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Proteomics has emerged as the next great scientific challenge in the post-genome era. But even the

most basic form of proteomics, proteome profiling, i.e., identifying all of the proteins expressed in

a given sample, has proven to be a demanding task. The proteome presents unique analytical

challenges, including significant molecular diversity, an extremely wide concentration range, and a

tendency to adsorb to solid surfaces. Microfluidics has been touted as being a useful tool for

developing new methods to solve complex analytical challenges, and, as such, seems a natural fit

for application to proteome profiling. In this review, we summarize the recent progress in the field

of microfluidics in four key areas related to this application: chemical processing, sample

preconcentration and cleanup, chemical separations, and interfaces with mass spectrometry. We

identify the bright spots and challenges for the marriage of microfluidics and proteomics, and

speculate on the outlook for progress.

Introduction

The push to sequence the human genome1 brought an

unprecedented level of attention to the field of genomics,

which, in-turn, has spawned an ever-increasing assortment of

‘‘–omics’’ disciplines (e.g., proteomics, metabolomics, trans-

criptomics, etc.). While the merits of this exercise in jargon

generation are not clear, one effect will likely resonate for

many years to come, namely, the emergence of the proteome,

defined as the complement of all proteins expressed in a

system, as one of the most important and pervasive research

topics in all of science. From its first conceptualization in the

mid 1990s,2 the field of proteomics has undergone a meteoric

rise in popularity, leading to the publication of more than 6000

experimental papers in the field in the past five years.3 One

reason for this prominence is the intimate relationship between

disease states and protein constitution and dynamics.4 Another

reason is the paradigm shift in thinking about the relationship

between genome and proteome; we now know that the

proteome owes as much to the wide range of post-translational

modifications of proteins (i.e., phosphorylation, acetylation,

sulfation, glycosylation, myristoylation, conjugation with

lipids, and proteolysis), as it does to gene transcription.

Indeed, as succinctly summarized in a recent editorial in

Nature, ‘‘proteins, not genes, are the business end of biology.’’5

Unfortunately, the increasing importance of proteomics has

not been accompanied by a corresponding improvement in

analytical tools, especially when compared to genomics. For

example, while DNA microarrays6 and multiplexed sequen-

cing7 have ushered in an era of high-throughput genomics,

proteomics still relies primarily on the low-throughput

technique of two-dimensional (slab) gel electrophoresis

(2DGE) combined with mass spectrometry. There are many

reasons for the dearth of useful proteomics tools, including: (a)

mammalian samples contain over 20,000 different proteins,

which requires that proteomics methods be capable of

collecting, storing, cataloguing, and analyzing vast amounts

of information; (b) many structurally similar (but functionally

different) isoforms of proteins may be expressed, complicating

absolute identification; (c) a concentration range of six decades

or more can separate the lowest abundance (and often the

most interesting) from the highest abundance proteins; (d)

proteins span a wide range of pH, polarity, and solubility,

making global experimental protocols virtually impossible; (e)

many proteins adsorb non-specifically to a wide range of

surfaces; and (f) proteins are not endowed with an analogue to

the nucleic acid property of base-complimentarity. These

challenges and others combine to form the major bottleneck

in proteomics research: a lack of robust tools capable of

collecting and analyzing data on a proteome-wide scale.8 Here,

we review the challenges inherent to the most basic form of

‘‘profiling’’ proteomics, viewed through a lens of how

microfluidics and related techniques may be able to contribute

to the development of the next generation of proteomics tools.

Proteome profiling is the identification of all proteins

expressed in a sample. Conventionally, profiles are generated

through a series of steps that may require several days of labor-

intensive laboratory work.9–11 A typical protocol includes: (1)

a sample of proteins is separated by 2DGE, (2) the relevant

protein bands are excised, (3) the proteins are chemically

processed (which may involve several sequential reactions,

including reduction of disulfides, alkylation of thiols, enzy-

matic digestion, etc.), (4) the sample is purified and concen-

trated, (5) mass spectra are generated using Electrospray

Ionization (ESI) or Matrix Assisted Laser Desorption/

Ionization (MALDI), and (6) the protein is identified by its

unique peptide mass fingerprint (PMF) using database

searching software such as MASCOT.12 Steps 2–6 must be
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repeated hundreds of times to analyze each of the relevant

2DGE spots.

