M sodium fluorescein resulted in RSD of 2.17 % and
4.96 % (n=25) for peak height and peak area. Price and
Culbertson [77] reported a PDMS microchip that incorporates
miniaturized and fully integrated dielectric elastomer actuators
in order to perform sample injection for MCE. Separations of
FITC-labeled amino acids revealed that injections by integrat-
ed dielectric elastomer actuators resulted in a stabler chemical
composition than electrokinetic injections. The RSD for peak
areas were less than 1.1 % over 30 injections at six different
volumes.
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Fig. 2 A hybrid microfluidic system interfacing discrete droplet samples
with microchip electrophoresis (MCE) separations. A The hybrid device
comprises an electrode array for sample preparation by digital micro-
fluidics and a network of microchannels for chemical separations. The
inset is a schematic of the interface (not to scale). B Frames from a movie
(from left to right) depicting droplets containing colored dyes being
moved, merged, and mixed by digital microfluidics and then delivered
to the interface. C Frames from a movie (from /eft to right) demonstrating
electrokinetic loading of the contents of a droplet into a microchannel.
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The arrow in panel 2 indicates the front of the reagent (purple dye) being
loaded into the channel from the droplet. D MCE separation of naphtha-
lene-2,3-dicarboxyaldehyde (NDA)-labeled glycine, alanine and valine
by micellar electrokinetic chromatography (MEKC). E MCE separation
of NDA-labeled HeLa cell lysate by MEKC. The inset was generated
using an identical protocol without the cell lysate. The y-axis of the inset
was scaled identically to that of the main panel. Peaks were assigned by
spiking with NDA-labeled standards. (Adapted from [73])
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Microchip electrophoresis
Achiral separation

Various separation methods have been reported in the past
few years for amino acid analysis, including microchip
capillary zone electrophoresis (WCZE), microchip micellar
electrokinetic chromatography (WMEKC), microchip capil-
lary electrochromatography (LCEC), and multiplexed and
multidimensional separation methods.

Owing to its simplicity, LWCZE is the commonest separa-
tion mode. For example, Noblitt et al. [78] integrated a
track-etched polycarbonate membrane into the reservoirs
of a PDMS microchip for selective filtering of insoluble
particles based on the membrane pore diameter. pCZE of
amino acids was conducted without being hindered by the
addition of membranes. Zhang et al. [19] used WCZE to
evaluate the performance of a PEG-functionalized PDMS
microchip for separating five amino acids. Yamamoto et al.
[79] fabricated an acidic polyacrylamide gel in a PMMA
microchip using in situ photopolymerization. Simultaneous
concentration, enrichment, and pCZE separation of FITC-
labeled amino acids was demonstrated. In fact, LCZE has
been the dominant separation mode for investigating the
performance of microchips in separating amino acids after
surface modifications [18-21, 64-68]. A few more exam-
ples can be found in “Surface modification.”

UMEKC was first introduced by Moore et al. [80], and is
based on the partition equilibrium of analytes between the
micellar pseudostationary phase and the surrounding medi-
um. Separation of 20 amino acids was attempted using one-
dimensional pMEKC by Culbertson et al. [81] on a glass
microchip patterned with a 25-cm-long spiral-shaped sepa-
ration channel (Fig. 3). As a result, 19 amino acids were
separated in 165 s with an average plate number of 280,000.
However, the 20th amino acid, histidine, could not be re-
solved. Kitagawa and Otsuka [82] documented the develop-
ment of WMEKC prior to 2008. Among various available
pseudostationary phases, sodium dodecyl sulfate (SDS) is
the commonest surfactant for uMEKC. Recently, Sueyoshi
et al. [83] combined transient trapping with pMEKC for the
separation of amino acids. Transient trapping provided ef-
fective preconcentration of samples on the basis of the trap-
and-release mechanism. Separation of BODIPY-labeled
amino acids showed that a 106-fold to 125-fold increase in
detectability was achieved relative to LCZE. Qiao et al. [84]
conducted a comparative study of three surfactants, namely,
SDS, polyoxyethylene lauryl ether (Brij 35), and ethylene
oxide/propylene oxide block copolymer (Pluronic F127),
for uMEKC separation of amino acids. The optimized sep-
aration of seven amino amides was achieved with FITC as
the labeling reagent and Brij 35 as the surfactant in 20.0 mM
borate at pH9.2. As a result, linearity of L-asparagine was
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Fig. 3 Microchip MEKC (uUMEKC) separation of 20 amino acids in a
spiral-shaped separation channel. A Image of a microchip with a spiral
separation channel. The separation channel was 24.9 cm long and
40 um wide (half-depth). The arrows in the inset indicate the vertexes
of the polygonally shaped channels. B MEKC separation of 19 tetra-
methylrhodamine-labeled amino acids in a 10 mM sodium tetraborate/
50 mM sodium dodecyl sulfate (SDS) buffer with 10 % (v/v) 2-
propanol. The field strength was 770 V/cm, and the detection point
was 11.87 cm from the injection cross. The peak locations of the amino
acids are indicated by their standard one-letter abbreviations. (Adapted
from [81])

