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In recent years, the need of measurement and detection of samples in situ or with very small volume

and low concentration (low sub parts per billion) is a cause for going to miniaturize systems via micro
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electromechanical system (MEMS) technology. Gas chromatography (GC) is a common technique that

is widely used for separating and measuring the semi volatile and volatile compounds. Conventional

www.rsc.org/

GCs are bulky and cannot be used for in situ analysis, hence in the last decades many studies have been

reported with the aim of designing and developing chip-based GC. The focus of this review is to follow

and investigate the development and the achievements in the field of chip-based GC and i

components from beginning up to now.

1. Introduction

Over the past three decades development of microfluidic
devices via microelctomechanical system (MEMS) technology
and the critical challenges for analysts i.e. measurement and
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detection of samples in sifu or with very small volume and low
concentration (low sub parts per billion) has led to creation or
the subfield named micro Total Analysis Systems (UTAS) or
Lab on a Chip (LOC). Although the emergence of this concept
was parallel to introducing the liquid chromatography on a chip
in the early 1990s," > the first chromatographic separation
technique was introduced and fabricated in the late 1970s. This
system consist of an injector, circular- spiral channel and
thermal conductivity detector integrated on a planar silicon
wafer.’
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After that, the efforts on microfabrication of this broadly used
chromatographic separation technique have been rapidly
encompassed by LOC technology.

Gas chromatography is the technique that is most commonly
used for separation and measurement of semi volatile and
Briefly,

transported through a long capillary column by a mobile phase

volatile compounds. sample components are
consisting of an inert gas (usually H,, He or N,). These
components are separated based on their boiling points and
their relative affinity to the stationary phase coating the walls of
the column. The separated components are detected at the exit
site using a detector.*

A simple bibliographic search with the “gas chromatography”
phrase in topic shows that in the last year more than 16000
articles have been published in the various field of science such
as: environmental, industrial hygiene, biofuel, petroleum,
chemical, agriculture, food and beverage, flavour and fragrance,
cosmetic and personal care, cleaning product, pharmaceutical,
life Conventional gas

chromatographs are bulky and cannot be used for in situ

clinical, forensic and science.
analysis and it might be considered as the main reason toward
miniaturization of gas chromatographs, but the other distinct
advantages are the faster analysis, reduction in payload
requirements (air as carrier gas), power (using battery), waste
and sample volume.” The miniaturization of gas
chromatographs can be done in two ways: one can be built only
by scaling down the components (micro GC),’ and the other via
employing machining technology that resulted in planar format
(microchip based) which is the focus of this review.

In 1998,

micromachined GC

the silicon

systems,” while Yashin and Yashin

Kolesar and Reston reviewed
reviewed portable chromatographs in 2001 and classified chip-
based chromatographs as portable chromatographs.® After that
in 2002, the development of chip-based chromatography
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systems has
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development of gas-phase microlab, where they introduced a
new three dimensional micro preconcentrator.'® Then micro gas
analyzers devices for environmental and medical applications
were reviewed, in which the authors reconvened about
microfabricated GC in short.'" Rios et al. further reviewed LOC
systems in which they pointed micro GC as a LOCs platform. '
At the same time, A mini review article was published with the
focus on the latest developments in the field of micro and
nanostructures in GC, where their authors briefly discussed
about microchannels in micro GC.'"* Beside the review articles
in this topic that concisely mentioned about GC and its
associated components on a chip, two chapters’ books also have
been published up to now that discussed about design,

and characterization of
14,15

fabrication chip based gas
chromatographs.
In this review, we wish to follow and investigate the
development and the latest achievements in the field of chip-
based GC

preconcentrator/injector, micro columns and micro detectors)

and its main components (i.e. micro

from the beginning up to now.

2. Chip-based gas chromatography

In the field of chip-based systems, the work is considered to be
ideal when the chip can perform all the steps of analysis
automatically on a single chip. Every chip-based analysis
system may include sampling, sample preparation, chemica.
reactions, chemical separation, analyte purification, analyte
detection, and data analysis. Such device due to its small size
compared to conventional systems has advantages such as
portability, reliability, reduced analysis time, reduced cost of
operator and analysis, waste reduction, and reducing the
volume of the sample, solvent and reactant.’ Also, many of the
chemical reaction products are toxic and harmful which in these
systems, human contact with materials is minimized.'®

The chip-based GC like conventional type consists of an
injector, a column coated with stationary phase, and a detector
but to be scaled down. Each of these chip-based subsystems as
well as the fully integrated system of GC have been developed
through the years. Typically, after sampling or injecting

samples into the injector or preconcentrator, samples
transported through the separation channels by pumping inert
17-19

gas are detected at the exit using a detector. In tk:
following, advances in each of the integrated components arc

surveyed.

3. Materials and Fabrication

Silicon and glass are the most applicable materials used for
micromachining and chip fabrication as substrate due to the
advantages like possibility of batch-fabricating (all fabricating
process for silicon substrates are well established) and chemical
and thermal stability.?® Polymers have alternatively grown for
microfabrication because of several advantages: they are nor-
toxic, commercially available and inexpensive with fast and
easy prototyping possibilities, and have small thermal mass.

J. Name., 0000, 00, 1-26| 2
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The most popular polymer is polydimethyl siloxane (PDMS),?"
22 while other polymers such as polyparaxylylene (Parylene)™
24 have also been used. Metals such as nickel also have been
reported as column substrate because of high thermal
it temperature

programming works.?> 2 As most of the reported GC columns

conductivity which made suitable for
microfabricated by machining silicon and bonding with Pyrex,
Radadia and co-workers suggested a novel bonding method to
fabricate all silicon-based GC device to decreasing alkaline
impurities and increasing thermal conductivity and diffusivity
compared to Pyrex.?’

Generally, the fabrication methods include LiGA (lithography,
electroplating, and molding) techniques, wet isotropic etching,
and deep reactive ion etching (DRIE) which have been used to
achieve channels, cavities and etc. with different geometries
and shapes that is not discussed in this review and can be

followed in mentioned chapter’s books and articles.?>*°

4. Chip-based injector/ preconcentrator

Injector is a device used for introducing liquid or gas samples
into the chromatograph. The sample is introduced directly into
the carrier-gas stream (e.g., by syringe) or into a chamber
temporarily isolated from the system by gas sampling valves.*
Among all reported studies, several research teams have used
commercial injectors with split mode (sample mixture is partly

injected into the separation channels)®' or gas sample valves®?

(a)

Sample inlet Sample outlet
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to introduce samples into micro columns. Some others designed
and fabricated the chip-based preconcentrator instead of
injector to increase sensitivity and selectivity.>® In both, the
device must be capable of generating sharp injection plugs.** >’
Micro injector was firstly fabricated by Terry et al. with 1 nL
sample volume. * In 2002, Bessoth et al. further designed a
micro injector with two intersecting channel like capillary
electrophoresis (Fig 1a), where the size of gas sample reached
to approximately 1.6 nL.>

Holland et

spectrometry (GC-MS) for in situ analysis

al. miniaturized gas chromatography- mass
in planetary
exploration, and designed and fabricated MEMS-based injector
with programmable gas sample injections of 0.5-15 pL.*’ In
2007, a fully integrated gas chromatograph was reported that
injected samples with approximately 5 pL volume with split
mode.?® Also a six low leak microvalves-based micro injector
with 250 nL sample volume (Fig 1b) was introduced in 2010.
Each valve made from sandwiching polyetheretherketone
(PEEK) membranes between silicon substrate and glass. Six
valves opened and closed by changing pressure through then
actuation hole. In sampling mode valves A, D and E are closex
while for injecting sample into separation channels valves B, C
and F are closed.® * The summary of microfabricateu
preconcentrators for chip-based GC are collected in Table 1.
Alfeeli et al. reported in 2008, a preconcentrator that comprises
more than 3500 micropillars coated with Tenax TA as

adsorbent for increasing surface area and adsorption capacity.’

Carrier gas

L

!

Separation
channels
(b)
Sample Carrier gas Sample Carrier gas
entry entry entry entry
| B D { D
axl i AR
Sample . 2 Way Sample -7 Way
exit *E  to column axit ~E to column
Six valves: A, B, C, D, Eand F
X Closed valves -=-=» Sample flow ——— Carrier gas flow
(c) e T Outlet i
» og * Desorption
~ "Diffusion | | B

GRS h 3
[ e |

Sampling mode

W
[T
teesreeeee |
(Heateron) Inlet

Injection mode

Fig. 1 Different methods of introducing sample mixture into a separation channel; (a) Glassy micro injector with two intersecting channels.®*® Adopted from Ref. 5o

with permission from The Royal Society of Chemistry; (b) Six low leak valves with 250 nL sample volume;

38,39

Adopted and modified from Ref 39 (c) Chip-based micro

passive preconcentrator injector.40 Adopted from Ref. 40 with permission from The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2012
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Table 1 Summary of microfabricated preconcentrators reported for chip based GC.