While 2DGE-based methods are most commonly used,

an alternative, called ‘‘shotgun proteomics,’’ has recently

become popular.13–15 In this technique, protein samples are

(1) chemically processed, (2) purified and concentrated, (3)

separated by two-dimensional liquid chromatography (2DLC,

typically strong cation exchange, SCX, followed by reversed

phase, RP) and (4) analyzed by mass spectrometry. The key

advantage of shotgun proteomics is that analytes are eluted

directly from the separation column into the mass spectro-

meter, eliminating the need for band selection and excision

(a particularly time-consuming bottleneck for 2DGE-based

methods). This advantage comes at a cost, however, as

chemical processing prior to separations requires that peptides

be fully sequenced by tandem mass spectrometry and identified

using very complex algorithms (e.g., SEQUEST14). In addi-

tion, the chemical processing step, common to both shotgun

proteomics and 2DGE-based methods, prevents the imple-

mentation of anything approaching a high-throughput analy-

sis. For example, in a seminal study by the Yates group,13

1,484 proteins from yeast lysate were identified in a single

‘‘shot’’; however, prior to taking this shot, samples were exten-

sively processed, requiring more than three days of work.{
In the following, we review the state-of-the art in the field of

microfluidics as it relates to the potential for the development

of new proteomics tools. These new tools stand to benefit from

the advantages of microfluidics, including favorable reaction

kinetics, capacity to integrate multiple processes, reduced

reagent consumption, and decreased analysis time. There are

several good, comprehensive reviews of proteomic applications

in microfluidics;16–19 there are also reviews of related lab-on-a-

chip technologies, such as protein microarrays.20,21 Rather

than reproduce these reviews, we focus here on a critical

evaluation of selected microfluidics technologies that will be

most useful for the development of high-throughput proteome

profiling tools. These include approaches for implementing (a)

chemical processing of proteins, (b) sample preconcentration

and cleanup, (c) separations of peptides and proteins, and (d)

interfaces with mass spectrometry.

Chemical processing

The identification of unknown proteins often requires that

they be digested (or divided) into a group of constitutive

peptides, which are interrogated by mass spectrometry.

Comparing the masses of the peptides to genomic databases

enables absolute identification by means of peptide mass

fingerprinting (PMF). Proteins are digested by exposure to

proteolytic enzymes (e.g., trypsin), or other lytic reagents (e.g.,

cyanogen bromide, CNBr); this is often part of a multistep

process requiring 12–18 hours, including (1) mixing the sample

with buffer and denaturant, (2) mixing and incubating the

sample with reducing agent to reduce disulfide bonds, (3)

mixing and incubating the sample with alkylating agent to

prevent disulfide bonds from reforming, and finally, (4) mixing

and incubating with lytic reagent. This process is extremely

tedious and time-consuming, making it an attractive applica-

tion for microfluidics.22{
Several device configurations have been used for

proteomic processing in microfluidic devices, including open

channels,23–25 immobilized beads,26–29 and other solid phase

media.30–33 In the first report of on-chip proteolytic digestion,

Gottschlich et al.23 used open-channel devices for tryptic

digestion and reduction of disulfides in proteins. As shown in

Fig. 1, this method enabled complete tryptic digestion in

15 minutes. More recently, Huang et al.24 and Liu et al.25 used

surface adsorbed trypsin in channels to enable complete

digestion in less than 5 seconds. To our knowledge, these are

the fastest tryptic digestions that have been reported. To

increase the surface-to-volume ratio further, Yue et al.28 used a

bed of trypsin-modified agarose beads immobilized in a weir

in a glass microfluidic device to digest b-casein. Slentz et al.29

developed a similar method for digestion of bovine serum

albumin in a poly(dimethylsiloxane) (PDMS) device. An

alternative method for increasing the surface area-to-volume

ratio in microfluidic devices is to use trypsin-modified

{ (1) Lyse cells and wash, (2) acidify and digest by cyanogen bromide
(overnight), (3) denature in urea, (4) reduce in dithiothreitol (DTT), (5)
alkylate in iodoacetamide, (6) dilute and digest by Lys-C (overnight),
(7) dilute and digest by trypsin (overnight), and (8) purify and
concentrate by solid phase extraction.

{ Chemical reactions in microfluidic devices are associated with a high
surface area-to-volume ratio and reduced diffusion length of the
reactants. Although these issues are the subject of discussion, several
experimental results described in the literature have shown that
reactions can be made to proceed faster in microfluidic devices.