obtained in the range from 6.6x10° to 2.6x10™*M with a
detection limit of 0.7 uM. In addition to the common buffers
mentioned above, new buffers have also been reported for
UMEKC separation of amino acids. For example, Hoeman
and Culbertson [85] used a commercially available dish-
washing soap from Seventh Generation (Burlington, VT,
USA) for amino acid analysis by uMEKC. The optimized
buffer contained 5.0 % w/w Seventh Generation Free &
Clear™ dishwashing soap and 10 mM sodium borate,
which had a different selectivity and provided higher sepa-
ration efficiencies than SDS-based buffers. Guan et al. [41]
used a mixture of ionic and zwitterionic surfactants for
UMEKC in a PDMS microchip. The mixed surfactant sys-
tem allowed tuning of the EOF across a range of pH and
concentration conditions.

nCEC provides an alternative means for separating amino
acids which combines the selectivity of liquid chromatogra-
phy with the efficiency of MCE. Huo and Kok [86] summa-
rized the applications of LfCEC in amino acid analysis. Lately,
Blas and et al. [87] integrated a fused-silica capillary contain-
ing a stationary phase into a PDMS microfluidic chip for
UCEC. Separation of a mixture of proteinogenic (arginine,
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glycine, glutamic acid, and aspartic acid) and nonproteino-
genic (GABA) amino acids was demonstrated. Since there are
number of capillary modification methods, it is possible to
functionalize the assembled device for different applications.
Park et al. [48] developed a cyclic olefin copolymer microchip
and packed the cross-shaped microchannels with 0.8-pm
monodisperse colloidal silica beads by self-assembly. Owing
to the large surface-to-volume ratio of the silica packing, it is
possible to control the EOF within the channels with high
reproducibility (1.3 % RSD in migration rate). As a result,
four FITC-labeled amino acids were successfully separated
with a 2-mm separation channel length by nCEC.

New separation modes have been developed for achiral
separation of amino acids. Xu et al. [88] proposed a microchip
free-flow electrophoresis (LWFFE) analytical system in which
voltages were applied in two dimensions so that both fluid
transport and separation were driven electrokinetically.
Separation of FITC-labeled amino acids, including L-lysine,
L-phenylalanine, and L-aspartic acid, was successfully realized.
The research group of Belder [89] developed a uFFE device
that allowed high-speed continuous separations of amino acid
samples. Free-flow zone electrophoretic separations of labeled
amino acids were demonstrated. With a similar design, they
fabricated a microfluidic chip using a spacerless approach
with the photodefinable polymer PEGDA [90]. Hydrophilic

(A) (? B1 B2 w

microfluidic channels of only 25 pwm in height were generated.
Separation of labeled amino acids was realized by pFFE.
Shameli et al. [S6] reported a hybrid PDMS/glass microfluidic
chip integrating a planar heater for generating temperature
gradients. A bilinear temperature gradient along the separation
channel was realized, which improved both peak capacity and
separation resolution simultaneously. Using the developed
device, they were able to separate amino acids that have
similar electrophoretic mobilities.

In addition to above-mentioned methods, multiplexed
approaches have also been reported. An eight-channel mul-
tiplexed microfluidic device was fabricated by Shackman et
al. [47] which allowed parallel separation of amino acid
samples using gradient elution moving boundary electro-
phoresis. Shadpour et al. [30] developed a 16-channel
microfluidic chip integrating a gold electrode array for in-
dependent contact conductivity detection in each channel.
Parallel analysis of amino acid was performed using nCZE,
showing a separation efficiency of 2.0x10? plates.