Adsorb}ng Design Analyte Working condition CF Power Ref.
material
3 mm X3 mm microfabricated
compartment with heating elements Benzene, m-Xylene, Des . 33 mL
Carbopack X separated by 220 m gaps and o-Pinene esorption at 3.5 m 5600 21W 2003
and thermal isolation air gap in dry air min
around the microheaters
Carbopack B, Three-stage adsorbant contains a set of 31
Carbopack X and parallel heat exghanger with 27 mm’ m-Xylene Desorption at 280°C 4800 ~mW 2005%
Carboxen 1000 active area
7 mm X7 mm microfabricated
Tenax TA compartment with thermal desorption Cs, G, CC”” Cizand Desorption at 250°C 1000 - 2008%
capability and more than 3500 micropillars 14
25 mm x12 mm x1.3 mm microfabricated . .
QxCav® compartment with micromachined BETX® Desorp.tlon at 100°C - - 20094
silicon cartridge during 5-30 s
. lcmx1cm alumina substrate with screen Benzene and Desorption at 175°C “
Activated carbon printed Pt heater 1,3 Butadiene in air during 10 min >300 B 2011
. . Adsorption & sampling 45.
Carbopack B and A sampler, pFetrap _and micromachined TCE® for 26 min/ Desorption at 800000 ) 20}61
Carbopack X focuser with an integrated heater 225°C
Two layers; a grid
of square diffusion channels for vapour Desorption at 250°C in o
Carbopack X sampling, and a cavity for adsorbing Toluene 023s B 1w 2012
analyte with an integrated heater
18.5 mm x9.3 mm x1.26 mm . .
. microfabricated compartment with L Adsorpthn for 10 min / W
Carbosieve S-11 8 parallel adsorption channels and Ethylene in air Desorpt.lon at ;00 C 23 - 2012
integrated heater during 1 min
10 mm x1mm microfabricated Ad tion for 600 s/
compartment with depositing silver as Acetone, Benzene, sorption or oU's "
Porous carbon microheater on cylindrical Toluene and Xylene Desorption at 300° C for >38000 ~1W 2012
obstacle arrays 90's
14 mm x4mm microfabricated
compartment with an array of Adsorption for 1 min/ "
Porous carbon microextraction needles and Toluene Desorption at 320°C 13637 3.6 W 2012
integrated heater
Carbopack B and A sampler, pretrap and micromachined DMNB* and Adsorption for 20s/ 4500 and 20139
Carbopack Y focuser with an integrated heater 2,4-DNT’ Desorption at 250°C 1800
microfabricated compartment with . .
Carbosieve S-11 micromachined silicon cartridge and Ethylene in air Desorption at 200°C - 19-58 W 2014

integrated heater

during 10 min

2Concentration factor, ° Quinoxaline-bridged cavitand, “Benzene, Toluene, Ethylbenzene and Xylenes, dTrichloroethylene, 2,3-dimethyl-2,3-dinitrobutane,

1 4-dinitrotoluen

Moreover a alumina-based preconcentrator was fabricated for
detecting benzene in presence of 1,3 butadiene and evaluated
with conventional GC system.**

Recently, an integrated sampler injector on a silicon wafer
named micro passive preconcentrator injector (UPPI) was
introduced based on Fickian diffusion theory for
preconcentration of volatile organic compounds (VOCs) prior
to injection to separation channels. This sampler injector is
composed of two layers, one layer has a grid for vapour
sampling and the other has a cavity containing graphitized
carbon for adsorbing analyte with integrated heater for thermal
desorption with sampling rate of 9.1 mL min™ (Fig. 1¢).**>°

On the one hand, to choose proper adsorbing material via
nature of samples (strong affinity with analytes, low activation
energy of desorption, large capacity and good binding with

preconcentrator substrate) researchers persuaded to introduce

This journal is © The Royal Society of Chemistry

and evaluate different adsorbents.’> > On the other hand they
considered fabrication of different geometries for increase.
surface area and sampling volume.

In 2012, a novel preconcentartor was reported, which usec
laminar flow patterning technique to deposit silver microheater
into the channels and then grow carbon on microheaters as an
adsorbent. In this study the concentration factors of more than
38000 were obtained.*® Also in the same year, this research
group reported the microfabricated preconcentrator with micro
solid-phase microextraction (USPME) needle coated with
porous carbon and evaluated with toluene.*

To analyze the trace levels of two explosive markers, Serrano et
al. fabricated the preconcentarator/ focuser that contained three
main components: membrane filter, sampler and focuser. Afte
sampling, only the volatile compounds pass through the
membrane filter and captured by the adsorbent in sampler. They

J. Name., 0000, 00, 1-26| 4
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were then thermally desorbed and transformed to the focuser
cavity, next the analytes concentrated and thermally injected to
the separation channels.”® Recently, Janssen et al. reported the
fabrication of a preconcentrator filled with carbon component
 to detect

ethylene with the 170 part per billion by volume (ppbv) limit of
51

as adsorbent and improved their last work*"

detection.

5. Chip-based separation column

The most critical component and the heart of a GC system is
the micro capillary column also called micro-channel, in which
the separation of gas components takes place. Type of
stationary phases, working modes and geometry of channels are
the most important factors that influence on device design and
performance.

5.1 Working modes and interface technology

Like conventional gas chromatograph system, chip-based GC
can be used in two modes: isothermal and temperature
programmed. In the case of a sample mixture containing
components with a wide range of boiling points, to obtain better
resolution many researchers have integrated micro heaters or
used conventional ovens. For the first time Noh et al. fabricated
parylene channels integrated with a thin gold film as the heating
element for faster heating and cooling processes.”” ** Following
this publication, Agah research team showed satisfactory
separation by using conventional oven for
Afterward,
microfabricated GC columns with both integrated heaters and

temperature

programmed mode®’. they designed and

temperature sensors for programming the temperature, as well
as integrated sensors for accurate flow control.>

The maximum operating temperature reported by chip-based
GC system was below 250°C because of using Nanoport™ and
epoxy, or silicone adhesive for connecting capillaries.
Afterward by using the stainless steel and graphite/ vespel
ferrules for connecting the capillaries to the channels the
maximum operating temperature increased to 450 C, where the
system can be used

for analysing semi volatile compounds.’® However, Radadia et
al. first used this connection to decrease the dead volume.”” The
other important factor in the case of interface technology is the
proper use of inlet/outlet interface without leakage and

instability.3*

5.2 Theory

The separation efficiency is a key characteristic that is used to
measure the performance of a GC column. This property is
measured by the number of theoretical plates (N) and the height
equivalent to a theoretical plate (HETP) as calculated by
equation (1):

L
HETP= — M
N

Where L is the column length.

This journal is © The Royal Society of Chemistry 2012

Historically, the initial theoretical work on open-tubular GC
dates back to the middle of twentieth century when Golay
introduced HETP for rectangular channels as equation (2):>8

2D, (1+9k+52.5K%) w2uf, 2 k(w+h)?d¢*
H= —2f,f, + > = >
u 105(k+1)2  Dyf, = 3 (k+1)2D;h 2

Where D, and D; are the binary diffusion coefficients of th=
solute in the mobile phase (carrier gas) and stationary phases,
respectively, k is the retention factor, w and h are the channel
width and height, respectively, f; and f, are the Giddings-Golay
and Martin-James gas compression coefficients, respectively, d;
is the thickness of the stationary phase, and U as the average
linear carrier gas velocity may be calculated by equation (3):

_ L
i 3
Where ty; is the hold-up time i.e. the time it takes for unretained
solute (usually methane) to travel from the injector to tk
detector. In this case, the solute travels through the injector wit>
inner volume, column with the length of L, and detector with
the inner volume cell.* Since Golay, many researchers hav~
studied the theory of the column’s geometry and effects of
cross sectional shape on the plate height in a way that different
expression of plate height were purposed. They demonstrated
that the rectangular cross section channels do not provide bette.
separation characteristics in comparison with circular cross
section columns while different plate heights were obtained for
different cross-sectional shapes. The longer column with the
smaller cross sectional area leads to longer separation time,
therefore there is a trade-off between the separation resolution
and the analysis time. For more information the authors suggest
the mentioned references.””

Generally, in conventional open tubular capillary columns that
are like micro channels because of nearly alike dimensions, the
efficiency increases as the radius of the column decreases.
Nevertheless, decreasing the radius or width causes a
significant decrease in the surface area of the column, which
greatly reduces the amount of the analyte that the column cau
efficiently separate.* Furthermore, narrow columns require high
pressures which can create drastic limitations on the design o1
other chip-based GC components. In 2005, a high speed G .
system was designed by Agah et al., where they investigateu
how the number of theoretical plates and hold-up time depends
on the column length and width. As can be seen in Fig. 2, they
demonstrated that the longer columns have more N and more
hold-up time.>>7°

Also, to conquest low analyte capacity in open tubular (OT)
and pressure drop in packed columns problems, this research
team  introduced  semi-packed’’ and  multicapillary’®
microcolumns. In 2013 Yan et al. combined the transport model
with conditions including an open, long isothermal column with
a flow driven by pressure, and a systematic optimization tool i..
order to minimize the plate height by adjusting the column’s

cross-sectional shape.

