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ARTICLE INFO ABSTRACT

Article history: Thin layer chromatography (TLC)—a simple, cost-effective, and easy-to-operate planar chromatographic

Available online 2 February 2011 technique—has been used in general chemistry laboratories for several decades to routinely separate
chemical and biochemical compounds. Traditionally, chemical and optical methods are employed to

Keywords: visualize the analyte spots on the TLC plate. Because direct identification and structural characterization

TLC-MS of the analytes on the TLC plate through these methods are not possible, there has been long-held interest

Ambient ionization

N in the development of interfaces that allow TLC to be combined with mass spectrometry (MS)—one of
Vacuum-based ionization

TS the most efficient analytical tools for structural elucidation. So far, many different TLC-MS techniques
Desorption/ionization R R . . . . . .
Direct sampling have been reported in the literature; some are commercially available. According to differences in their
Indirect sampling operational processes, the existing TLC-MS systems can be classified into two categories: (i) indirect

mass spectrometric analyses, performed by scraping, extracting, purifying, and concentrating the analyte
from the TLC plate and then directing it into the mass spectrometer’s ion source for further analysis; (ii)
direct mass spectrometric analyses, where the analyte on the TLC plate is characterized directly through
mass spectrometry without the need for scraping, extraction, or concentration processes. Conventionally,
direct TLC-MS analysis is performed under vacuum, but the development of ambient mass spectrometry
has allowed analytes on TLC plates to be characterized under atmospheric pressure. Thus, TLC-MS tech-
niques can also be classified into two other categories according to the working environment of the ion
source: vacuum-based TLC-MS or ambient TLC-MS. This review article describes the state of the art of
TLC-MS techniques used for indirect and direct characterization of analytes on the surfaces of TLC plates.
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1. Introduction

With its advantages of simplicity, economy, easy operation, and
the need for only small amounts of solvent, thin layer chromatog-
raphy (TLC) is used widely in various fields to separate or purify
mixtures of chemical and biological compounds. Because a new
plate is used in each separation, the “memory effect” problems
that occur with many other chromatographic techniques are not
occurred in TLC separation, which makes TLC often used for the
direct analysis of crude samples with minimal purification proce-
dures. Because it is performed under ambient conditions, TLC is one
of the most suitable separation methods for high throughput anal-
ysis. For example, many samples can be spotted on a TLC plate and
separated simultaneously, or many plates can be analyzed in a tank
containing the same mobile phase.

The stationary phases for TLC are typically organic or inorganic
thin layer, such as silica, alkyl-silica (C8 or C18), cellulose, and
monolithic polymer coated on metal, plastic, or glass sheets; the
mobile phases for TLC analysis are typically organic solutions span-
ning a wide range of hydrophobicities [1-7]. During the separation,
the edge of the TLC plate is immersed in the mobile phase, which
is developed through capillary force. The diversity of interactive
forces among the analyte molecules, mobile phase, and station-
ary phase cause different analytes to move at different rates on
the TLC plate. The separation of the chemical compounds on a TLC
plate is quantified in terms of the value of Ry (distance of analyte
migration/distance of mobile phase migration).

Unlike high performance liquid chromatography (HPLC), TLC
is a simple and rapid chromatographic technique, but its separa-
tion efficiency is usually low. Many different TLC techniques have
been developed to increase the separation, resolution, and repro-
ducibility. High performance thin layer chromatography (HPTLC)
uses gel particles having small diameters (4-6 wm) as the station-
ary phase, thereby increasing the number of interactions with the
analyte molecules [1,4,5]. Ultrathin layer chromatography (UTLC)
uses a thinner stationary phase (10 wm) to reduce lateral diffusion
of the analytes [5]. Overpressured layer chromatography (OPLC)
uses a liquid chromatography (LC) pump to drive the mobile phase
through the stationary phase [4,5]. Microemulsion thin layer chro-
matography (ME-TLC) uses a water-in-oil microemulsion as the
mobile phase [5].

Following TLC separation, the separated compounds on the plate
are visualized and, in some instances, characterized. The sample
spots are usually detected by spraying or dipping the TLC plate
so that the analytes come into contact with chemical or biological
reagents, which then react or interact with the functional groups
of the analyte molecules. Although optical and spectroscopic meth-
ods can be used to sensitively detect the sample spots in terms of
their visible color, UV absorption, and fluorescence excitation spec-
tra, these methods are not comprehensive and such detections are
restricted by the chemical or optical properties of the analytes. Even
if the values of Rf and the spectroscopic characteristics of the sample
and standard are compatible, the capability to determine molecu-
lar structure of the analyte by these detection techniques remain
low. For this reason, it remains a challenge to couple TLC with
more-efficient detection techniques for better characterization.

Mass spectrometry (MS) is one of the most practical tech-
niques for characterizing chemical and biochemical compounds.
By measuring the mass-to-charge (m/z) ratios of ions, it allows
elucidating the chemical structures of molecules in terms of the
species formed through fragmentation in the ion source or mass
analyzer. Many column-based separation techniques, including lig-
uid and gas chromatography (LC and GC), have been combined
with mass spectrometry to efficiently characterize analytes ranging
from small organic to large biological compounds. The compounds
eluted from the GC or LC column are typically introduced directly
into the ion source of the mass spectrometer.

Interfacing TLC with mass spectrometry is not as easy as inter-
facing GC-MS or LC-MS systems because the analyte molecules
remain adsorbed on the TLC gel bed after separation, rather than
being eluted from the column by a gas or liquid flow. Therefore,
using mass spectrometry to successfully characterize analytes on
TLC plates requires that the analyte molecules first be separated or
sampled from the surface of the adsorbent. The analyte molecules
are subsequently entering the ion source of a mass spectrome-
ter in gas or liquid phase. Several TLC-MS techniques have been
developed that differ based on the methods used to separate or
sample the analytes from the adsorbent and also based on the
mass spectrometric ion sources used [7-11]. In terms of their sam-
pling methods, the existing TLC-MS techniques can be classified
simply as (i) “indirect sampling TLC-MS” and (ii) “direct sampling
TLC-MS” techniques. Fig. 1 provides a schematic representation
of both approaches, together with the various mass spectrometric
ionization techniques that have been used to characterize chemical
compounds on the surfaces of TLC plates.