By coupling different separation modes orthogonally,
multidimensional MCE is able to separate amino acids with
enhanced resolution. Recently, Xu et al. [27] developed a
two-dimensional MCE system coupling utMEKC with
uCZE for quantitative amino acid analysis. The design of
the two-dimensional MCE system is shown in Fig. 4A.
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Fig. 4 Two-dimensional electrophoretic separation coupling uMEKC
with microchip capillary zone electrophoresis (CZE) for amino acid
analysis. A The microfluidic chip. Arrows indicate the detection points
for one-dimensional and two-dimensional separations. The reservoirs
are labeled as follows: S sample, B/ buffer 1, SW1 sample waste 1, B2
buffer 2, SW2 sample waste 2, and W waste. B The effect of the borate
concentration on the separation of 20 fluorescein isothiocyanate

@ Springer

(FITC)-labeled amino acids by the first dimension MEKC. C A gel-
like two-dimensional electropherogram of 20 FITC-labeled amino
acids. The separation conditions were as follows: 25 mM borate buffer
and 100 mM SDS (pH11.0) in the first dimension; 100 mM borate
buffer (pH9.5) in the second dimension. The electric field strength was
300 V/cm in the first dimension and 1,000 V/cm in the second dimen-
sion. (Adapted from [27])
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Incomplete separation of 20 amino acids was found by using
one-dimensional ptMEKC (Fig. 4B). By coupling utMEKC
with uCZE, they successfully realized complete separation
of 20 amino acids with linear dynamic ranges above three
orders of magnitude and linear correlation coefficients >
0.99 (Fig. 4C). Quantitative analysis of a commercial nutri-
tion supplement liquid was further demonstrated.

Chiral separation

Chiral separation of amino acid enantiomers is an important
issue, since enantiomers often exhibit different pharmaceutical
or bioactive effects. MCE-based methods have been widely
employed for fast amino acid enantioseparations owing to
advantages such as low sample consumption and high sepa-
ration efficiency. However, it is difficult to separate a pair of
amino acid enantiomers using simple separation modes.
Generally, chiral selectors are added in the mobile phase
(MMEKC) or immobilized as a stationary phase (LWCEC) to
achieve effective separation. Nagl et al. [91, 92] reviewed the
advances in microchip enantioseparations. Here, we summa-
rize the recent progress in chiral separation of amino acid
enantiomers using MCE-based approaches.

Huang et al. [93] performed chiral separation of amino
acids on a PDMS/glass hybrid microfluidic chip using y-
cyclodextrin as a chiral selector in the running buffer. Using
this method, they determined the concentration of D-aspartic
acid and D-glutamate in rat brain and human cerebrospinal
fluid. The same research group further developed a double-T-
shaped microchannel for the chiral separation of D/L-tyrosine
enantiomers with y-cyclodextrin as the chiral selector [94].
The concentration of D-tyrosine in human plasma was found
to differ significantly from normal humans to patients with
renal failure. Sun et al. [59] developed a PEG-functionalized
polymeric microchip. By introducing [3-cyclodextrin into the
running buffer as a chiral selector, they separated ten different
pairs of D,L-amino acid pairs with high reproducibility.
Microfluidic open tubular capillary electrochromatography
was reported by Zhang et al. [36] for chiral recognition of
dansyl enantiomeric amino acids. Avidin was employed as the
chiral selector and was immobilized on the microchannel wall
by dynamic adsorption. With addition of methanol in the
running buffer, four dansyl racemic amino acids were suc-
cessfully separated by microfluidic open tubular capillary
electrochromatography within 100 s. Qu et al. [95] developed
amicrofluidic device integrating three polymer retainers and a
quartz capillary coated with molecularly imprinted polymer.
The molecularly imprinted polymer was in situ chemically
polymerized on the microchannel wall using acrylamide as the
functional monomer and ethylene glycol dimethacrylate as the
cross-linker. Baseline separation of zert-butoxycarbonyl-D-
tryptophan and fert-butoxycarbonyl-L-tryptophan was real-
ized within 75 s with detection limits of 20 and 140 uM,