J. Name., 2012, 00, 1-3 | 5
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Fig. 2 Counter plot of (a) the number of theoretical plates, (b) hold-up time as a
function of column length and width®. Adopted and modified from Ref 55.

The plate height was theoretically measured for the transport
model and demonstrated that the hypothetical column with
shallower optimal shape provides smaller plate height followed
by larger plate number per meter but presently, higher pressure
is required if the column length is fixed.”

Recently, the fabrications of serpentine semi-packed and

Lab on a Chip
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serpentine channels were reported, and the efficiency of
columns by injecting hexane in different velocities compared.
In fact, as Agah research team proved before, the presence of
the posts in the semi-packed column results in a more uniform
velocity profile (Fig. 3a and 3), shorter mass transfer distances
and hence reduction in band broadening.

In fact, when the gas sample moves in areas with no posts, it
the
symmetrical distribution minimizes the eddy diffusion. Thus,

experiences less variation in velocity and thereby
when it travels through the posts, it experiences shorter mass
transfer distance and less pressure drop leading to reduced ergo
band broadening.”” As it is seen in Fig. 3c, the increase in the
gas velocity strongly raised the HETP of open-tubular columns,

unlike semi-packed column.”

5.3 Geometry of channels

The chip based-GC researchers have used microchannels with
different configurations including circular spiral (consists of
relatively less sharp turns and no straight segments), square and
rectangular spiral (consists of straight length segments anu
sharp 90° turns), radiator and multicapillary (consists of straigt

long segments and sharp 180° turns that have channels in each
straight segment), serpentine (consists of straight long segments
and sharp 180° turns), zigzag (consists of zigzag long segments)
and semi-packed (can be designed in each other configuration
with posts in channels) up to now. Fig. 4 illustrated these
configurations. The first microchannels were fabricated in
circular spiral®, square spiral®® and rectangular spiral®!
In 2006, Sanchez,
geometry®> and Stadermann et al. fabricated channels in

geometries. et al. designed radiator
serpentine geometry.®® The need of comparing the separation
performance of different configurations of microcolumns was
clear until the study of Radadia and co-workers performed on
the effect of micro column geometry on the performance of

chip- based GC.**
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2 (b)w (c)
= open-tube column M OpenTube # SemiPacked
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Fig. 3 Comparison between open tubular and semi-packed MEMS column, (a) Velocity contour plot (b) velocity profile along cross-sections for both the MEMS

columns. and (c) HETP Golay plot for semi-packed and open tubular MEMS column.”

Adopted from Ref. 79 with permission from The Royal Society of Chemistry.

6 | J. Name., 2012, 00, 1-3
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Fig. 4 Photograph showing different microcolumn configurations: (a) circular
spiraIBS, Adopted with permission from Ref 85; (b) square or rectangular -spiral,
(c) Radiator,® Adopted with permission from| Ref 82; (d) multicapillary with flow
splitter®, Adopted with permission from Ref 86; (e) serpentine, (f) Zigzag,”
Adopted with permission from Ref 26; (g) semi—packed,77 Adopted with
permission from Ref 77.

They compared three different configurations of microcolumns
including square spiral, circular spiral, and serpentine as shown
in Fig. 4 a, b and e. For this purpose, to make any entrance
effects small, microcolumns were designed to be at the same
long and were coated with the same stationary phase.

The microcolumns were tested in the two typical modes of
isothermally and temperature programmed.

The of the
configurations were compared in terms of the number of

isothermal separation characteristics three
theoretical plates (N), which is inversely proportional to the
band broadening.

For this examination the permeability (average gas velocity) of
different uncoated microfabricated column configurations was
investigated by injecting an unretained compound. It was

concluded that there is negligible difference in the permeability

This journal is © The Royal Society of Chemistry

of different microcolumns. Further injection of the iso-octane
as retained solute showed that serpentine microcolumns have a
higher number of theoretical plates compared to the spiral
configurations. For temperature-programmed separation, results
were compared in terms of separation numbers (TZ), which is
directly proportional to the peak—peak resolution. These give
the number of peaks, which can be resolved between the two
main peaks, having a 4.70 resolution between consecutive
peaks and may be calculated by equation (4):

t -t
T7= r(z+) "Rz 1
th+Wh(z+)

4
Where, z and z + 1 refer to two consecutive members of the n-
alkane homologous series, tg is the retention time, and wy, is the
full width at half maximum of the peak. For this purpose,
separation of n-alkane mixture with the temperature-
programmed mode showed that serpentine microcolumns
resulted in higher separation numbers which can be attributed
to the more favourable hydrodynamic flow.® In all threc
microcolumns configurations microfabricated until 2009 (i.
square spiral, circular spiral, serpentine) the stationary phase is
only supported by the column wall and the sample capacity ca..
be increased by having a thicker stationary phase, while it
causes a reduction in separation efficiency. When only three
sides of the column sidewalls are coated (while the glass side
may not be coated), the non-coated glass side can contribute in
peak broadening and loose of efficiency. Moreover, packed
columns have more surface area, but they produce larger
pressure drops and more eddy diffusion, thereby reducing the
separation efficiency. As mentioned formerly in the theoretical
section, to conquest these problems, two new classes of
microcolumns have been introduced by Agah research team
named “multicapillary” and “semi-packed”. Fig. 4d illustrates
the geometry of multicapillary columns designed with bund!~
of very narrow-width rectangular capillaries similar to the
radiator configuration shown in Fig. 4c. Besides, theoretical
analysis showed how this configuration could enhance
separation efficiency.” % Another new configuration for
increased capacity of column i.e semi packed column, was
introduced for the first time by Ali et al in 2009. These columns
contain embedded posts along the length of channel as shown
schematically in Fig. 4g and fabricated like a square spir. (
configuration. Moreover, they have pointed that the semi-
packed configuration has made it possible to achieve a two
folds improvement in the separation efficiency and a higher
sample capacity as compared to open tubular MEMS with
capillary columns of the same dimensions (width/diameter).”’
In the recent work semi-packed microcolumn was
microfabricated like a serpentine configuration by Sun et al. In
order to improve the separation efficiency, the location of the
micro-posts in the linear channels and the configuration of
curved channels were optimized through numerical
simulation.®®

Beside the importance of channel’s configuration, the geometry

J. Name., 0000, 00, 1-26| 7
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Fig. 5 The schematics and scanning electron microscope image of channels
fabrication technologies: (a) surface micromachined channel, (b) wafer-bonded
channel, (c) buried channel, and (d) embedded channel.? %° Adopted with
permission from Ref 89 and 90.

of channel’s cross-section and accuracy of alignment process
are affective factors that influence the separation efficiency. In
2000, De Boer and colleagues introduced a new method for
fabrication of channels, cavities and etc., named ‘“buried
channel technology” that solved the alignment problems (Fig. 5
a and b). As can be seen in Fig. 5c¢ this method does not require
alignment bonding, where the channels are completely enclosed
inside the silicon substrate. They introduced these channels in
four different cross sectional shapes: hemicircular or
semicircular at surface, circular in bulk, V-groove in bulk, and
V-groove at surface.®® Another new method for fabrication of
channels i,e embedded channels was introduced by chen et al.
in 2005 with two cross sectional shapes: quasi-hemi-circular
and quasi-rectangular embedded parylene channel (Fig. 5d).%
Later on, Agah and Wise used this technology was used to
make low thermal mass semicircular cross-section oxynitride
columns®. Radadia and co-workers further adopted this
technology to fabricate partially buried channels with rounded
edge to improve separation performance by having more
uniform stationary phase compared with square edge deep
reactive ion etched (DRIE).”?

5.4 The stationary phase

The stationary phase could be loaded as wall coated or packed.
In the case of wall coated, the thickness of the stationary phase
is to be considered. Thinner coatings usually provide higher

8| J. Name., 2012, 00, 1-3
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efficiency (higher N or lower HETP) because the mass transfer
is quick between the mobile and stationary phases. Beside the
thickness, the uniformity and stability of the stationary phase
film are important factors that are assumed to be effective on
the separation efficiency. For packed columns, the particle sizes
and the packing quality are the most important factors. There is
no regularity for choosing the stationary phase and it is only
dependents on the nature of sample (i.e. polar or non-polar).
Generally, for separation of non-polar compounds non-polar
stationary phase is used, and vice versa. Even for separation of
complex and difficult compounds two or more mixed stationary
phase can be utilized.* '° Typically, prior to introducing the
stationary phase or after that, the inner surface is deactivated.
One method of deactivation is to react the free or residual
silanol groups with reagents such as tri-methylsilylchloride
(TMCS), (DPTMDS),”
phenyltris (dimethylsiloxy) (Ah3P)*, or
hexamethyldisilazane (HMDS).*> ** The stationary phase is
usually applied by either static or dynamic coating methods as

1,3-diphenyltetramethyldisilazane
silane

the wall coated stationary phases. In static method the column
is filled with the stationary phase dissolved in a volatile solven