The name, “indirect sampling TLC-MS,” indicates that certain
labor-intensive sample pretreatment processes must be performed
prior to mass spectrometric analysis [12-14]. The pretreatment
processes may include identifying the spot position, scraping the
gel from the spot, extracting the analyte from the gel, purifying
the extraction solution, and concentrating the analyte solution.
Because the analyte-adsorbed gel particles are scraped from the
plate surface for further analysis, visualizing the sample spots
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Fig. 1. Flow chart of various mass spectrometric techniques that have been used to
characterize chemical compounds on the surfaces of TLC plates.
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Table 1
The detection limit, repeatability, and abbreviation of the ionization methods used in TLC-MS.
Technique Acronym Environment Detection limit Reproducibility Spatial resolution Reference
Gas chromatography/mass GC/MS Vacuum
spectrometry
Liquid chromatography/mass LC/MS Ambient
spectrometry
Electron impact EI/CI Vacuum
Fast atom bombardment FAB Vacuum
Laser desorption ionization LDI Vacuum 50 pg 5um [31]
Secondary ion mass spectrometry SIMS Vacuum 50-500 ng 50 wm x 50 pm [35,67]
Matrix-assisted laser desorption MALDI Vacuum <lng 120 wm x 80 wm [40,45]
ionization
Surface-assisted laser desorption SALDI Vacuum 500 pg [50,52]
ionization
Electrospray ionization ESI Ambient
Liquid extraction junction sampling N/A Ambient <20pg RSD £3.75% 2-4mm? [71,73]
Electrospray laser desorption ELDI Ambient 10°M 100 pmx 150 pm® [63]
ionization
Laser-induced acoustic desorption LIAD/ESI Ambient 0.35mm [64]
electrospray ionization
Desorption electrospray ionization DESI Ambient ~5ng 400 pm x 400 pmP [92,98]
Rotation planar chromatography RPC-APCI
atmospheric pressure chemical
ionization
Laser desorption/atmospheric pressure LD/APCI Ambient 0.05 mm? [105]
chemical ionization
Direct analysis in real time DART Ambient <128 pg RSD <+5.4% <3 mm [62,110]
Atmospheric pressure matrix-assisted AP-MALDI Ambient 1-7 pmol RSD +£22% 0.5 mm [54]
laser desorption ionization
Laser desorption/inductively coupled LD/ICP Ambient 3pg 120 pm? [60]

plasma

2 Diameter of desorption area.
b Desorption area.

on the TLC plate, using nondestructive chemical and biological
reagents or optical illumination, is necessary to mark the positions
of invisible chemical species. Different types of mass spectrometers
have been used to ionize and identify the extracted compounds,
including ion trap, quadrupole, and time-of-flight (TOF) appa-
ratuses equipped with vacuum-based or ambient ion sources,
including electron impact ionization (EI), chemical ionization (CI),
matrix-assisted laser desorption/ionization (MALDI), and electro-
spray ionization (ESI) systems (Table 1) [12-17].

The direct sampling approach allows the direct analysis of
chemical compounds on TLC plates without the need for tedious
pretreatment processes. Because TLC separation is performed on
a planar plate, it is rational to develop mass spectrometric tech-
niques capable of direct surface sampling and ionization. Based
on the working pressures of the sampling devices and ion sources,
“direct sampling TLC-MS” technologies can be further divided into
vacuum-based and ambient TLC-MS systems. The mass spectrom-
etry and interfaces for direct sampling TLC-MS have been reported
in several recent reviews [9-11]. In this article, we review the avail-
able TLC-MS techniques that are performed using indirect and
direct sampling, covering recent developments in both vacuum-
based and ambient TLC-MS.

1.1. Indirect sampling TLC-MS

TLC allows the separation and optical measurement of the com-
pounds on a chromatographic plate. Invisible analytes on a TLC
plate are detected through either optical illumination (through UV,
fluorescence or fluorescence quenching) or staining with a non-
destructive chemical or biological reagent. Spots of interest are
then scratched and collected for solvent extraction to recover the
adsorbed components. After filtration and concentration, the mass
spectrometric systems equipped with EI or CI sources are com-
monly used to characterize the extracted analytes introduced into
the ion source through a direct insertion probe (DIP) [15]. One

example is characterizing diazepam extracted from silica gel parti-
cles. The sample is deposited in a small tube at the tip of the DIP and
is evaporated through rapid heating in the ion source. The analyte
molecules are subsequently ionized through El in the source [15].

Because different analytes might not be completely separated
after TLC, GC-MS and LC-MS are often used to further separate
and characterize the chemical compounds in the extracts [18-23].
Derivatization is usually required for polar compounds to increase
(i) the resolution of GC separation, (ii) the volatility and stability of
the analyte, or (iii) the sensitivity of the detection [19-21]. Because
the extracts are evaporated through heating during GC-MS anal-
ysis (e.g., in the injector, column, transfer line and ion source),
the analytes are limited to those that are volatile and thermally
stable. The combination of TLC and GC-MS has been used to char-
acterize small organic compounds such as phytosterol oxidation
products, acylglycerols, peroxidized cholesterol or cholesteryl ester
hydroperoxide [18-21].

Desorption/ionization (DI) mass spectrometry can be employed
to characterize nonvolatile and thermally labile compounds
present in the extracts. These DI techniques, including fast atom
bombardment (FAB), liquid secondary ion mass spectrometry
(LSIMS), laser desorption (LDI), and matrix-assisted laser desorp-
tion/ionization (MALDI), use accelerated ions (8-10kV), atoms, or a
pulsed laser beam to impact or irradiate the surface of the extracted
sample (in the presence or absence of a matrix) and thereby des-
orb and ionize its chemical components. The sample is usually
introduced into the DI source, operated under vacuum, through
an insertion probe or stainless-steel sample plate [12,16,24-27].
Glycerol is a common matrix used for FAB and LSIMS analy-
sis. The sample is simply prepared by mixing the extract with
glycerol at the probe tip. No matrix is required for LDI analysis.
For MALDI analysis, the extracts, such as lipids, polymers, and
lipopolysaccharides, are mixed with matrix solution (e.g., sinap-
inic acid, 2,5-dihydroxybenzoic acid, or a-cyanosinapinic acid) on
astainless-steel plate; after drying, the surface of the sampleis irra-
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diated with a pulsed laser (commonly in the UV range) to generate
analyte ions [12,16,24-27].