respectively. The same research group further developed a
multitemplate imprinted microchannel using a one-pot in situ
imprinting process [55]. Using L-tyrosine and L-tryptophan as
the template molecules, they simultancously baseline-
separated two pairs of enantiomers in a 6-cm separation chan-
nel within 120 s under the optimized pCEC conditions.
Multidimensional separation methods have also been
reported for amino acid enantioseparations. For example,
Kim et al. [43] developed a three-dimensional microfluidic
device coupling achiral separation with chiral separation for
amino acid analysis (Fig. 5). The chiral separation was imple-
mented using pMEKC with 3-cyclodextrin as the chiral se-
lector and sodium taurocholate as the micelle-forming agent.
Enantioseparation of FITC—Db/L-aspartic acid and FITC-D/L-
serine was demonstrated. Ross et al. [38] presented a micro-
fluidic chip for two-dimensional separations coupling gradient
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Fig. 5 A three-dimensional microfluidic device coupling achiral sepa-
ration with chiral separation for amino acid analysis. A Structure of the
device: a the 1.5-mm-thick polycarbonate cap; b, ¢, e (patterned,
100 umx20 pum), and f 20-pum-thick poly(methyl methacrylate) layers;
d a 10-pm-thick nanocapillary array membrane (NCAM). B Layout of the
channels for two-dimensional separation of an FITC-labeled amino acid
mixture. Asterisks indicate the focused excitation/data collection locations
for each separation channel. LIF 1 and LIF 0 monitor the first- and
second-dimension separations, respectively. C Two-dimensional separa-
tion of FITC-Asp and FITC-Ser, where FITC-Asp is selectively trans-
ferred to the second-dimension channel for chiral separation. The peak
shoulder of the D/L-Ser peak is part of the D/L-Asp peak, recognized and
collected for the second-dimension chiral separation. (Adapted from [43])
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elution moving boundary electrophoresis with uCZE. The
simplicity of the gradient elution moving boundary electro-
phoresis allowed its implementation in the injection channel
of a conventional MCE microchip, simplifying the design and
operation of the device. The enantiomers of aspartic acid,
glutamic acid, serine, alanine, and valine were successfully
separated using the method developed.

Detection methods
Optical detection

Optical detection has been extensively used for detecting
amino acids. Two review articles have summarized the
developments of optical methods for separation on micro-
fluidic chips prior to 2007 [96, 97]. In the following para-
graphs, we will highlight the recent innovations in detecting
amino acids by optical means.

Laser-induced fluorescence (LIF) detection remains the
dominant optical means for detection of amino acid. Since
most amino acids are naturally nonfluorescent, it is neces-
sary to label amino acids with fluorophores so that they can
be detected optically. Common fluorescent labeling reagents
include FITC [34, 35, 43, 44, 48], naphthalene-2,3-dicar-
boxyaldehyde [73, 87], 4-chloro-7-nitrobenzofurazan [67],
5-(4,6-dichloro-striazin-2-ylamino) fluorescein [64], and
BODIPY fluorescent dyes [83, 85]. New fluorescence la-
beling reagents have also been reported, such as 4-amino-
1,8-naphthalimides (UR-431) [98]. A fluorescence micro-
scope is usually employed as the detection platform. For
excitation, the light emitted from a laser or a mercury lamp
is filtered by an excitation filter, reflected by a dichroic
mirror, and then focused on the separation channel. The
fluorescence is collected through the same objective with
an emission filter and monitored by a photomultiplier or a
CCD camera. Recent innovations in LIF detection of amino
acids are highlighted in the following paragraphs.

Liu et al. [99] reported a PDMS microchip integrating a
direct-contacting optical fiber for detecting amino acids by LIF.
A blue-light-emitting diode was applied as the excitation
source. Separation of FITC-labeled amino acids was demon-
strated. Yassine et al. [100] described the use of two optical
fibers for LIF detection on a microfluidic chip. One optical
fiber was connected to a laser and positioned in a dedicated
channel in close proximity to the detection point. Another
optical fiber was placed below the microchip to collect the
fluorescence signal. The integration of optical fibers simplified
the detection system and freed the researchers from the align-
ment procedure each time to perform an experiment. Yang et al.
[54] presented a novel detection system based on small-angle
optical deflection from the collinear configuration of a micro-
fluidic chip. For excitation, the incident light beam was focused
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on the separation channel through the edge of a lens, resulting
in a small deflection angle that deviated 20° from the collinear
configuration. The fluorescence was collected through the cen-
ter of the same lens by a photomultiplier in the vertical direc-
tion. As a result, the background level from the light source and
from the reflection of the microchip surface was significantly
eliminated. An enhanced signal-to-noise ratio was obtained for
separating FITC-labeled amino acids.