Then one end of the column is sealed, a vacuum is applied and
the solvent is further evaporated, leaving a coating of thc
stationary phase on the column wall. The thickness of the
stationary phase is calculated from the weight and density of
the filling solution.’ In dynamic method a stationary phase
solvent is injected into and flown through the GC column under
the pressure. The thickness of stationary phase can be
controlled by altering the flow rate and the concentration of the
stationary phase solvent. The stationary phase solution is
pushed out of the other side of the GC column, while the
nitrogen gas is delivered through the column for several hours
to completely evaporate the solvent.'>

Stationary phases used for chip-based GC up to now are
represented in Table 2. The most frequently reported stationar

phase used by GC-on-a-chip
polydimethylsilosane (PDMS) and poly (trifluoropropylmethyl)
siloxane (PTFPMS). Further to increased selectivity of the
analyte and efficiency of separation other stationary phases

researchers are

were introduced and used. In 2003, Gross et al. reported the use
of monolayer-protected gold (MPNs) a<
stationary phase for GC.** *7 Later on, square cross sectior

nanoparticles

capillary with dodecanethiol MPNs as stationary phase we:
used to model the chip-based GC.”® The application of
monolayer protected gold as stationary phase for chip-based
GC shows a good stability and high surface area. Moreover,
this material can be easily functionalized with different groups
ergo such that they can separate a wide range of analytes. ¥’

Vial et al. further deposited the thin film silica and graphite
onto microchannels as the novel stationary phase. For obtaining
different thicknesses, the
sputtering.” '% An extensive review has been published about
stationary phase for chip-based GC in 2014. '"' The other

reviews about porous layers membrane for microfluidic devices
102-105

they were varying time of

can be found in mentioned references.

This journal is © The Royal Society of Chemistry 2012
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6. Chip- based detector

After separating the compounds, a detector is used to monitor
the outlet stream from the column. The detector determines the
time at which each component reaches the outlet as well as the
amount of that component. The miniaturization of detectors
into chip-based GC not only enables total analysis in a single
chip, but also provides a higher sensitivity, selectivity and
safety.'® Several chip-based detectors have been published for
chip-based GC systems, such as flame ionization detector
(FID)'% differential mobility spectrometer (DMS)!, thermal
conductivity detector (TCD)'®®, photoionization detector
(PID)'® MO flame photometric detector (FPD)!, plasma
detector ''? and several other sensors.

6.1 Planar flame ionization detector (FID)

One of the most common and popular detectors in conventional
GC system is the FID which first time was suggested in 1958
by Harley and co-workers.'"® This detector is destructive and
used for analysis of trace levels of organic compounds with a
very wide dynamic range and high sensitivity.* As the eluted
components and carrier gas flow were introduced into a
hydrogen flame inside the FID, any hydrocarbons containing
components in the sample degrade and produce ions. Ions are
collected by a metal collector. This recorded current depends
upon the concentration of H-C bond in the sample gas. The
study of planar FID fabrication goes back to Kuipers's research
team. In 2000, they fabricated planar flame ionization detector
196 and in 2002 they investigated it in more details.''* Since
then, Kuipers and Miiller fabricated a planner FID in which the

oxyhydrogen flame burns inside a glass—silicon—glass
(a) SiOg
H, + sample cr | Pt Q.
Glass _—l—_ _—1—_
Si
Glass

Detection
light
()
L -
) : . ."- Vapor molecules
Glass
_— Optical sensors

Fig. 6 The schematic design of detectors on a chip, (a) cross-section of the counter current- flame ionization detector,
Conceptual picture showing the operation of single-chip separation column with an embedded thermal conductivity detector.

on Si wafer

sandwich. Also, they integrated the guard electrode between
the
picoammeter.''” In 2010, they demonstrated that the sensitivity

detector’s electrodes to intercept leak current past
of microfabricated planar FID increases with decreasing
molecule size, increasing hydroxygen flow, or premixing the
sample with hydroxygen.''® The latest work in this area has
been carried out by Kuipers and Miiller that microfabricated a
counter current planar FID (Fig. 6a), hydrogen and oxygen are
supplied from opposite directions and react in vicinity of so-
called stagnation point, where gas flow velocities are small.
Also they have investigated the effect of many parameters such
as the sample gas flow and the sample concentration on the
response of cc- FID.'!”

6.2 Planar thermal conductivity detector (TCD)

TCD is a non-destructive detection system. It measures the
difference in thermal conductivity between pure carrier gas and
carrier gas containing sample components.* For this aim it
needs to be made at least two cell cavities, although cells with
four cavities are more common because the detection responsc
of the four filament cell cavity was 2 times more.

These are drilled into a metal block, typically constructed of
stainless steel. Each cavity contains high resistance tungsten o.
a tungsten-rhenium alloy filament, incorporated into a
Wheatstone bridge circuit.

The first chip-based TCD integrated with separation channels is
referred to 1979.% After that in 1994, Reston and Kolesar
designed and fabricated a dual detector system, a selective
chemiresistor as the primary detector and a TCD as a secondary

detector for better analysis of the analytes.

Sample
(b) resistor
Further
Sample | J_L | analysis
injection >

Le

Reference resistor

Heater on backside
(d)

Interferometric
sensor array

1w Adopted and modified from Ref 117; (b)

18 Adopted and modified from Ref 11°-

The schematic diagram of on- column detection: (c) cross-sectional and (d) Top-view view of the FP sensor array fabricated on etched silicon wafer inside a 1 mm

119

deep and 450 mm wide microfluidic.”~ Adopted with permission from Ref 119.

This journal is © The Royal Society of Chemistry 2012

J. Name., 2012, 00, 1-3 | 9

Page 10 of 18



Page 11 of 18

Since then, several studies has been published in the case of
planar TCD. 08 18 120-125 " A56 a separation channel integrated
monolithically with TCD was fabricated in 2010.'" In another
study, the ability of integrating TCD cells on channels was
demonstrated. As illustrated in Fig. 6b, before and after
introducing a sample, the conductivity of both carrier gas and
the separated samples are recorded at the reference cell and
sample cell, respectively. Therefore, the concentration of

samples is proportional to the conductivities differences. ''% 1?3

6.3 On- column detection

The utilization of on-column detection for chip-based GC
started with the fabrication of optical ring resonator (OFRR) by
Fan and co-workers. The OFRR was connected to the regular
GC separation column, where the inner surface of capillary was
coated with single type polymer. The optical detection was
carried out at the end stage by measuring the sample
transmission through a tapered optical fiber in contact with the
OFRR.'** 27 After that, the Fabry-Pe'rot (FP) cavity sensor
was suggested by this research team. The principle detection of
this method is shown in Fig. 6¢ and d.** ''* 1% 12 Shortly, FP
sensor was fabricated by depositing a thin layer metal followed
by a layer of gas sensitive polymer. As the analyte passes
through the module, it interacts with the polymer and changes
the refractive index or the thickness of polymer layer.

6.4 Gas sensors

Many sensors such as chemiresistor array and metal oxide
(MOX) sensors have been reported for chip-based GC. The
response mechanism of these sensors is mainly relies on the

(a)

0]

. injector A
1% Detector . Thermal E

Lab on a Chip

impedance changes. Typically, a chemiresistor consists of a
conductive or semi-conductive polymer, or emulsion and
organometallic compounds. Reston and Kolsar used a copper

phthalocyanine coated chemiresistor for detecting gas

mixture.*”

130 Also two different gold thiolate monolayer
protected Au -2

phenylethanethiol) were used for gas chemical sensing with

clusters (Au-n-octanethiol and

electron tunneling or hopping mechanism in dual chemiresistor

array."”!

chemiresistor-based array sensor were introduced.*> '*? MOX

Moreover different MNPs as sensitive layer for

sensors consist of semiconductor bead (usually SnO,) and
integrated microhotplate since they are functional in high
temperature condition. In 2005, Lorenzelli et al. fabricated a
gas sensor with SnO, sensitive layer for chip-based GC and
used it for diagnostic and biomedical applications.®’ The latest
work in this case was published by Sklorz and co- workers. In
this study, the metal oxide sensor based on SnO, layer was
fabricated coupled with humidity/temperature sensor to analyze
low molecular weight gas, especially ethylene in air samples.>*
The published for chip-based GtC
platforms, the constituting components and the applications ai
illustrated in Table 2.

summary of articles

7. Chip-based multidimensional gas chromatography

In 1984, Giddings suggested that the usage of two columns for
separation instead of one, would be associated with bette.
resolution.”® In 1991, comprehensive two-dimensional gas
chromatography (GCxGC) was developed by Liu and Phillips

Sample 21 Column A
Six-port valve Thlree-j:ort Thermal
— i @ 2% Detector A

I"umE Bl

20d Detector B
2" Column B

Three-port  injector B
(& valve B
Preconcentrator 1%t Column
(b) on/off
valve
_/ —

Sample e S H
njection H i
: ' V

' H

' il

'

'

Ist column chip
3m DB-1

2nd column chip
3x1m (DB-Wax, OV210, OV225)

Fig. 7 The schematic diagram of chip-based multidimentional gas chromatography, (a) each column has separate injector and on-column optical fiber detector,”

4

Adopted with permission from Ref 134; (b) each column has a separate flame ionization detector (Left) and three second channels all fabricated in a single chin

135

(Right).”™ Adopted with permission from Ref 135.