Solution-based ionization techniques, such as electrospray
ionization mass spectrometry (ESI/MS), atmospheric pressure
chemical ionization mass spectrometry (APCI-MS), and atmo-
spheric pressure photoionization mass spectrometry (APPI-MS)
can be used to characterize the chemical compounds in the
extracted solutions under an atmospheric pressure environment
[12-14,28-30]. The sample solution (prepared by mixing extracts
with solvent) is introduced into the ESI, APCI, or APPI source
through infusion or nebulization. All these ionization techniques
are suitable for the analysis of polar or less polar compounds (e.g.,
phospholipids, glycolipids and alkaloids) except APPI can also be
used to ionize aromatic compounds.

The advantage of using indirect TLC-MS for routine sample
analysis is that the solutions are clean, concentrated, and free
of gel particles. A concentrated sample makes it easier to detect
an analyte present in trace amounts. The maintenance of a mass
spectrometer is simpler if it always encounters clean samples; in
addition, it will be better protected (especially for turbo vacuum
systems) if the sample is free of gel particles. Even though the chem-
ical compounds on the TLC plate are readily characterized through
indirect sampling TLC-MS methods (e.g., systematic extraction),
the sample preparation procedures are tedious, labor-intensive,
and time-consuming. In addition, the results from indirect sam-
pling TLC-MS analysis do not accurately provide chromatographic
or quantitative information regarding the analytes on the TLC
plates. Furthermore, the unknown sample spots that cannot be
observed using visualizing or optical methods are not marked for
analysis except the extraction of TLC plate area by area. The devel-
opment of TLC-MS techniques capable of directly characterizing
chemical compounds on TLC plate surfaces would overcome these
shortcomings.

1.2. Direct sampling TLC-MS

Because TLC separations are performed on planar plates, mass
spectrometric techniques capable of direct surface sampling and
ionization have been developed. The direct sampling approach
allows the direct analysis of chemical compounds on TLC plates.
Based on the working pressures of the sampling devices and the ion
sources, the “direct sampling TLC-MS” technology can be further
divided into vacuum-based and ambient TLC-MS.

2. Direct sampling TLC-MS using vacuum-based ionization
techniques

With their capability of surface analysis, desorption/ionization
techniques that are operated under vacuum, such as FAB, LSIMS,
LDI, and MALDI, can be used to sample and ionize nonvolatile
or thermally labile compounds directly from TLC plate surfaces
[17,31-33]. The advantage of integrating these surface sam-
pling/ionizing mass spectrometric methods with TLC is that the
tedious sample pretreatment processes used in indirect TLC-MS
are avoided. Direct sampling TLC-MS using vacuum-based ion-
ization techniques evolved in late 1980s, immediately after the
development of the DI techniques. Due to the limitations neces-
sitated by the use of the vacuum, however, these DI techniques are
not suitable when analyzing highly volatile compounds. In addition,
unless the dimensions of the ion source are enlarged to include the
transport system required to move the TLC plate, high through-
put analysis is difficult. Therefore, most of these systems are not
commercially available. Vacuum-based direct sampling/ionizing
TLC-MS can be further divided into two categories, where DI is
performed using (1) fast atom or ion bombardment or (2) pulse
laser irradiation.
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Fig. 2. Schematic representation of FAB and LSIMS analyses of chemical compounds
on the surface of a TLC plate.

2.1. Direct sampling TLC-MS using fast atom or ion bombardment
for desorption/ionization

FAB and LSIMS use fast atoms and ions to impact the sample
surface for desorption and ionization. The plate is covered with
a viscous matrix solution (e.g., glycerol) prior to MS analysis. The
functions of the viscous matrix include (1) absorbing, dissipating,
and transferring the energy provided by fast atom or ion bombard-
ing to the analyte, (2) self-cleaning the bombarded sample surface,
(3) providing protons for ionization, and (4) extending the ion sig-
nal duration. Fig. 2 displays a schematic representation of FAB and
LSIMS system used to directly characterize chemical compounds
on a TLC plate. A liquid matrix solution (e.g., a methanol solu-
tion containing glycerol, m-nitrobenzyl alcohol, triethanolamine,
or thioglycerol) is manually deposited on the TLC plate surface to
promote the concentration of the analyte on the TLC plate. When
the TLC plate is introduced into the ion source operated under
vacuum, the methanol is immediately pumped away, leaving the
analyte/matrix on the plate surface. A stream of fast atoms (Ar) or
primary ions (Cs*) accelerated at high potential (8-10KkV) is then
used to impact the plate surface to desorb and ionize the analytes
[32-35]; the analyte ions are subsequently detected by a sector,
quadrupole, or TOF mass analyzer. Lateral diffusion of compounds
along the plate might be inevitable after the introduction of the
matrix solution, thereby decreasing the chromatographic resolu-
tion of the compounds on the plate. Although the mass spectra
obtained using FAB and LSIMS are generally nearly identical, the
fast ion beam in LSIMS can be focused much better than the fast
atom beam in FAB; therefore, the sampling area in LSIMS is typically
smaller, meaning that higher-resolution imaging is possible. The
chemical compounds of low molecular weight (less than 1000 Da)
such as morphine, and coccidiostats separated on TLC plates have
been characterized by FAB in the vacuum [32,34].

An analytical method that couples TLC with TOF-SIMS with-
out using a liquid matrix has been reported: the sample spots that
had been separated on a TLC plate were developed in the second
dimension to enter the interfacial region formed by depositing sil-
ver vapor or aqueous mercury (II) chloride solution on one side of
the TLC plate; this interfacial region was then cut off and affixed
to the sample target for TOF-SIMS analysis [36,37]. Although the
presence of the interfacial region did not decrease the chromato-
graphic integrity or ability to identify the analytes, scanning of the
TLC plate’s surface was not demonstrated.
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There are several limitations when using FAB or LSIMS for
TLC-MS: (1) the analytes must be polar so that they can be dissolved
in and mixed well with the viscous matrix; (2) volatile compounds
are difficult to detect; (3) the affinity of cation (proton, sodium, or
potassium) of the compound must be greater than that of the matrix
(operated in positive ion mode); (4) compounds with molecular
weights greater than 2000 Da cannot be desorbed or detected. In
addition, the gel particles generated upon fast atom or ion bom-
bardment of the TLC plate surface are potentially harmful to the
vacuum systems, especially for those using turbo molecular pumps.