Chemiluminescence (CL) detection is another common
optical detection method for amino acid analysis. CL detec-
tion does not require an external light source. The absence of a
strong background level enhances the signal-to-noise ratio,
improving the detection sensitivity. Liu et al. [101] developed
a PDMS MCE system integrated with CL detection. A detec-
tion limit down to submicromolar concentrations was
achieved with good reproducibility and symmetric peak
shape. Chiral recognition of dansyl phenylalanine enan-
tiomers was further achieved using the developed system.
Recently, Ye et al. [53] demonstrated MCE separation with
CL detection for the determination of amino acids in single
mice cells. The contents of tryptophan, glycine, alanine, glu-
tamic acid, and aspartic acid in single mice fibrosarcoma cells
were found to be in the ranges 0.95-2.31, 1.08-6.87, 1.03—
4.05, 0.84-2.61, and 0.82-3.68 fmol, respectively.
Kamruzzaman et al. [102] demonstrated a microfluidic-chip-
based system coupled with CL detection for the determination
of L-phenylalanine. The detection was based on the enhance-
ment effect of L-phenylalanine on the CL signals of the
luminol-H,0,—Cu?" system in an alkaline medium. The de-
tection limit was 2.4x 107'°M with an RSD of 1.8 %.

Optical means can also be used to detect unlabeled amino
acids. For example, Khurana and Santiago [103] reported an
indirect detection method for nonfluorescent amino acids using
fluorescent mobility markers. A mixture of fluorescent markers
and nonfluorescent amino acids was separated by isotachopho-
resis. Unlabeled amino acids were detected as gaps in the
fluorescent signals of mobility markers. Preconcentration, sep-
aration, and detection of unlabeled serine, glycine, and phenyl-
alanine were successfully demonstrated.

Electrochemical detection

Electrochemical detection has been widely used for label-
free amino acid analysis. It offers advantages such as low
cost, high efficiency, and potential for integration and min-
iaturization. Here, we focus on the recent advances in con-
ductivity and amperometric detection methods.
Conductivity detection is a relatively simple approach,
which theoretically can be applied to all charged analytes
that have low electrochemical activity for amperometric
detection or weak optical absorbance for optical measure-
ments. Either a contact arrangement or a contactless ar-
rangement can be implemented in conductivity detection.
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However, contact mode is generally less popular than con-
tactless mode owing to the difficulty in decoupling the
detection circuit from the high separation voltage and deg-
radation of the electrode surface. A floating resistivity de-
tector was developed by Tay et al. [22] for conductivity
detection using the contact mode. The floating resistivity
detector measured the signal generated from the separation
field, which permitted decoupling of the detection circuit
from the high separation voltage without compromising
separation efficiency. Chen et al. [23] reported a thin cover
glass microchip for MCE with capacitively coupled contact-
less conductivity detection (C*D). Electrodes were placed in
contact with a thin cover glass (100-um thick) outside the
microchannel. MCE separation of amino acids with C*D
was demonstrated. Xuan and et al. [104] described the use
of a polycarbonate microchip with C*D for the separation of
a nonproteinogenic amino acid, nicotianamine, and its
copper(Il) and iron(III) chelates. Nicotianamine is an unusu-
al amino acid from plants which has received the attention
of researchers in the past few years as a metal chelator. Liu
et al. [105] reported a dual detection system that allowed
LIF detection and C*D simultaneously on a microfluidic
chip. Separation of inorganic ions and FITC-labeled amino
acids showed that the performance of both LIF detection
and C*D was satisfactory for routine analysis of biological
specimens. Kuban and Hauser [106] lately reviewed the
developments of C*D in both CE and MCE.

Amperometric detection is achieved by measuring cur-
rent while applying a modest potential to the working elec-
trode, which is an effective means for detecting electroactive
analytes. Zhai et al. [107] reported amperometric detection
of amino acids on an assembled microfluidic device that
integrated three polymer retainers with a quartz capillary
and a copper microdisk electrode. An end-column detection
mode was used with a potential of 0.8 V on the working
electrode relative to the reference electrode. Detection of 12
amino acids was demonstrated with high sensitivity and
reproducibility. Chen et al. [40] fabricated nanoband micro-
electrodes for amperometric detection on an MCE micro-
chip. A thin layer of gold and copper (100 nm thick) was
deposited on a PDMS substrate by selective region plasma
oxidation through shadow masking. By casting another
PDMS layer on top of the metal film, they formed a sand-
wich structure. Cutting the sandwich structure resulted in
nanoband microelectrodes at the cross section which could
be used for amperometric detection. MCE separation of
amino acids was successfully achieved using the nanoband
microelectrodes with an end-column setup. By integrating
the gold—copper dual metal detector with a dual-channel
MCE system, they further distinguished electroactive amino
acids from nonelectroactive amino acids. Recently, Ghanim
and Abdullah [108] reviewed amperometric detection meth-
ods on MCE microfluidic devices.