This journal is © The Royal Society of Chemistry
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and the first article in this field was published.”*® Today,
multidimensional gas chromatography with different polarities
and length columns has become a powerful technique for
separating volatile and semi-volatile compounds in complex
the field of chip-based GC,
micromachined channels for 2D separation was first considered

mixtures. In usage of
by Wiranto et al*® and after that has been developed as a second
column by Gross and coworkers”” *® and Reid and co-
workers.'?” In 2005, Lambertus and Sacks reported the two
dimensional chip-based GC with stop-flow valve, the first
column was filled with PDMS as the non-polar stationary
phase, the filled with

trifluoropropylmethyl polysiloxane as the polar stationary

while second column
phase. As a result,
separated with isothermal mode less than 300 s.'*® After that in

.3 and Chen et al.'* designed

14 multifunctional compounds were

the same time, in 2013, Liu et al
and introduced chip-based multidimensional GC with two
single microchannels chips (Fig. 7a) and three microchannels
on a single chip (Fig. 7b) as the second column, respectively.
The first column was filled with non-polar stationary phase, and
the other columns were filled with the same or different polar
compounds,

stationary phases. To separate and detect

researchers have also used Y connector to control connection
between the first and the second column while the exit of each

column was detected with separate detector.'?* 13

8. Applications

The main goal of developing GC-on-chip technology is to
perform real-time analysis of organic mixture vapors with a
reasonable performance and a high efficiency using an
integrated platform with all of the steps of analysis performed
in a single chip. Early applications of such chip-based GC
systems were only reported in analyses of hydrocarbons® and
gas samples.®® However, as shown in Table 2, the development
of these systems has been extended across a wide variety of

L : 51,5 3
application areas such as health service,*> 31 37 81, 111. 134,139, 140

5 . .
657111 environmental analysis,>*

142, 143

industry pollution monitoring,

54, 56, 57, 82, 88, 111, 134, 141 homeland SSCUI'ity 50,
5

4 and as the second dimension of

petrochemical industries'
comprehensive two-dimensional gas chromatography (GC x
G(C).”% 98 111 80. 137 Nowadays chip-based gas chromatograp

instruments are commercially available by companies such 2~

Dolomite'*, C2V'* and etc.

Table 2 The summary of chip-based GC systems reported from the beginning up to now.

Columns feature Anal.
: Time Detector Application Ye
Geometry Lfcriﬁ;h ‘?:?nt)h ]?Eglt ;1 Stationary phase Nmax® Mode (s)
. . b oo Gaseous
Circular-spiral 150 200 30 PDMS NR Isothermal 10 TCD hydrocarbons (8) 1975
Spiral 90 300 10 CuPc! NR Isothermal NR TC(]?D(% NO, & Ammonia 1994
Square-spiral 125 100 20 PDMS 2193 Isothermal 85 FID' Hydrocarbons 1999 ¢
Circular-spiral 100 100 350 NR NR Isothermal NR NR NR 20027
Square-spiral 300 150 240  Rtx-1 & Rx-200 8200 Temperature 600 FID Multifunctional 2004°'
programmed components (20)
Sensor . .
Square-spiral 300 150 250 PDMS 17000 Temperature 360 array”™ & Multifunctional 2005
programmed FID components (20)
Square-spiral 300 150 240 PDMS 5500 Temperature 450 DMSE VOCs" (45) 2005
programmed
Rectangular- 130 200 20 PDMS NR NR 40 Sn0, HVA' & VMA! 205"
spiral sensor
Circular-spiral 75 800 goo ~ Carbograph I+ NR Isothermal 1800 Sn0, Beneze, Toluene & 1.1
5%Carbowax sensor Xylene
Square-spiral 300 150 240 PDMS 6500 Temperature 90 4CR™ VOCs (11) 200 52
programmed
1 m
NR 100 150 240 PDMS 4000 ;)Trf;i?;?:g 24 cc-FPDR" gljnﬁ; &Sds 2006
Square-spiral  25-300 150 240 PDMS 12500 Temperature 150- FID Multifunctional 2006 -
programmed 500 components
Rectangular- 0
spiral 200 30 50 Silica NR Isothermal 600 Sn0, HF", Toluene and 20062
Radiator sensor aceton
Serpentine 50 100 100 SWNTs® NR p{fj;‘f;iﬁ‘;f 2 FID Mcugifgggg;gdl 2006
Serpentine 50-200 50 600 ov-1 17500 Isothermal 2 FID Hydré’%ff:fpns & 0
Circular-spiral 25 45 45 PDMS 5000 Temperature 200 FID n-Alkanes (6) 2007%
programmed
Square-spiral  25-300 150 240 PDMS 12000 Temperature 12 FID Multifunctional 2007"
programmed compounds (30) a

This journal is © The Royal Society of Chemistry
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Table 2 continued

Columns feature Anal.
: Time Detector Application Year
Geometry Lfcriﬁ;h ‘?:?nt)h ]?Eglt ;1 Stationary phase Nmax® Mode (s) -
Circular-spiral 76 280 3(5)(;& PDMS 360 Isothermal 180 VOC sensor Beneze & Xylene 2008
Serpentine 35 100 100 OV-5 NR Isothermal NR Ssefl‘ng DMMP* 2008
Serpentine 300 100 100 OV-5 16500 Isothermal 420 FID & MS' OP & OS 2008
compounds
Seml—packed— 100 150 180 ov-1 10000 Temperature 270 FID Multifunctional 2009
Square-spiral programmed compounds (8)
Semi-packed- 100 160 230  Parylene diX-AM  NR Temperature 30 FID n-Alkanes (5) 20097
Serpantine programmed
. . Styrene ) SAW & ) 150
Circular-spiral 50 440 500 divinylbenzene NR Isothermal 600 TCD n-Alkanes (3) 2009
. . 100- 50- Temperature Multidimensional .
Circular-spiral ~ 856-1700 200 100 SE-54 35000 programmed” 600 FID compounds (12) 2009
Serpentine 34 165 65 OV-5 872 Temperature 38  FD&Ms ~ Mulifunctional 60
programmed compounds (8)
NR 30 50 50 CNTs* NR Temperature 15 FID Multifunctional =4 7
programmed compounds (10)
. PDMS & Temperature Multifunctional e
Square-spiral 50-300 150 240 PTEPMS! 4900 programmed” 210 FID compounds (19) 20u>
Serpentine 600 100 100 OV-1 4850 Isothermal” 185 FID Benzene & Toluene 200>
. Carbograph 2 + MOX X nd3
Square-spiral 50 800 800 0.2 % Carbowax NR NR 660 sensor™ ™ BTEX 20
Multicapillary NR 25 NR OV-1 12500 Isothermal” 120 FID n-Alkanes (7) 2009
Square-spiral 300 150 240 PDMS NR Temperature 120 CR” TCE’ 2010 °
programmed
: Carbopack & 900 & - .
Serpentine 50 400 200 HayeSep A 1160 Isothermal 30 TCD N,, CHs & CO, 2010
Square-spiral 750 320 320 OV-101 2000 Temperature 300 FID & BETX 2010'°
programmed PID
Serpentine 50 140 70 PDMS NR Isothermal 120 TCD™ n- Alkanes (4) 2010
Serpentine 35 100 100 ov-5 NR Temperature- 35 FID n- Alkanes (6) 2010°
programmed
Multicapillary 25 25 250 MPG’ 20000 Temperature- 300 FID n- Alkanes and 2010"
programmed alcohols
* - ok
Square-spiral 300 150 240 PDMS 4550 Temperature- 200 4 CR TCE & 11 VOCs 2011%
300 programmed
Serpentine 320 250 250 Carbowax 9750 Isothermal™ 300 FID Benzene & Toluene 2011
Circular-spiral 86 100 400 PDMS 8000 Temperature- 210 Semsor & CWAs 2011+
programmed FID
Serpentine- 220 75 100 Sputteredsilica 5000 Isothermal 60 FID Alkanes (4) 2011"°
Semi-packed
. Sputtered silica . .
Serpentlne- 220 75 100 or NR Temperature- 9-15 FID Multifunctional 20125
Semi-packed . programmed components
graphite
Serpentine 100 100 250 oV-1 NR Isothermal” 90 TCD™ Multifunctional 20118
components (8)
Square-spiral  25-250 400 100 OV-1 & NR Isothermal 125 4 pp Multifunctional 2012
Carbowax components (4)
Circular-spiral 280 240  NR PDMS NR Tsothermal 600  SAW & Multifunctional ), 51-
FID components (5)
Multicapillary 25 30 250 MPG 7300 Temperature- 200 FID Alkanes 2013'%
programmed
Square-spiral 100 150 240 PDMS NR Temperature- 80 FID Multifunctional 2013
programmed components (24)
Circular-spiral 75 1000 800 Carboxen 1000 962 Isothermal” 1000 st?)if}* Ethylene 2013°
Serpentine- SE-54 & . « ab Aromatic 88
Semi-packed 200 300 350 Carbowax-20M 9500 Isothermal 60 PID compounds (5) 2013
Circular-spiral 75 40 40 Carboxen 1000 NR Isothermal” NR sgl?o)iz* Ethylene 2014 °
Circular-spiral 200 50 50 PDMS 2420.6 NR 160 NEMS | TEOX™ 2014!