2.2. Direct sampling TLC-MS using pulsed laser irradiation for
desorption/ionization

LDI, MALDI, and surface-assisted laser desorption ionization
(SALDI) are laser-based desorption/ionization mass spectrometric
techniques that have been used to characterize chemical com-
pounds after separation on TLC plates [9,17,31,38]. Fig. 3 displays
a schematic representation of LDI, MALDI, and SALDI analyses of
compounds on the surfaces of TLC plates. In these techniques, the
developed plate is attached to the sample probe using double-
sided adhesive tape and then a pulsed laser beam is used to desorb
and ionize the compounds present on the plate. LDI employs a
pulsed laser beam to irradiate the spots of interest; in the absence
of any matrix, the laser density required to produce analyte ions
from the TLC plate is greater than that from a metal surface
[31]. In MALDI analysis, an analyte/matrix co-crystal is formed
by applying an organic matrix solution to the spot surface; the
matrix adsorbs energy from the pulsed laser beam to assist the
desorption/ionization of the analytes such as ganglioside, phos-
phopeptide, glycosphingolipids and bacterial toxins [9,39-49]. In
SALDI analysis, a suspension of carbon powder in a liquid is applied
to the plate surface; this inorganic matrix adsorbs the UV laser
energy to assist desorption/ionization of the separated compounds
[38,50-52]. When using micrometer-sized graphite or activated
carbon as the matrix, the analyte signals in the low mass range
do not suffer from interference by matrix signals. Moreover, other
nano- and micro-particle suspensions (e.g., Co, TiN, TiO,, sili-
con) have been employed successfully as inorganic matrices for
TLC-SALDI-MS analysis [53]. The innate character of laser irradi-
ation provides MALDI and SALDI with high spatial resolution for
sample scanning. Although the ionization of analytes is improved
by the matrix, the addition of organic matrix solution upon the

plate surface may decrease the chromatographic resolution and
concentration of the analyte compounds as a result of lateral dif-
fusion along the plate. Various organic compounds including dyes,
peptides, alkaloids, gangliosides, and lipids were characterized by
TLC-MALDI-MS in positive or negative ion mode and peptides, her-
bicide, diuretic, polymers, and porphyrins separated on TLC plate
were detected by SALDI-MS [38-52].

Despite their advantages, several problems remain when using
vacuum-based sampling/ionizing TLC-MS techniques: (1) to main-
tain the vacuum in the ion source, the sample introduction and
retreatment processes are time- and labor-consuming; (2) the
small dimensions of the vacuum chamber require that the TLC
plate must inevitably be cut into small pieces to fit in the ion
source; (3) poor sensitivity is encountered when detecting volatile
or semivolatile compounds; (4) relatively poor reproducibility
is encountered in quantitative analyses; and (5) interference of
matrix ions occurs in low-mass range.

3. Direct sampling TLC-MS using ambient ionization mass
spectrometry

The development of direct sampling TLC-MS techniques was
greatly benefited by the development of atmospheric pressure
ionization mass spectrometry. For example, although an organic
matrix solution must be evenly spread upon the TLC plate surface,
atmospheric pressure matrix-assisted laser desorption/ionization
(AP-MALDI) has been successfully coupled with TLC for the direct
characterization of chemical compounds on TLC plates [54]. Inter-
facing TLC with a solution-based atmospheric pressure ionization
mass spectrometric technique like ESI/MS or APCI/MS has resulted
in the development of several surface sampling devices to extract or
elute the chemical compounds from the adsorbents and to deliver
the extracted solutions to the ESI or APCI sources for further analysis
[55-57].

Ambient ionization mass spectrometry is a technique that is
capable of directly characterizing analytes on solid surfaces, in solu-
tions, or in the gas phase with minimal or no sample pretreatment
under ambient conditions [58]. Several ambient ionization tech-
niques, including laser desorption/atmospheric pressure chemical
ionization (LD/APCI), laser ablation inductively coupled plasma
(LA-ICP), desorption electrospray ionization (DESI), direct analy-
sis in real time (DART), electrospray laser desorption ionization
(ELDI), and laser-induced acoustic desorption/electrospray ioniza-
tion (LIAD/ESI), have been developed for ionizing analytes on solid
surfaces [59-64].

Because the separation of TLC is performed under ambient con-
ditions and the analyte molecules adsorbed on the TLC plate can be
regarded as “solid” samples, interfacing TLC with ambient ioniza-
tion mass spectrometry is much easier than it is with vacuum-based
DI mass spectrometry. Recently, several ambient TLC-MS tech-
niques, using ESI, APCI, and ICP for ionization, have been introduced
to directly characterize organic and inorganic compounds on TLC
plates. Coupling TLC with ambient ionization techniques allows
the atmospheric-pressure characterization of TLC plates without
the need to place them within the vacuum chamber for ionization.
Volatile, semivolatile, and nonvolatile analytes can all be detected;
in addition, the dimensions of the vacuum system do not limit the
plate’s size. In the following sections, we describe these ambient
TLC-MS methods, which can be further classified into ESI- and
APCI-based TLC-MS techniques.

3.1. Ambient TLC-MS using ESI-based ion sources

Directly interfacing TLC with ESI-MS is not as easy as it is with
LC/MS or GC/MS because, after separation, the analyte molecules
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remain on the plate, rather than eluting out of the stationary
phase. This obstacle was overcome through the development of
the following techniques: (a) liquid extracting (or sampling) the
analyte on the plate followed by electrospray ionization from the
extracted solution; (b) continuously eluting the analyte from TLC
plate followed by electrospray ionization of the eluted solution; (c)
sampling the analyte on the plate first and then post-ionizing the
analyte molecules in the electrospray plume; (d) sampling/ionizing
the analyte directly on the plate surface using the charged solvent
droplets generated by electrospray ionization. Fig. 4 shows detailed
schematic representations of these analytical approaches.