Applications

Owing to the importance of amino acids to living organisms,
analyses of amino acids have shown a wide range of appli-
cations. In the following paragraphs, we summarize the
recent applications of amino acid analysis in single-cell
analysis, microdialysis, food analysis, and extraterrestrial
exploration.

Single-cell analysis is an important issue in biology, be-
cause seemingly identical cells are often quite heterogeneous
in their chemical composition and biological activity. MCE
separation of amino acids has proven to be an effective ap-
proach for single-cell analysis. Shi et al. [109] applied MCE
separation to determine the contents of amino acids in human
vascular endothelial cells. The average amounts of amino
acids in single human vascular endothelial cells were estimat-
ed to be 5.84, 1.15, 3.10, and 1.30 fmol for alanine, glycine,
glutamic acid, and aspartic acid, respectively. MCE separation
with CL detection was reported by Zhao et al. [24] to quantify
the amount of amino acids, including tryptophan, glycine, and
alanine, present in single rat hepatocytes. The same research
group further used the MCE system developed with a sensi-
tive optical detection scheme based on CL resonance energy
transfer to determine the amount of amino acids in individual
human red blood cells [25]. Nine amino acids were detected
with an amount ranging from 3 to 31 amol.

Combination of microdialysis sampling with a microflui-
dic analytical system provides near real-time information on
changes of analyte levels in the extracellular space or other
aqueous environments [110—113]. For example, the research
group of Kennedy [110] developed a capillary-PDMS hy-
brid chip that combined low-flow push—pull perfusion sam-
pling, online derivatization, and flow-gated injection onto
an embedded fused-silica capillary for high-speed separa-
tion of amine neurotransmitters, including both proteino-
genic and nonproteinogenic amino acids, from the brain of
living animals. The same research group further demonstrat-
ed a dual-chip system for monitoring in vivo chemical
changes by analyzing segmented flows from a microdialysis
probe [111] (Fig. 6). In this system, a microdialysis probe
was integrated with a PDMS microchip that merged dialy-
sate with fluorogenic reagent and segmented the flow into
8—10-nL plugs in perfluorodecalin. A glass microchip was
then used to extract the fluid from the sample plugs for MCE
analysis with LIF detection. With this approach, they were
able to monitor rapid concentration changes of both protei-
nogenic amino acids, including serine, glycine, glutamate,
and aspartate, and nonproteinogenic amino acids, such as
GABA, evoked by infusing L-trans-pyrrolidine-2,4-dicar-
boxylic acid, a glutamate uptake inhibitor, into the striatum
of anesthetized rats. Lately, two review articles documented
the advances in microfluidic-based microdialysis sampling
[114, 115].
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Fig. 6 A dual-chip system for monitoring in vivo chemical changes by
analyzing segmented flows from a microdialysis probe. A The dual-
chip system. B Typical electropherogram obtained in vivo from rat
striatum with online derivatization using the setup. Peaks for serine,
glycine, glutamate, and aspartate are labeled. The electric field was
647 V/cm. The injection width was 80 ms. C Effect of L-trans-pyrro-
lidine-2,4-dicarboxylic acid (PDC) infusion on glutamate and aspartate
basal levels. The black bar denotes infusion of PDC corrected for dead
time (approximately 6.5 min). Each point represents the peak height of
glutamate or aspartate from one electropherogram collected every 25 s.
aCSF artifical cerebrospinal fluid, CE capillary electrophoresis, HPFA
high-performance frontal analysis, LIF' laser-induced fluorescence,
RFU relative fluorescence units. (Adapted from [111])

Since amino acids are employed as ingredients in a large
number of food products, such as sports beverages, amino
acid analysis is often applied to characterize the properties
of foods and to determine their quality and safety. Escarpa et
al. [116] reviewed the applications of MCE in food analysis.
Recently, Ueno et al. [117] reported the use of a PMMA

microchip for uUMEKC separation and quantitative analysis
of amino acids in three different kinds of functional foods,
sports beverages, jelly-form beverages, and tablet-form
functional foods. Ohla et al. [118] reported an MCE-based
method coupling deep UV fluorescence detection for the
determination of biologically active compounds in bananas,
including dopamine, serotonin, and their precursors trypto-
phan and tyrosine. Zhai et al. [119] developed a UV detec-
tion method for separation of amino acids on a disposable
MCE device. On-column conjugation of amino acids with
cupric cation led to UV absorption at 232 nm that could be
used for detection of amino acids. Analysis of amino acids
in beverage samples was demonstrated with recovery of
more than 85.0 %.