sensor

This journal is © The Royal Society of Chemistry J. Name., 0000, 00, 1-26]| 12
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Table 2 continued

Columns feature Anal.
: Time Detector Application Year

Geometry L(ecrﬁ;h ‘?:?nt)h I()Sﬁlt ? Stationary phase ~ Nmax® Mode ()

Serpentine- SE-54 & PEG- * Multifunctional
Semi-packed 200 350 320 20M 10000 Isothermal 65 sensor components (6) 201

_ double 200 100 100 PDMS 67000 ~ Lemperature: 1500 FID PAHs™ (18) 2014
Circular-spiral programmed

Serpentine- 100 160 250 SE-54 55366~ Lcmperature- 240 NR Alkanes 2014
Semi-packed programmed

Serpentine 200 70 240 PDMS NR Isothermal 300 PID” Multifunctional 201419

components (4)

NR: Not Reported, “The max obtained theoretical plate, "Polydimethylsiloxane, “Thermal conductivity detector, “Copper phthalocyanin, “Chemiresistor, *
Flame ionization detector, ®Differential mobility spectrometer, hVolatile organic compounds, ‘Homovanillic acid, jVanillylmandelic acid, *Countercurrent
flame photometric detector, 'Organophosphorus, ™Organosulfur, "Hydrogen fluoride, °Single wall nanotubes, PChemical warfare agents, ‘Dimethyl
methylphosphonate, "Mass spectrometry, ‘Carbon nanotubes, ‘Poly (trifluoropropylmethyl) siloxane, “Metal-oxide gas sensor, *Benzene, Toluene,
Ethylbenzene and Xylenes, *Trichloroethylene, “Monolayer-protected gold nanoparticles, “*Fabry-Perot cavity sensor, “’Photoionization detector, * Nano
electro mechanical systems sensor, “Toluene, ethylbenzene, Octane, and xylene, * Polycyclic aromatic hydrocarbons, * Integrated heater, ** Microfabricated
detector

in  Agricultural,  Biomedical and  Industrial

References Applications, InTech, 2012, ch. 3, p. 460.

16. D. Janasek, J. Franzke and A. Manz, Nature, 2006, 442
374-380.

17.7. Liu, N. K. Gupta, K. D. Wise, Y. B. Gianchandani and X.
Fan, Lab on a Chip, 2011, 11, 3487-3492.

18. Q. Yutao and B. G. Yogesh, Journal of Micromechanics
and Microengineering, 2014, 24, 065011.

19. Q. Yutao and Y. B. Gianchandani, Microelectromechanica’
Systems, Journal of, 2014, 23, 980-990.

20.D. Qin, Y. Xia, J. Rogers, R. Jackman, X.-M. Zhao and G.
Whitesides, in Microsystem Technology in Chemistry
and Life Science, eds. A. Manz and H. Becker,
Springer Berlin Heidelberg, 1998, vol. 194, ch. 1, pp.
1-20.

21. A. Malainou, M. E. Vlachopoulou, R. Triantafyllopoulou,
A. Tserepi and S. Chatzandroulis, Journal of

1. A. Manz, N. Graber and H. M. Widmer, Sensors and
Actuators B: Chemical, 1990, 1, 244-248.

2. A. Manz, Y. Miyahara, J. Miura, Y. Watanabe, H. Miyagi
and K. Sato, Sensors and Actuators B: Chemical,
1990, 1, 249-255.

3. S. C. Terry, J. H. Jerman and J. B. Angell, Electron
Devices, IEEE Transactions on, 1979, 26, 1880-1886.

4. R. L. Grob and E. F. Barry, Modern Practice of Gas
Chromatography, John Wiley & Sons, 2004.

5. P. Telleman, in Microsystem Engineering of Lab-on-a-Chip
Devices, Wiley-VCH Verlag GmbH & Co. KGaA,
2004, pp. 1-7.

6. R.-S. Jian, Y.-S. Huang, S.-L. Lai, L.-Y. Sung and C.-J. Lu,
Microchemical Journal, 2013, 108, 161-167.

7. E. S. Kolesar and R. R. Reston, Components, Packaging, Micromechanics and Microengineering, 2008, 14

105007.
22.J. C. McDonald and G. M. Whitesides, Accounts of
Chemical Research, 2002, 35, 491-499.
23.N. Hong-seok, P. J. Hesketh and G. C. Frye-Masor,
Microelectromechanical Systems, Journal of, 2002,
11, 718-725.
24.H.-S. Noh, Y. Huang and P. J. Hesketh, Sensors an .
Actuators B: Chemical, 2004, 102, 78-85.
. A. Bhushan, D. Yemane, E. B. Overton, J. Goettert and M.
C. Murphy, Microelectromechanical Systems, Journal
of, 2007, 16, 383-393.
26. A. Bhushan, D. Yemane, D. Trudell, E. Overton and J.
Goettert, Microsystem Technologies, 2007, 13, 361-

and Manufacturing Technology, Part B: Advanced
Packaging, IEEE Transactions on, 1998, 21, 324-328.

8. Y. I. Yashin and A. Y. Yashin, Journal of Analytical
Chemistry, 2001, 56, 794-805.

9. A.de Mello, Lab on a Chip, 2002, 2, 48N-54N.

10.P. R. Lewis, R. P. Manginell, D. R. Adkins, R. J.
Kottenstette, D. R. Wheeler, S. S. Sokolowski, D. E.
Trudell, J. E. Byrnes, M. Okandan, J. M. Bauer, R. G.
Manley and C. Frye-Mason, Sensors Journal, IEEE, 25
2006, 6, 784-795.

11. S.-I. Ohira and K. Toda, Analytica Chimica Acta, 2008,
619, 143-156.

12. A. Rios, M. Zougagh and M. Avila, Analytica Chimica
Acta, 2012, 740, 1-11.

. 368.
13. M. Mittermuller and D. A. Volmer, Analyst, 2012, 137, 53 A D Radadia, A. Salehi-Khojin, R. I. Masel and M. A.
3195-3201. Shannon,  Journal of  Micromechanics  and

14.J. K. Richard, D. M. Curtis and W. Chung-Nin Channy, in Microengineering, 2010, 20, 015002.

Separation Methods In Microanalytical Systems, CRC  5¢ G s Fiorini and D. T. Chiu, BioTechniques, 2005, 38, 42¢
Press, 2005, pp. 319-358. 446

15.J. H. Sun, D. F. Cui, H. Y. Cai, X. Chen, L. L. Zhang and
H. Li, in Advanced Gas Chromatography - Progress

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 13



Page 15 of 18

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.
47.

48.

49.

50.

T. Adams and R. Layton, in Introductory MEMS, Springer
US, 2010, ch. 4, pp. 95-130.

in Micro Electro Mechanical System Design, CRC Press,
2005, pp. 17-63.

G. Lambertus, A. Elstro, K. Sensenig, J. Potkay, M. Agah,
S. Scheuering, K. Wise, F. Dorman and R. Sacks,
Analytical Chemistry, 2004, 76, 2629-2637.

R. R. Reston and E. S. Kolesar, Microelectromechanical
Systems, Journal of, 1994, 3, 134-146.

B. Alfeeli, D. Cho, M. Ashraf-Khorassani, L. T. Taylor and
M. Agah, Sensors and Actuators B: Chemical, 2008,
133, 24-32.

J. H. Seo, J. Liu, X. Fan and K. Kurabayashi, Lab on a
Chip, 2013, 13, 851-859.

A. M. Ruiz, I. Gracia, N. Sabaté, P. Ivanov, A. Sanchez, M.
Duch, M. Gerbolés, A. Moreno and C. Cané, Sensors
and Actuators A: Physical, 2007, 135, 192-196.

F. G. Bessoth, O. P. Naji, J. C. T. Eijkel and A. Manz,
Journal of Analytical Atomic Spectrometry, 2002, 17,
794-799.

P. M. Holland, A. Chutjian, M. R. Darrach and O. J. Orient,
2003, 1-7.

K. Nachef, T. Bourouina, F. Marty, K. Danaie, B. Bourlon
and E. Donzier, Microelectromechanical Systems,
Journal of, 2010, 19, 973-981.

K. Nachef, F. Marty, E. Donzier, B. Bourlon, K. Danaie and
T. Bourouina, Microelectromechanical
Journal of, 2012, 21, 730-738.

J. H. Seo, S. K. Kim, E. T. Zellers and K. Kurabayashi, Lab
on a Chip, 2012, 12, 717-724.

T. Wei-Cheng, S. W. Pang, L. Chia-Jung and E. T. Zellers,
Microelectromechanical Systems, Journal of, 2003,
12, 264-272.

C.-J. Lu, W. H. Steinecker, W.-C. Tian, M. C. Oborny, J.
M. Nichols, M. Agah, J. A. Potkay, H. K. L. Chan, J.
Driscoll, R. D. Sacks, K. D. Wise, S. W. Pang and E.
T. Zellers, Lab on a Chip, 2005, 5, 1123-1131.