3.1.1. ESI-based ambient TLC-MS using liquid extraction junction
for sampling

To online-extract the analyte from the plate surface, two types
of the surface sampling devices have been developed to deliver the
extracted solution to the ESI source for further analysis [55,56].
Fig. 5a displays a schematic representation of a coaxial tube sam-
pling probe for extracting, delivering, and ionizing analytes on
a plate surface. The probe is fixed vertically to the plate sur-
face with its end contacting the plate surface to establish a liquid
micro-junction between the probe and the TLC plate. The extracted
solution is pumped by a syringe pump and delivered to the
plate surface through the space between the inner and outer
capillary tubes; meanwhile, the extracted aqueous sample is trans-
ferred to the electrospray emitter through the inner capillary tube
[55,65-68]. By interfacing with the surface sampling probe, the TLC
plate can be connected to a commercial electrospray ionization

TLC plate
¥

2705

Liquid extraction junction

for sampling
Continuously eluting
Direct sampling devices
TLC-MS using
ESI-based ambient Laser irradiation for
mass spectrometry sampling and ESI for

post-ionization

Using charged or neutral

droplets for sampling
and ionization

Fig. 4. Flow chart of direct sampling TLC-MS methods using ESI-based ambient
mass spectrometry to characterize chemical compounds on the surfaces of TLC
plates.

source for direct sampling and ionizing the developed dye mix-
tures and caffeine in diet drinks. Furthermore, this surface sampling
probe has also been used to connect a TLC plate with an APCI source
to analyze compounds of lower polarity [57].

(@)
analyte ions

.‘/l\

ESI plume

extracting solvent nebulizing gas

(b)

analyte ions

extracting solvent nebulizing gas

Fig. 5. Schematic representations of ESI-based ambient TLC-MS using (a) a coaxial tube sampling probe and (b) a two-parallel-capillaries device for liquid extraction and

ionization.
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Fig. 6. Schematic representations of continuously eluting devices that directly link
TLC with ESI/MS. (a) Two bound optical fibers are inserted into the C;g gel bed at
the other end of the channel. (b) A small aluminum TLC strip with a sharpened end.

Instead of using a coaxial tube, two parallel capillaries can
also be employed for surface sampling in an alternative design
[56,69-73]. Fig. 5b displays a schematic representation of this sam-
pling device. A ring-shaped cutting edge positioned on the tip of
the plunger is used to define the extract area. Two parallel capil-
laries are used to deliver the extract solution into and away from
the plate surface. The extract solution is pumped using a commer-
cial LC system and delivered to the plate surface through the inlet
capillary. The chemical compounds such as vitamins and caffeine
separated on the plate surface are extracted by an organic solu-
tion; the analyte-containing solution is filtered through a frit and
transferred to the electrospray ionization source through the out-
let capillary. This surface sampling device was also connected with
inductively coupled plasma (ICP) to extract and characterize inor-
ganic species on the plate surface [74]. Because the sampling area
is defined by the ring-shaped cutting edge, the resolution of this
plunger is limited by the diameter of the ring.

3.1.2. ESI-based ambient TLC-MS using continuously eluting
devices

In addition to liquid extraction devices, interfaces that directly
link TLC with electrospray ionization source have been developed.
In these systems, analytes are continuously eluted out of the plate
and delivered to the electrospray ionization source for further anal-
ysis [75,76]. To successfully generate electrospray ionization from
the TLC plate, some modifications on the configuration of the TLC
plate are necessary. There are at least two ways to modify the edge
of the TLC plate for ESI/MS analysis (Fig. 6) [75]. In the first, a small
channel cut on a Teflon plate is packed with C;g gel particles. One
end of the channel is connected to a mobile-phase reservoir, two
bound optical fibers are inserted into the Cqg gel bed at the other
end of the channel, and a makeup solution reservoir is made and
connected to the optical fibers. The high voltage required for elec-
trospray ionization at the tip of the optical fibers is applied to the
makeup solution reservoir by inserting a Pt wire into it. The high
voltage is conducted by the solution to the tips of the optical fibers.
As the analytes continuously elute out of the TLC channel, they are

carried by the mobile phase, flowing through the grooves created
by the two bound optical fibers and to the tip where electrospray
ionization occurs (Fig. 6a).

The second method uses a small aluminum TLC strip with a
sharpened end; the gel bed at the sharpened end is scrapped off
beforehand; the other end of the TLC strip is connected to a mobile
phase reservoir. The high voltage required to generate electrospray
ionization at the sharpened end is conducted through the solution
through a Pt wire inserted into the mobile phase reservoir. The
analytes separated on the TLC strips are continuously eluted to the
sharpened end and electrospray ionization is induced by applying
a high voltage at the tip of the sharpened end. These analyte eluting
devices overcome the dynamic difficulties of sample transportation
between the stationary phase of the TLC plate and the liquid phase
introduced into the ESI system (Fig. 6b).

3.1.3. ESI-based ambient TLC-MS using laser irradiation for
sampling and ESI for post-ionization

Electrospray-assisted laser desorption ionization (ELDI) is an
ambient ionization technique developed to characterize gas, lig-
uid, and solid samples [77-79]. An ELDI source consists of a sample
plate, a pulsed laser beam, and an electrosprayer without a nebuliz-
ing gas stream. Some accessories, such as a charge-coupled device
(CCD) and XYZ stage can be added to monitor the ion source and
move the sample plate for molecular imaging. The analyte on a solid
sample surface is sampled by irradiating the surface with a pulsed
laser beam. The analytes subsequently enter an ESI plume, located
immediately above the laser spot, for ionization. The ionization
mechanisms of ELDI are similar to that in a fused-droplet electro-
spray ionization (FD-ESI) source [80,81]. The analyte molecules or
the neutral mists containing analyte molecules are conducted into a
solvent electrospray plume, where the analytes are ionized through
either (1) fusing analyte with the charged solvent droplets follow-
ing by electrospray ionization from the analyte containing droplets,
or (2) ion-molecule reactions with charged solvent ions (including
protons, hydronium ions, protonated solvent ions, and cluster ions)
in the plume [82-86].

Because a large amount of energy can be brought to a solid
sample surface by the pulsed laser irradiation, ELDI-MS is suit-
able for characterizing chemical compounds distributed on solid
surfaces, such as TLC plates [63]. Fig. 7a displays a schematic repre-
sentation of an ELDI-MS system used for the analysis of analytes
on the surface of a TLC plate. The analytes adsorbed on the gel
surface of the TLC plate are desorbed by pulsed UV- or IR-laser
irradiation; the desorbed analyte molecules subsequently enter a
methanol/water electrospray plume, where they are post-ionized.
The matrix solution commonly used in MALDI and FAB to assist
desorption and ionization is not necessary in TLC/ELDI/MS, thereby
avoiding any decrease in resolution due to lateral diffusion of the
analytes on the TLC plate when applying the matrix solution or
any interference originating from matrix ions in the lower-mass
regions of the mass spectra. TLC/ELDI/MS has been successfully
used to characterize dyes, amines, and extracts of drug tablets [63].
In addition, a TLC/ELDI/MS system featuring plate dealing, convey-
ing, and collecting systems has been developed for high throughput
TLC analysis [87]. Furthermore, with the use of an XYZ stage for pre-
cise movement of the TLC plate and a highly focused pulse laser for
sampling, high spatial resolution imaging of analytes on a TLC plate
has been demonstrated (Fig. 7b).