Amino acids are excellent biomarkers for extraterrestrial
exploration owing to their universal presence in terrestrial
biology and the fact that they have been detected in meteorites
and comet particles. The Mars Organic Analyzer is a portable
MCE instrument for amino acid analysis in extraterrestrial
samples. Chiesl et al. [120] recently demonstrated the use of
a fluorescent amine reactive probe, Pacific Blue succinimidyl
ester (PB), for the detection of trace amounts of amino acids by
UMEKC with the Mars Organic Analyzer. Using PB-labeled
standards, they achieved a limit of detection of 75 pM.
Samples from the Murchison meteorite were successfully an-
alyzed, showing the presence of abiotic amino acids such as [3-
alanine and e-aminocaprioc acid as well as several neutral and
acidic amino acids. The Multichannel Mars Organic Analyzer
was developed by Benhabib et al. [29]. It employs a four-layer
microchip, containing eight MCE analysis systems integrated
with a microfluidic network for autonomous fluidic process-
ing. A limit of detection of 6 pM was achieved for glycine.
Separation of amino acids was demonstrated with minimal
sample-to-sample carryover, indicating good reusability of
the MCE systems. Mora et al. [31] presented a fully integrated
microfluidic device capable of performing automated end-to-

(A) (B) Jrooreu ., 6
Fluidic %
Piece d 34 5 M
— 6
PDMS
layer 12
l 4
c
123 5 3
b A A
a
0 20 30 40 50 60 70 80 90
Time (sec)

Fig. 7 Automated analysis of amino acids by MCE with LIF detec-
tion. A Assembly of the four-layer device and the features of each
layer. B Results from a completely automated on-chip analysis of
amino acid mixtures. a blank run (buffer only); b standard solution
containing 100 nM Pacific Blue succinimidyl ester labeled citrulline
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(1), valine (2), serine (3), and glycine (5); (c) approximately 160 nM
sample of citrulline (), valine (2), and alanine (4) diluted from a
10 pM sample labeled on-chip; d mixture of b and c. The conditions
were as follows: 25 mM tetraborate buffer, pH9.2, separation voltage
5 kV. (Adapted from [31])
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end analysis of amino acids by MCE with LIF detection
(Fig. 7). The device was validated by electrophoretic analysis
of PB-labeled amino acids, and could be used for future in situ
extraterrestrial exploration. Mora et al. [121] further gave an
overview of MCE instrumentation for in situ analysis in the
search for extraterrestrial life.

Conclusions and future perspectives

In this review, we have documented the recent progress in
MCE-based amino acid analysis. As noted, most articles
published in the past 5 years have focused on fundamental
research and proof of concept, such as novel surface mod-
ification methods, new sampling introduction approaches,
and innovation in separation and detection. However, it is
interesting to find that a growing number of articles illus-
trated the use of MCE-based amino acid analysis for a
variety of applications, such as food analysis and extrater-
restrial exploration. Integration of MCE systems for auto-
mated amino acid analysis has also been demonstrated [31]
for the first time, which shed light on the future instrumen-
tation of such systems for more practical applications, such
as point-of-care testing (POCT). POCT is still a nascent
field. There have been few publications on MCE-based
amino acid analysis in POCT. But we believe more appli-
cations in this field will be published soon.

In addition, a new trend has emerged in MCE-based
amino acid analysis, in which the miniaturization of MCE
starts to shift towards the nanofluidic domain owing to the
maturation of nanofabrication technologies. Janssen et al.
[122] lately investigated the scalability of conventional iso-
tachophoresis to the nanofluidic domain. Separation of flu-
orescently labeled amino acids in biomatrix was realized in
a 330-nm-deep channel with a sample injection volume of
0.4 pL. However, separation could not be achieved in a 50-
nm-deep channel owing to the restriction of the applicable
voltage by bubble formation. This work demonstrated the
feasibility of MCE in nanofluidic channels. More efforts are
required to further explore MCE in nanofluidic domains.
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