Fig. 1 Electropherograms representing the digestion of a sample of

insulin B. Peak 2 originates from the undigested peptide, and peak 1

originates from the digested products. As shown, the digestion is

complete in y15 minutes. Reprinted from Gottschlich et al.,23

copyright 2000, with permission from Elsevier.
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monoliths, formed from polymer plugs cured in-situ, or from

membranes sandwiched between channels. Peterson et al.31

developed a methacrylate-based monolith for tryptic digestion

of myoglobin in y11 seconds. Sakai-Kato et al.32 developed

similar methods using trypsin immobilized in a sol-gel matrix.

Gao et al.33 reported using a trypsin-modified polyvinylidiene

fluoride (PVDF) membrane, in a PDMS microfluidic chip,

enabling protein digestion in 3–10 minutes.

Microfluidics is promising for developing tools with

integrated chemical processing of proteomic analytes, by

virtue of fast reaction kinetics. However, to our knowledge,

there have been no reports of implementing a fully integrated

process, including stepwise reduction, alkylation, and

digestion. Microfluidic tools for chemical processing will

likely not be widely adopted until this critical benchmark

is achieved.

Sample preconcentration and cleanup

Sample preconcentration and cleanup (i.e., removal of

unwanted constituents, such as non-protein biomolecules,

surfactants, and buffers) is critical for the detection of low-

abundance proteins. Sample preconcentration is particularly

important for microfluidics; while reduced volumes are a

tremendous advantage for analysis of precious samples, these

constraints can pose a problem for detection and analysis of

dilute analytes. In recognition of this drawback, several

approaches have been developed to implement this critical

application in microfluidic devices.

One technique that is commonly used for sample concentra-

tion and cleanup in microfluidic devices, called sample

stacking or isotachophoresis,34–37 is implemented by applying

electrical fields to channels containing plugs of buffers with

different conductivity. For example, Jung et al.36 report using

sample stacking in microchannels to concentrate fluorescent

analytes by 1000-fold. In more recent work, the same authors

developed isotachophoresis devices capable of detecting the

dye, Alexa Fluor 488, present at an initial concentration of

100 fM.37

Another method for sample preconcentration and cleanup is

dialysis. In dialysis, samples are driven across a selectively

permeable membrane; non-permeating analytes become con-

centrated at the interface, and can be subsequently analyzed.

The drawback of this method (compared to sample stacking) is

the necessity of fabricating these kinds of membranes in

microfluidic devices. Foote et al.38 recently developed a

creative method to implement dialysis in microchannels; by

using a silicate adhesive to bond the cover-plate to the channel,

a membrane was formed which was permeable to buffer ions

but restrictive to larger molecules. Devices constructed in this

manner were used to concentrate b-galactosidase and oval-

bumin 600-fold. Zhang et al.39 sandwiched a polycarbonate

membrane with track-etched pores between microchannels to

selectively concentrate proteomic analytes. Finally, Song

et al.40 fabricated a membrane at an intersection of micro-

channels by laser-induced polymerization. As shown in Fig. 2,

this device was capable of concentrating proteins with

molecular weight larger than the threshold (determined by

the pore size in the membrane) by up to 10 000-fold.

A third, and perhaps the most common, method used for

sample preconcentration and cleanup is solid phase extraction

(SPE).41–46 In SPE, hydrophobic analytes are adsorbed onto a

solid hydrophobic medium, allowing hydrophilic contami-

nants to be rinsed away. The sample is then desorbed in a

nonpolar elution buffer. SPE media are typically formed in

microfluidic devices by means of (a) a packed bed of func-

tionalized beads, (b) an in-situ polymerized porous monolith,

or (c) a pre-formed porous membrane. Ramsey et al.44

implemented SPE in microfluidic channels by using a packed

bed of beads and were able to detect samples with an initial

concentration of 100 pM of analyte. Yu et al.45 reported

forming two SPE beds by means of a monolithic polymer in

microfluidic columns, for sample enrichment based on charge

(ion exchange) and polarity (hydrophobic interactions). These

devices were able to concentrate peptides and green fluorescent

protein (GFP) by a factor of 1000, and were reproducible for

hundreds of injections. Finally, Lion et al.46 integrated a

hydrophobic PVDF membrane in a microfluidic device to

concentrate analytes prior to analyzing with mass spectro-

metry. The method was demonstrated to be useful for

extraction of proteins from high concentrations of urea, which

would otherwise interfere with the analysis.