Laser-induced acoustic desorption/electrospray ionization mass
spectrometry (LIAD-ESI/MS) is a recently developed type of ambi-
ent ionization mass spectrometry [88]. Although the LIAD-ESI
source, which contains a sample plate, pulsed laser, and electro-
sprayer, is nearly identical to that of ELDI, the use of the laser beam
in LIAD-ESI s different from that in ELDI. For LIAD-ES]I, the rear side
of a metal foil bearing a pre-deposited sample solution is irradiated
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Fig. 7. (a) Schematic representation of an ELDI-MS system for the analysis of chemical compounds on the surface of a TLC plate. (b) Photograph and molecular images of a
separated lipid mixture (PC, phosphatidylcholine; SM, sphingomyelin) on a silica gel TLC plate. (c) Schematic representation of an LIAD-ESI/MS system for the analysis of

chemical compounds on the surface of a TLC plate.

with a pulsed laser beam. Analyte molecules or fine droplets are
generated through the actions of acoustic and shock waves induced
by the pulsed laser irradiation. The ionization mechanisms in the
LIAD-ESI source are similar to those in FD-ESI and ELDI. The des-
orbed analyte molecules or fine droplets through LIAD are then
post-ionized in the solvent electrospray plume.

In arecent report, LIAD-ESI/MS was successfully interfaced with
reversed-phase Cyg and normal-phase silica TLC [64]. To efficiently
generate and transfer acoustic and shock waves to desorb the
analyte-containing TLC gels, a glass slide was attached to the rear of
the TLC plate and the gap between the glass slide and the TLC plate
was filled with a viscous solution (glycerol or polyethylene glycol).
Fig. 7c displays a schematic representation of this TLC/LIAD-ESI/MS
system. Although the source configurations of ELDI and LIAD-ESI
systems are nearly identical, the expansion of the shock wave prop-
agated from rear side of the metal film to the TLC plate surface
means that LIAD usually provides lower spatial resolution for sam-
pling than does ELDI. In addition, higher laser energy is usually
required in LIAD-ESI to efficiently desorb the analyte from the
TLC plate. LIAD-ESI/MS has been used to characterize drugs, dyes,

and rosemary essential oil separated on reversed-phase C;g and
normal-phase silica TLC plate [64].

3.1.4. ESI-based ambient TLC-MS using charged or neutral
droplets for sampling and ionization

Desorption electrospray ionization (DESI) is an ambient ion-
ization technique capable of sampling/ionizing the analyte on a
solid surface by impacting the sample surface with pneumatically
charged solvent droplets [89-92]. Although the ionization mech-
anisms of DESI remain unclear, droplet-pickup mechanisms have
been suggested as the most probable processes. In these processes,
after impacting by charged solvent droplets, a thin film containing
sprayed solvent is formed on the solid surface such that the analytes
distributed on the solid surface are contained (or dissolved) within
the thin film; the splash droplets containing analyte molecules are
generated by the following droplet impact; electrospray ionization
processes then proceed from the splash droplets to generate ana-
lyte ions. The mass spectra provided by DESI are similar to those
obtained using ESI. DESI has been used to characterize analytes on
various solid surfaces, including glass, wood, tissue sections, fruit,
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Fig. 8. Schematic representation of DESI and EASI systems for the analysis of chem-
ical compounds on the surface of a TLC plate.

Teflon, and TLC plates [61,89-91]. Several mixtures, including pep-
tides, dyes, and lipids, have been successfully characterized using
TLC/DESI/MS [61,92-94].

Fig. 8 displays a schematic representation of a DESI system used
for the analysis of compounds on the surface of a TLC plate. A jet of
charged solvent droplets, generated through electrospray ioniza-
tion and accelerated by a N, stream, is directed to the plate surface
at an optimal angle to sample and ionize the analytes from the plate
surface. The analyte ions are subsequently analyzed after entering
the mass spectrometer. Molecular images of analytes distributed on
a TLC plate surface after two dimension separation have also been
obtained using a DESI/MS system equipped with a motor stage for
fine movement [95-98].

Easy ambient sonic-spray ionization (EASI), also known as des-
orption sonic spray ionization, is another spray sampling/ionizing
technique that has an experimental setup and operating manner
similar to that of DESI [99]. In EASI, a sonic spray is used to gen-
erate the pneumatic droplets, but a high voltage is not applied to
the spray solution; it has been suggested that the imbalance in the
distribution of charges in the droplets induces the generation of
charged droplets. EASI/MS has also been interfaced with TLC for
the on-spot characterization of analytes on the surface of the TLC
plate; drug tables, a mixture of semi-polar compounds, and bio-
diesels separated on TLC plates have all been characterized using
TLC/EASI/MS (Fig. 8) [100,101].

Although on-line TLC-MS has been performed using the ESI-
based ion sources described above, the requirement of a high
analyte polarity for electrospray analysis has meant that these tech-
niques are limited to the characterization of mid- to high-polarity
compounds. No ion signal would be obtained for low-polarity
or nonpolar compounds because of their low solubilities in the
electrospray solution and/or their low proton affinity in the elec-
trospray plume. Other mass spectrometric ion sources capable of
ionizing low-polarity and nonpolar compounds must be used as
TLC-MS interfaces if they are to be characterized successfully.

3.2. Ambient TLC-MS using APCI-based ion sources

The driving force for moving the mobile phase in TLC is capil-
lary action between the gel particles; this mechanism is different
from that involved in HPLC, where the mobile phase is driven by
high pressure pumping. Large analytes, like proteins, have difficulty
being carried through and efficiently separated by TLC. Therefore,
since its development, TLC has most often been a chromatographic
method dedicated to the separation of small molecules. Because
APCI/MS is a sensitive technique for the characterization of small
molecules having polarities ranging from nonpolar to highly polar,
interfacing TLC with APCI/MS has the advantage of allowing the

R Eluting followed by
APCI/MS analysis
Direct sampling
TLC-MS using X Laser i.rradiaﬁon for
APCIL based ion sampling and APCT
for post-ionization
sources

Using hot metastable

atoms for sampling
and ionization

Fig. 9. Flow chart of direct sampling TLC-MS methods using APCI-based ambi-
ent mass spectrometry to characterize chemical compounds on the surfaces of TLC
plates.

analyses of a wide range in polarity of small chemical compounds.
Similar to the case of ESI-based ambient TLC-MS systems, sev-
eral types of APCI and interfaces have been employed to connect
TLC with mass spectrometry, including (a) continuously eluting the
analyte from TLC plate following by atmospheric pressure chemi-
cal ionization from the eluted solution; (b) sampling the analyte on
the plate first and then post-ionizing the analyte molecules in the
APCl region; (c) sampling/ionizing the analyte directly on the plate
surface using ions or metastable inert atoms (Fig. 9).