S. Zampolli, I. Elmi, F. Mancarella, P. Betti, E. Dalcanale,
G. C. Cardinali and M. Severi, Sensors and Actuators
B: Chemical, 2009, 141, 322-328.

H. Lahlou, J. B. Sanchez, X. Vilanova, F. Berger, X.
Correig, V. Fierro and A. Celzard, Sensors and
Actuators B: Chemical, 2011, 156, 680-688.

S. K. Kim, H. Chang and E. T. Zellers, Analytical
Chemistry, 2011, 83, 7198-7206.

T. Sukaew, H. Chang, G. Serrano and E. T. Zellers, Analyst,
2011, 136, 1664-1674.

A. Sklorz, S. JanBen and W. Lang, Procedia Engineering,
2012, 47, 486-489.

W.-C. Tian, T. H. Wu, C.-J. Lu, W. R. Chen and H. J.
Sheen, Journal of  Micromechanics
Microengineering, 2012, 22, 065014.

M.-Y. Wong, W.-R. Cheng, M.-H. Liu, W.-C. Tian and C.-
J. Lu, Talanta, 2012, 101, 307-313.

Systems,

and

G. Serrano, T. Sukaew and E. T. Zellers, Journal of

Chromatography A, 2013, 1279, 76-85.

14 | J. Name., 2012, 00, 1-3

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Lab on a Chip

S. Janssen, T. Tessmann and W. Lang, Sensors and
Actuators B: Chemical, 2014, 197, 405-413.

M. Akbar, D. Wang, R. Goodman, A. Hoover, G. Rice, J. R.
Heflin and M. Agah, Journal of Chromatography A,
2013, 1322, 1-7.

B. Alfeeli, L. T. Taylor and M. Agah, Microchemicat
Journal, 2010, 95, 259-267.

A. Sklorz, S. JanBen and W. Lang, Sensors and Actuators
B: Chemical, 2013, 180, 43-49.

M. Agah, J. A. Potkay, G. Lambertus, R. Sacks and K. D.
Wise, Microelectromechanical Systems, Journal of,
2005, 14, 1039-1050.

D. Gaddes, J. Westland, F. L. Dorman and S. Tadigadapa,
Journal of Chromatography A, 2014, 1349, 96-104.

A. D. Radadia, R. I. Masel, M. A. Shannon, J. P. Jerrell and
K. R. Cadwallader, Analytical Chemistry, 2008, 80,
4087-4094.

M. J. E. Golay, in gas chromatography, Academic Press:
New York, 1958.

P. C. Chatwin and P. J. Sullivan, Journal of Fluia
Mechanics, 1982, 120, 347-358.

R. Aris, Proceedings of the Royal Society of London. Series
A. Mathematical and Physical Sciences, 1959, 25,

538-550.

J. C. Giddings, Journal of Chromatography A, 1961, 5, 46-
60.

M. J. E. Golay, Journal of Chromatography A, 1981, 216,
1-8.

H. M. Blackburn, Computers & Chemical Engineering,
2001, 25, 313-322.

G. E. Spangler, Journal of Microcolumn Separations, 2001,
13, 285-292.

H. Poppe, Journal of Chromatography A, 2002, 948, 3-17.

G. Rozing, T. van de Goor, H. Yin, K. Killeen, B. Glatz, K.
Kraiczek and H. H. Lauer, Journal of Separatic
Science, 2004, 27, 1391-1401.

H. Ahn and S. Brandani, AIChE Journal, 2005, 51, 1980-
1990.

A. Ajdari, N. Bontoux and H. A. Stone, Analytical
Chemistry, 2005, 78, 387-392.

N. Bontoux, A. Pepin, Y. Chen, A. Ajdari and H. A. Stone
Lab on a Chip, 2006, 6, 930-935.

D. Dutta, A. Ramachandran and D. Leighton, Ji
Microfluidics and Nanofluidics, 2006, 2, 275-290.
E. K. Zholkovskij and J. H. Masliyah, Chemical

Engineering Science, 2006, 61, 4155-4164.

H. Eghbali and G. Desmet, Journal of Separation Science,
2007, 30, 1377-1397.

D. Liang, Q. Peng, K. Mitchelson, X. Guan, W. Xing and J.
Cheng, Lab on a Chip, 2007, 7, 1062-1073.

M. L. Parks and L. A. Romero, Mathematical and
Computer Modelling, 2007, 46, 699-717.
X. Yan, J. Yang, Q. Wang and Y. Liu, Journal of

Separation Science, 2013, 36, 1537-1544.

This journal is © The Royal Society of Chemistry 2012



76

77

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88

89

90.

91.

92

93

94

95

Thi

Lab on a Chip

.M. Agah, G. R. Lambertus, R. Sacks and K. Wise, Journal
of Microelectromechanical Systems, 2006, 15, 1371-
1378.

.S. Ali, M. Ashraf-Khorassani, L. T. Taylor and M. Agah,
Sensors and Actuators B: Chemical, 2009, 141, 309-
315.

M. A. Zareian-Jahromi, M. Ashraf-Khorassani, L. T. Taylor
and M. Agah, Microelectromechanical
Journal of, 2009, 18, 28-37.

Y. Li, X. Du, Y. Wang, H. Tai, D. Qiu, Q. Lin and Y. Jiang,
RSC Advances, 2014, 4, 3742-3747.

G. Wiranto, N. D. Samaan, D. E. Mulcahy and D. E. Davey,
1997, 59-64.

L. Lorenzelli, A. Benvenuto, A. Adami, V. Guarnieri, B.

Systems,

Margesin, V. Mulloni and D. Vincenzi, Biosensors
and Bioelectronics, 2005, 20, 1968-1976.

J.-B. Sanchez, F. Berger, W. Daniau, P. Blind, M. Fromm
and M.-H. Nadal, Sensors and Actuators B: Chemical,
2006, 113, 1017-1024.

M. Stadermann, A. D. McBrady, B. Dick, V. R. Reid, A.
Noy, R. E. Synovec and O. Bakajin, Analytical
Chemistry, 2006, 78, 5639-5644.

A. D. Radadia, A. Salehi-Khojin, R. I. Masel and M. A.
Shannon, Sensors and Actuators B: Chemical, 2010,
150, 456-464.

A. Bhushan, D. Yemane, S. McDaniel, J. Goettert, M. C.
Murphy and E. B. Overton, Analyst, 2010, 135, 2730-
2736.

Y. Li, X. Du, Y. Wang, H. Tai, D. Qiu, Q. Lin and Y. Jiang,
Nanoscale Research Letters, 2014, 9, 224.

M. A. Zareian-Jahromi and M. Agah,
Microelectromechanical Systems, Journal of, 2010,
19, 294-304.

.J. Sun, D. Cui, X. Chen, L. Zhang, H. Cai and H. Li,

Journal of Chromatography A, 2013, 1291, 122-128.
.M. J. de Boer, R. W. Tjerkstra, J. W. Berenschot, H. V.
G. J. Burger, J. G. E. Gardeniers, M.
and A. Van
Microelectromechanical Systems, Journal of, 2000, 9,
94-103.
Chen, C. Y. Shih and Y. C. Tai, Lab on a Chip -
Miniaturisation for Chemistry and Biology, 2006, 6,
803-810.
M. Agah and K. D. Wise,
Microelectromechanical Systems, 2007, 16, 853-860.
.A. D. Radadia, R. D. Morgan, R. I. Masel and M. A.
Shannon, Analytical Chemistry, 2009, 81, 3471-3477.
.M. Nishino, Y. Takemori, S. Matsuoka, M. Kanai, T.
M. Ueda IEEJ
Transactions on  Electrical Electronic
Engineering, 2009, 4, 358-364.
. G. Serrano, S. M. Reidy and E. T. Zellers, Sensors and
Actuators B: Chemical, 2009, 141, 217-226.
.J. Sun, D. Cui, F. Guan, X. Chen and L. Zhang, Sensors and
Actuators B: Chemical, 2014, 201, 19-24.

Jansen,

Elwenspoek den Berg,

pP. J.

Nishimoto, and K. Komori,

and

s journal is © The Royal Society of Chemistry 2012

Journal  of

Page 16 of 18

96. G. M. Gross, D. A. Nelson, J. W. Grate and R. E. Synovec,

Analytical Chemistry, 2003, 75, 4558-4564.

97. G. M. Gross, J. W. Grate and R. E. Synovec, Journal of

Chromatography A, 2004, 1060, 225-236.

98. G. M. Gross, J. W. Grate and R. E. Synovec, Journal of

Chromatography A, 2004, 1029, 185-192.

99. R. Haudebourg, J. Vial, D. Thiebaut, K. Danaie, J. Breviere,

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

P. Sassiat, I. Azzouz and B. Bourlon, Analytical
Chemistry, 2012, 85, 114-120.

J. Vial, D. Thiébaut, F. Marty, P. Guibal, R.
Haudebourg, K. Nachef, K. Danaie and B. Bourlon,
Journal of Chromatography A, 2011, 1218, 3262-
3266.