While SPE is used most often to enrich analytes based on

general (e.g., hydrophobic) interactions, selective media can

also be formed to enrich samples based on specific interac-

tions. For example, Slentz et al.29 developed microfluidic

devices packed with immobilized metal affinity chromatogra-

phy (IMAC) beads to selectively concentrate histidine-rich

peptides, and Mao et al.47 developed porous monolith-based

methods to concentrate phosphorylated and glycosylated

peptides.

Sample preconcentration and cleanup is a critical require-

ment for high-throughput proteomics analyses. It is unlikely

that microfluidics-based preconcentration methods will be

Fig. 2 Schematic (a) and pictures (b–d) of a dialysis membrane in a

microfluidic device. In (b), fluorescently labeled proteins are driven

from S to SW (top left to bottom right). In (c), the concentrated plug

of proteins at the membrane is apparent. In (d), the concentrated

analyte is injected onto the analysis column (top right to bottom

left). Reprinted with permission from Song et al.,40 copyright 2004

American Chemical Society.
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useful as stand-alone applications; however, the diversity of

approaches that have been demonstrated bodes well for the

development of integrated microfluidic-based proteomics

methods (i.e., sample preconcentration combined with separa-

tions and mass spectrometry, etc.). In fact, an instrument with

this style of integration has recently been commercialized by

Agilent Technologies.48

Separations

High-resolution chemical separations is a baseline requirement

for profiling proteomics, which makes it especially attractive

for the lab-on-a-chip field. Separations was the first applica-

tion to be implemented in microfluidics,49,50 and continues to

be one of the most popular in academia and industry.48,51§

Although liquid-phase separation modes, such as capillary

zone electrophoresis (CZE) and micellar electrokinetic chro-

matography (MEKC), dominate the microfluidics literature,

recently, a trend has emerged for using solid-phase separation

modes, such as capillary electrochromatography (CEC) or

pressure driven chromatography. Although both liquid- and

solid-phase media are useful for a wide range of applications,

we contend that the latter may be better suited for two-

dimensional separations (see discussion in the following

section), and will be the most useful for proteomics applica-

tions using microfluidic devices.

Microfluidic solid-phase separations media, like SPE media,

are typically formed from either (a) a bed of packed,

functionalized beads,52–54 or (b) an in-situ polymerized porous

monolith.55–58 Both kinds of columns have been used for high-

resolution separations of proteomic samples. For example, Xie

et al.52 fabricated an on-chip pumping system integrated with a

packed column of 3 mm C-18-functionalized beads. This device

generated chromatograms with superior peak shape and

resolution compared to those generated using a conventional

capillary HPLC column. Although packed beads are more

similar to conventional HPLC, polymeric monoliths are

becoming the method of choice for microfluidics. Monolith

fabrication is particularly well-suited for the planar, trans-

parent device format; in addition, monoliths do not require the

incorporation of frits, which are difficult to construct and can

generate unwanted bubbles in microchannels.59 For example,

Ro et al.55 reported the fabrication of a methacrylate-based

reversed-phase monolithic column capable of separating

complex mixtures of digest peptides. Fig. 3(a) shows an SEM

image of a similar monolith,56 used to separate analytes for

detection by ESI mass spectrometry. As an interesting aside, a

third kind of solid-phase separation medium can be formed

directly by means of microfabrication;60 such devices have

been shown to be capable of separating analytes with

comparable resolution and efficiencies to conventional techni-

ques. A column formed in this manner is shown in Fig. 3(b).

Though interesting, this method is not likely to become widely

used, as it requires considerably more demanding microfabri-

cation than the alternatives.

While the microfluidic separation methods described above

are useful for many applications, they are likely not adequate

for the rigorous demands of profiling proteomics. The

complexity of proteomic samples requires the use of techniques

capable of separating thousands of analytes. Methods with

such large peak capacities can only be achieved when analytes

are separated in multiple dimensions." The most common

macro-scale multidimensional separation technique is two-

dimensional gel electrophoresis (2DGE). In 2DGE, analytes

are separated by charge using isoelectric focusing (IEF) and

molecular weight using sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE). The limitations of 2DGE

are discussed in the introduction; in an attempt to increase

throughput, microfluidic implementations of 2DGE-like

separations have recently been reported.61–65 Like 2DGE,

these methods make use of separation dimensions that are

§ For example, Agilent sells chips for the separation of analytes using
capillary electrophoresis, and Nanostream sells microfluidic devices for
liquid chromatography.

" Peak capacity is defined by L/w, where L is the separation channel
length and w is the average analyte bandwidth. In multidimensional
separations, the overall peak capacity is the product of the capacities of
each dimension.