3.2.1. APCI-based ambient TLC-MS using analyte eluting device

Rotation planar chromatography (RPC) separates analytes on
a rotating circular plate in which the mobile phase is driven by
centrifugal force, rather than capillary forces. In general, the sam-
ple solution is applied near the center of a rotating circular plate,
followed by pumping the developing solvent to the plate for sep-
aration. Analytes deposited on the plates are separated in a ring
shape and then eluted from the edge of the plate. A fraction of the
eluted solution is usually collected for further analysis. Coupling
commercially available RPC with APCI to separate and character-
ize a mixture of dye standards has been performed by applying a
tube to link the outlet of the eluted sample solution with the inlet
of the APCI source [99]. The RPC-APCI/MS device has been applied
to characterize a mixture of three dyes - Solvent Green 3, Solvent
Blue 35, and Fat Red 7B [102].

3.2.2. APCI-based ambient TLC-MS using laser irradiation for
sampling and APCI for post-ionization

Focused laser beam is used in vacuum-based and ambient ion-
ization techniques, such as LDI, MALDI, and ELDI, to desorb and/or
ionize the analytes. Similar to the set-up in an ELDI source, LD-APCI
uses a laser beam to desorb the analyte from the sample plate;
the analyte molecules are then ionized through reactions with
metastable atoms or charged ion species in the ionization region,
generated by applying a high voltage (+5.3 to +8.1kV) to a metal
electrode for corona discharging [103,104].

Although continuous and pulsed lasers can both be used for
solid desorption, the combination of TLC and LD-APCI has been
applied successfully only when coupling a diode laser with a
corona discharge-based APCI source to the on-line characteriza-
tion of chemical compounds separated on the surface of a TLC plate
(Fig. 10). The separated compounds were thermally desorbed by
the continuous-wave diode laser. The desorbed analyte molecules
were transported to the APCI region through a glass tube; a gas
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Fig. 10. Schematic representation of an LD-APCI system for the analysis of chemical
compounds on the surface of a TLC plate.

jet pump was used to suck the desorbed compounds into the glass
tube coiled with a heating wire. Phospholipids, lecithin, and sphin-
gomyelin separated on a silica TLC plate surface were successfully
characterized using this TLC/LD-APCI/MS system [105].

Compared with the pulse laser used in ELDI, the energy pro-
vided by a diode laser in a LD-APCI source is quite low, thereby
restricting the desorption of large analytes from TLC plates. Never-
theless, when applying a graphite suspension to the plate surface
(cf. SALDI), the laser energy is efficiently adsorbed by the graphite
powder and transferred to the analyte, allowing the thermal des-
orption of the large analyte molecules [59,105].

3.2.3. APCI-based ambient TLC-MS using hot metastable inert
atoms for sampling and ionization

The direct analysis in real time (DART) source uses a stream of
excited hot inert gas species (He) to desorb and ionize volatile and
semivolatile analytes from solid surfaces [106]. A stream of heated
He gas is discharged by passing it through a corona-discharged
needle to generate excited-state He gas species (including ions,
electrons, and metastable neutral species). After passing the dis-
charged He gas through a filter electrode positioned at the exit of
the gas flow, the heated gas stream, containing mostly metastable
He atoms, is used to desorb and ionize the analyte. It has been
suggested that Penning ionization is the main ionization mecha-
nism in DART: ionized water and its cluster ions (formed through
interactions between water molecule in the air and metastable He
atoms) react with the analyte molecules to form analyte ions. In
DART, the analyte molecules are evaporated through thermal heat-
ing; therefore, this technique is limited to the analysis of volatile
and semivolatile compounds. DART has been used to analyze many
polar and nonpolar small chemical compounds [106-109].

The combination of TLC and DART has recently been reported
[62,110-113]. Fig. 11 displays a schematic representation of a
TLC-DART/MS system. The TLC plate is cut to a strip through the
spots of interest. The edge of the TLC plate is placed in front of
the entrance of the mass spectrometer and the separated spots
are directed into the excited-state He stream. TLC-DART/MS has
been used successfully to separate and characterize isopropyl-9H-
thioxanthen-9-one and caffeine [110,113].

4. Direct sampling TLC-MS using atmospheric pressure
matrix-assisted laser desorption/ionization (AP-MALDI)
mass spectrometry

Except for the fact that it is performed under atmospheric pres-
sure, the instrumental setup for AP-MALDI is similar to that of

hot metastable atoms
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TLC plate

Fig. 11. Schematic representation of a DART system for the analysis of chemical
compounds on the surface of a TLC plate.

vacuum MALDI in that a pulsed laser beam is used to irradiate
co-crystal spots containing the analyte and the matrix. Because AP-
MALDI is operated under ambient conditions, its main advantages
are its ability to analyze volatile and semivolatile compounds and
its rapid sample switching. In addition, the ionization processes in
AP-MALDI might be as soft as, or even softer than, those in vacuum
MALDI because the ions generated under ambient conditions are
thermally stable; as a result of collisional cooling, less fragmenta-
tion of analyte ions occurs [54].

When coupling AP-MALDI with TLC, the size of the TLC plate
need not to be restricted by the dimensions of the vacuum cham-
ber and, in addition, the desorbed gel particles do not accumulate
in the ionization source, thereby avoiding damage to the ion source
[54,114]. The innate advantage of laser irradiation provides AP-
MALDI with high spatial resolution for sampling, allowing the
acquisition of chromatographic information and molecular images
of analytes separated through one- and two-dimensional TLC.
Although its operation under atmospheric pressure provides AP-
MALDI with several advantageous features relative to vacuum
MALD], it also has several disadvantages as that of vacuum MALDI,
including interference from matrix ions in the low mass range and
lateral diffusion of analytes along the plate, thereby decreasing the
chromatographic resolution.