I. Azzouz, J. Vial, D. Thiébaut, R. Haudebourg, K.
Danaie, P. Sassiat and J. Breviere, Analytical and
Bioanalytical Chemistry, 2014, 406, 981-994.

J. Hereijgers, G. Desmet, T. Breugelmans and W. De
Malsche, Microelectronic Engineering, 2015, 132, 1-
13.

M. Viazquez and B. Paull, Analytica Chimica Acta,
2010, 668, 100-113.

A. Speltini, D. Merli and A. Profumo, Analytica
chimica acta, 2013, 783, 1-16.

I. Azzouz, A. Essoussi, J. Fleury, R. Haudebourg, D.
Thiebaut and J. Vial, Journal of Chromatography A,
2015, 1383, 127-133.

S. Zimmermann, S. Wischhusen and J. Miiller,
Sensors and Actuators B: Chemical, 2000, 63, 159-
166.

G. R. Lambertus, C. S. Fix, S. M. Reidy, R. A. Miller,
D. Wheeler, E. Nazarov and R. Sacks, Analytical
Chemistry, 2005, 77, 7563-7571.

B. C. Kaanta, H. Chen and X. Zhang, Journal of
Micromechanics and Microengineering, 2010, 20,
055016.

S. Narayanan, G. Rice and M. Agah, Microchim. Acta,
2014, 181, 493-499.

J. Sun, F. Guan, D. Cui, X. Chen, L. Zhang and J.
Chen, Sensors and Actuators B: Chemical, 2013, 188,
513-518.

S. Kendler, S. M. Reidy, G. R. Lambertus and R. D
Sacks, Analytical Chemistry, 2006, 78, 6765-6773.
Y.-M. Fu, S.-C. Chu and C.-J. Lu, Microchemicc!
Journal, 2008, 89, 7-12.

J. Harley, W. Nel and V. Pretorius, Nature, 1958, 181,
177-178.

S. Zimmermann, P. Krippner, A. Vogel and J. Miiller,
Sensors and Actuators B: Chemical, 2002, 83, 285-
289.

w. . and J. Miiller,
Micromechanics and Microengineering, 2008, 18,
064015.

W. Kuipers and J. Miller, Talanta, 2010, 82, 1674-
1679.

W. Kuipers and J. Miiller, Journal of Chromatography
A, 2011, 1218, 1891-1898.

Kuipers Journal  of

J. Name., 2012, 00, 1-3 | 15



Page 17 of 18

118.
119.
120.
121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.
132.
133.
134.
135.
136.
137.
138.
139.

140.

Lab on a Chip

S. Narayanan, B. Alfeeli and M. Agah, Sensors
Journal, IEEE, 2012, 12, 1893-1900.

K. Reddy, Y. Guo, J. Liu, W. Lee, M. K. Khaing Oo
and X. Fan, Lab on a Chip, 2012, 12, 901-905.

K. Chen and Y.-E. Wu, Sensors and Actuators A:
Physical, 2000, 79, 211-218.

Y.-M. Kim, W.-S. Kim and W.-G. Chun, Heat
Transfer Engineering, 2005, 26, 065-072.

D. Cruz, J. P. Chang, S. K. Showalter, F. Gelbard, R.
P. Manginell and M. G. Blain, Sensors and Actuators
B: Chemical, 2007, 121, 414-422.

S. Narayanan, B. Alfeeli and M. Agah, Procedia
Engineering, 2010, 5, 29-32.

J. Sun, D. Cui, X. Chen, L. Zhang, H. Cai and H. Li,
Sensors and Actuators B: Chemical, 2011, 160, 936-
941.

B. C. Kaanta, H. Chen and X. Zhang, Journal of
Micromechanics and Microengineering, 2010, 20,
095034.

Y. Sun, J. Liu, G. Frye-Mason, S.-j. Ja, A. K.
Thompson and X. Fan, Analyst, 2009, 134, 1386-
1391.

S. I. Shopova, I. M. White, Y. Sun, H. Zhu, X. Fan, G.
Frye-Mason, A. Thompson and S.-j. Ja, Analytical
Chemistry, 2008, 80, 2232-2238.

J. Liu, Y. Sun, D. J. Howard, G. Frye-Mason, A. K.
Thompson, S.-j. Ja, S.-K. Wang, M. Bai, H. Taub, M.
Almasri and X. Fan, Analytical Chemistry, 2010, 82,
4370-4375.

K. Reddy, Y. Guo, J. Liu, W. Lee, M. K. Khaing Oo
and X. Fan, Sensors and Actuators B: Chemical, 2011,
159, 60-65.

E. S. and R. R.
Microelectromechanical Systems, Journal of, 1994, 3,
147-154.

Q.-Y. Cai and E. T. Zellers, Analytical chemistry,
2002, 74, 3533-3539.

R.-S. Jian, R.-X. Huang and C.-J. Lu, Talanta, 2012,
88, 160-167.

J. C. Giddings, Analytical Chemistry,
1258 A-1270A.

J. Liu, J. H. Seo, Y. Li, D. Chen, K. Kurabayashi and
X. Fan, Lab on a Chip, 2013, 13, 818-825.

B.-X. Chen, T.-Y. Hung, R.-S. Jian and C.-J. Lu, Lab
on a Chip, 2013, 13, 1333-1341.

Z. Liu and J. B. Phillips, Journal of Chromatographic
Science, 1991, 29, 227-231.

V. R. Reid, M. Stadermann, O. Bakajin and R. E.
Synovec, Talanta, 2009, 77, 1420-1425.

G. Lambertus and R. Sacks, Analytical Chemistry,
2005, 77, 2078-2084.

H. Chang, S. K. Kim, T. Sukaew, F. Bohrer and E. T.
Zellers, Procedia Engineering, 2010, 5, 973-976.

S. K. Kim, D. R. Burris, J. Bryant-Genevier, K. A.
Gorder, E. M. Dettenmaier and E. T. Zellers,

Kolesar Reston,

1984, 56,

16 | J. Name., 2012, 00, 1-3

141.

142.

143.

144.

145.
146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Environmental Science & Technology, 2012, 46,
6073-6080.

S. Zampolli, I. Elmi, J. Stiirmann, S. Nicoletti, L. Dori
and G. C. Cardinali, Sensors and Actuators B:
Chemical, 2005, 105, 400-406.

R. Manginell, J. Bauer, M. Moorman, L. Sanchez, J.
Anderson, J. Whiting, D. Porter, D. Copic and K.
Achyuthan, Sensors, 2011, 11, 6517-6532.

S. Reidy, G. Lambertus, J. Reece and R. Sacks,
Analytical Chemistry, 2006, 78, 2623-2630.
http://www.dolomite-microfluidics.com.
https://static.thermoscientific.com/images/D01461

G. Wiranto, M. R. Haskard, D. E. Mulcahy, D. E.
Davey and E. F. Dawes, Microengineered open

tubular columns for GC analysis, 1999.

S. Reidy, D. George, M. Agah and R. Sacks,
Analytical Chemistry, 2007, 79, 2911-2917.

C. Y. Lee, R. Sharma, A. D. Radadia, R. I. Masel and
M. S. Strano, Angewandte Chemie International
Edition, 2008, 47, 5018-5021.

T. Nakai, S. Nishiyama, M. Shuzo, J. J. Delaunay an
I. Yamada, Journal of Micromechanics
Microengineering, 2009, 19, 065032.

Y. Yutaro, A. Shingo, S. Masanori, K. Kentaro, N.
Kazuhiro, N. Noritaka, T. Toshihiro and Y. Kazushi,
Japanese Journal of Applied Physics, 2009, 48,
07GG12.

J. Sun, D. Cui, Y. Li, L. Zhang, J. Chen, H. Li and X.
Chen, Sensors and Actuators B: Chemical, 2009, 141,
431-435.

A. C. Lewis, J. F. Hamilton, C. N. Rhodes, J.
Halliday, K. D. Bartle, P. Homewood, R. J. P.
Grenfell, B. Goody, A. M. Harling, P. Brewer, G.
Vargha and M. J. T. Milton,
Chromatography A, 2010, 1217, 768-774.
C.-Y. Lee, C.-C. Liu, S.-C. Chen, C.-M. Chiang, Y.-
H. Su and W.-C. Kuo, Microsystem Technologies,
2011, 17, 523-531.

I. Takamitsu, A. Shingo, S. Toshihiro, T. Toshihiro,
N. Noritaka and Y. Kazushi, Japanese Journal of
Applied Physics, 2012, 51, 07GC24.

H. Shakeel and M. Agah, Microelectromechanica’
Systems, Journal of, 2013, 22, 62-70.

O. Martin, V. Gouttenoire, P. Villard, J. Arcamone,
M. Petitjean, G. Billiot, J. Philippe, P. Puget, P.
Andreucci, F. Ricoul, C. Dupré, L. Duraffourg, A.
Bellemin-Comte, E. Ollier, E. Colinet and T. Ernst,
Sensors and Actuators B: Chemical, 2014, 194, 220-
228.

and

Journal  of

This journal is © The Royal Society of Chemistry 2012



Lab on a Chip Page 18 of 18

This journal is © The Royal Society of Chemistry J. Name., 0000, 00, 1-26]| 17