Fig. 3 (a) An SEM of a methacrylate-based monolith in a plastic microchannel, adapted with permission from Yang et al.. Reproduced from

ref. 56. (b) Solid phase separation medium formed from microfabricated posts rather than packed beads or monolith. Reprinted from Slentz et al.,60

copyright 2002, with permission from Elsevier.

1418 | Lab Chip, 2006, 6, 1415–1423 This journal is � The Royal Society of Chemistry 2006



positioned perpendicular to each other. For example, as shown

in Fig. 4(a), Li et al.65 developed a polycarbonate device that

enabled separation of proteins by IEF followed by PAGE.

While the perpendicular geometry makes analyte transfer

between dimensions easy (i.e., rotate 90u), it is not an ideal

arrangement for high-throughput applications, as analytes

become scattered across a plane, making analysis by a single

detector very difficult.

An alternative macro-scale method for high peak capacity

separations is two-dimensional column chromatography

(2DCC), which is the basis for shotgun proteomics.13–15

Unlike 2DGE, in 2DCC, the two separation dimensions are

positioned axial to one another, such that all analytes pass

through the same physical space. This arrangement makes

analysis by a single detector much more straightforward. A

disadvantage of axial separations is that the transfer between

dimensions is much more complex, requiring care to avoid

re-combining analytes in the second dimension that were

previously resolved in the first. This is typically accomplished

by eluting bands of analytes stepwise from the first dimension

and into the second (i.e., the first dimension is not used while

the second dimension is active and vice versa).

Microfluidics has been used to implement axial-type

two-dimensional separations.66–68 For example, as shown in

Fig. 4(b), Ramsey et al.68 recently fabricated a microchip

combining MEKC in the first dimension with CE in the second

dimension; peak capacities for this method were shown to be

comparable to 2DGE. A disadvantage for this (and for all

microfluidic axial-type methods that have been reported66–68)

is that it relies on liquid-phase separations, which are not

convenient for stepwise elution between the first and second

dimension. As a result, the reported techniques are limited to

the use of very short second dimensions, and can sample only a

fraction of total analyte (y10%) onto the second dimension,

reducing the sensitivity. Additionally, liquid-phase separation

run buffers (especially for MEKC) are often not compatible

with detection by mass spectrometry.

It is clear that, although separations in general is a strong

application for microfluidics, the field is not yet capable of

implementing methods with high peak capacities that are

compatible with proteome profiling. This application is

perhaps the most ripe for innovation in the field of

microfluidics.

Interfaces with mass spectrometry

There is wide-spread interest in coupling microfluidic devices

to ESI or MALDI mass spectrometry. Indeed, if a fully

integrated method, comprising chemical processing, sample

preconcentration and cleanup, and two-dimensional separa-

tions could be integrated with mass spectrometry detection,

the result could revolutionize the field of proteomics. This

revolution is on hold, however, as current microfluidic–mass

spectrometry interfaces have not yet been widely adopted, as

they continue to be plagued with technical challenges. Here,

we survey the different kinds of interfaces reported in the

literature, and discuss the most promising geometries and

applications going forward.

We contend that nanoelectrospray ionization is the most

likely candidate for a robust interface between microfluidics

and mass spectrometry. This assertion springs from the

obvious similarities between the conventional technique of

interfacing HPLC eluent to a spectrometer by means of pulled-

glass nanospray tips, and the linear geometry of microfluidic

channels. A variety of strategies for fabricating such devices

have been reported, in which proteomic sample solutions are

pumped through microchannels pneumatically or by electro-

osmotic flow (EOF) at y100–300 nL min21. Samples are

typically dissolved in low-pH buffers modified with organic

solvents suitable for positive mode mass spectrometry, with

detection limits in the fmol–amol range. These methods can be

broadly classified by how the electrospray is generated,

including: (1) direct spray from channels;46,69–72 (2) spray

from mated, conventional tips;42,73–79 and (3) spray from

microfabricated tips.43,52,54,80–86

Electrospray directly from a channel46,69–72 (i.e., the

unmodified edge of a device) is the easiest approach for

interfacing with mass spectrometry. The first microchannel–

ESI interface was reported by Xue et al.,69 in which analyte

was sprayed from the flat edge of a glass channel. While an

important first step, the authors observed that performance

was limited by eluent spreading at the interface, resulting from

the non-tapered geometry and the hydrophilicity of the

substrate. Lion et al.46 improved upon the former problem

by tapering the edge of a polyimide substrate with scissors;

Wang et al.72 countered the latter problem by integrating

hydrophobic polytetrafluoroethylene (PTFE, or Teflon) sur-

faces at the device edge. Despite these advances, spraying

directly from the edges of chips has been largely abandoned, as

it seems that reduced sensitivity (less efficient sampling into

the spectrometer), and decreased resolution when coupled

to separations (eluent spreading at the edges) cannot be

satisfactorily controlled.