5. Direct sampling TLC-MS using laser ablation-inductively
coupled plasma (LA-ICP) mass spectrometry for the analysis
of inorganic compounds

Unlike other desorption/ionization techniques, ICP/MS can pro-
vide information regarding the metal composition in a sample. This
multi-element characterization technique can be used to deter-
mine up to 90% of the elements in the periodic table. LA-ICP/MS
is a two-step ionization technique. The desorption/ionization pro-
cesses of LA-ICP/MS are similar to those operating in ELDI and
LD-APCI, except that an ICP source is used for post-ionization of the
analytes, which are usually inorganic compounds. When combin-
ing LA with ICP/MS, the solid sample is placed in a sealed chamber,
a laser beam is used to irradiate the solid surface for surface abla-
tion, the ablated materials are carried by He or Ar gas stream and
transmitted through a coaxial glass tube to the plasma source for
atomization and ionization. LA-ICP/MS has been applied in a variety
of fields to characterize elemental profiles and distributions on solid
surfaces. The combination of LA-ICP/MS and TLC has been used to
characterize arsenic and chromium species that had been separated
on the plate surface [60,115].
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6. Detection limit and reproducibility of TLC-MS

The sampling area and the efficiency of extraction/desorption
and ionization are the main factors that influence the detection
limit of TLC-MS. For example, the use of a pulsed laser or focused
ion beam (like MALDI, LD, or SIMS) to desorb the analyte on TLC
plate has a small sampling area but high desorption efficiency.
Direct sampling with ESI or APCI (like DESI and DART) provides
a larger sampling area but lower desorption efficiency than that in
laser desorption. Table 1 shows the detection limit of the TLC-MS
using different ionization techniques. Among the vacuum-based
TLC-MS techniques, MALDI is one of the most popular ionization
techniques used for directly sampling and ionizing the analytes on
TLC plate surface; the technique provides the detection limit of less
than 1 ng for glycosphingolipids [45]. Other vacuum-based desorp-
tion/ionization techniques such as SALDI, SIMS, and LDI give the
detection limit in the range between 50 pg and 500 ng. Comparing
to vacuum-based ionization techniques, more ambient ionization
techniques have been developed for direct TLC-MS analysis. These
ambient ionization techniques include ESI, APCI, AP-MALDI, DART,
ELDI, LIAD/ESI and ICP. Among the ESI-based ambient ionization
techniques used in direct TLC-MS analysis, the sampling area of
liquid extraction junction (diameter: 2-4 mm) is larger than that
in DESI and gives a detection limit of 20 pg which is approximately
two orders better than that of DESI [71]. ELDI uses a pulsed laser
beam (focused to 100 wm x 250 wm) for sampling and provides a
detection limit of 10-6 M when using FD&C red dye as the sample
[63]. The LD/ICP gave a detection limit of 3 pg using arsenic species
as the analytes [60]. The analyte - isopropyl-9H-thioxanthen-9-one
of 1.3 ng was successfully detected from TLC plate by DART which
has spatial resolution approximately 3 mm [62,110].

The detecting mass range of TLC-MS is mainly determined by
the method used for ionization. For example, El, CI, DART, and ICP
are usually used for the analysis of small and volatile compounds
and LDI, SIMS, FAB, MALDI, SALDI, APCI, and ESI are useful for the
analysis of large and polar compounds. The repeatability of several
ambient TLC-MS techniques has been investigated and reported.
The relative standard deviation (RSD) of liquid extraction junction
in the analysis of caffeine was <43.75%. A stable isotope-labeled
internal standard was added into the stock solution and analyzed
by TLC-DART that showed a RSD of +5.4%. For AP-MALD], the drugs
separated on the TLC plates were repeatedly analyzed and gave a
RSD of near 22%.

7. Conclusion

TLCis a well-developed simple chromatographic technique that
allows the rapid separation of a mixture. The combination of TLC
and MS provides a means to characterize the chemical compounds
after their chromatographic development. The TLC-MS techniques
published in recent years reveal a series of developing trends in
this field: (1) rather than using indirect techniques, TLC plates are
being analyzed increasingly in a direct manner without tedious
pretreatment; (2) rather than using vacuum-based mass spectrom-
etry, ambient mass spectrometry is being applied increasingly to
characterize analytes on developed TLC plates; (3) instead of char-
acterizing well-defined spots, TLC plates are being increasingly
scanned to obtain chromatographic information and molecular
images of the various chemicals distributed on their surfaces.

Because TLC is a chromatographic technique capable of high
throughput separation, there is a challenge to develop automatic
introduction systems in which several TLC plates are delivered to
the TLC-MS system for rapid detection. With the combination of
TLC and ambient mass spectrometry, TLC plates can be charac-
terized under atmospheric pressure, making it easier, relative to

vacuum-based TLC-MS techniques, to develop TLC-MS systems for
continuous detection. We believe that the development of auto-
matic plate introducing systems will be an important issue for the
adaptation of high throughput TLC plate analysis using mass spec-
trometry.

Although ambient mass spectrometry has been used widely to
characterize analytes on TLC plates, several problems remain unre-
solved: (1) an interface or device must be developed to prevent
TLC gel particles from entering the mass spectrometer. Several des-
orption/ionization techniques, including ELDI, LIAD-ESI, DESI, and
EASI, result in detached gel particles during surface sampling; the
charged droplet stream may then transfer these desorbed gels to
the spectrometer. (2) The detection sensitivity of direct TLC-MS
analysis must be increased. Because the analytes on the TLC plate
are characterized directly by mass spectrometry without extrac-
tion or concentration, the detection sensitivity of direct TLC-MS
by ambient mass spectrometry is usually lower than that in indi-
rect TLC-MS methods. (3) The separation efficiency of TLC must be
improved. Developing an interface to connect TLC with a second
separation/detection technique, such as LC/MS, GC/MS, or capillary
electrophoresis/MS, would provide a higher efficiency in separation
and detection.

In addition, although they have yet to be reported, the direct
characterization of analytes on solid surfaces provided by many
other ambient ionization techniques, including dielectric barrier
desorption ionization (DBDI), desorption atmospheric pressure
chemical ionization (DAPCI), and atmospheric solids analysis probe
(ASAP), suggest that they are all potential interfaces for connecting
TLC with MS [116-118].
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