The problems associated with direct spray from the edges of

chips prompted the development of an alternative geometry

for interfacing with mass spectrometry: mating microchannels

Fig. 4 Two kinds of multidimensional separation geometries. (a) A

parallel-type two-dimensional separation device. Reprinted with

permission from Li et al.,65 copyright 2004 American Chemical

Society. (b) An axial-type device. Reprinted with permission from

Ramsey et al.,68 copyright 2003 American Chemical Society.
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to conventional pulled glass capillary tips.42,73–79 These devices

are capable of generating mass spectra with sensitivities similar

to those of conventional techniques. For example, Lazar et al.73

reported sub-attomole detection of peptides using a glass

microfluidic device mated to a conventional electrospray tip;

Chan et al.74 reported similar performance for a device formed

from PDMS. Unfortunately, an unavoidable problem for this

geometry is observed with coupling to separations: resolution

is severely compromised as analytes pass through dead

volumes in the interface between chip and capillary. As a

result, this device geometry is not likely to be useful for the

development of proteomics tools.

A third geometry for microfluidic–nanospray interfaces,

microfabricated, tapered electrospray tips43,52,54,80–86 is the

most promising geometry that has been reported. In fact,

several devices with this configuration are now available

commercially (for example, Advion Biosciences87 and Agilent

Laboratories48). Schilling et al.84 micro-milled a nozzle in

PMMA, and demonstrated exceedingly stable spray as a

function of nozzle dimension. As shown in Fig. 5(a), this

method results in a tip shape very similar to those found on

conventional pulled-glass tips, but has no dead volume

between channel and tip. Dahlin et al.85 used a mold to form

integrated tips on PDMS devices; the tips were made

conductive by the addition of graphite powder to the polymer,

which enabled independent control of spray and separation

potentials. Xie et al.52 used parylene to fabricate ESI tips on

silicon microfluidic devices, enabling integrated liquid chro-

matography with mass spectrometry detection with compar-

able performance to conventional techniques. The one

drawback for this geometry, however, is that these devices

typically require complex, arduous cleanroom fabrication (i.e.,

many sequential photolithography steps), and are thus likely

not viable for widespread use. Of the devices reported in the

literature, the one developed by Yin et al.54 at Agilent

Laboratories48(and characterized further by Fortier et al.53)

is perhaps the most promising. This device, shown in Fig. 5(b),

features an integrated nanospray tip formed by laser ablation

of a polyimide substrate. When mated to an off-chip injection

valve and pump, the device is capable of separations and

tandem mass spectrometry detection (MS/MS) with charac-

teristics (peak resolution, detection limits, background ion

level, etc.) similar to those obtained by conventional macro-

scale methods.

An alternative mode to ESI for mass spectrometry analysis

of proteomic samples is MALDI. Though the geometry of

MALDI detection targets, which typically feature arrays of

crystallized sample spots on an open surface, is not an obvious

match for interfacing with microfluidics, several strategies for

developing such interfaces have recently been developed. This

work can be categorized in terms of device geometry,

including: (1) conventional microfluidics in enclosed chan-

nels55,88–92 and (2) other microfabricated devices.93–99

Enclosed microchannels are by definition not accessible to

laser desorption/ionization, which requires an open surface

from which analytes can be sampled into the spectrometer.

Brivio et al.90 circumvented this challenge by eluting bands of

analytes from a device reservoir onto an open substrate, where

they were dried and analyzed. Ro et al.55 used similar means to

elute analytes from multiple columns onto a MALDI target,

simultaneously. Brivio et al.89 recently improved on the

original technique, by developing means to desorb analytes

directly from enclosed channels through sub-micron pores in

the device cover. Musyimi et al.91 employed a rotating ball to

transfer analytes from polymer microchannels to a MALDI-

MS system without compromising the vacuum required for mass

spectrometry. In one of the most complete microfluidic systems

developed for proteomics applications to date, Gustafsson et al.92

developed a MALDI interface for compact disk (CD)-based

microfluidics devices (a technology in which reactions and

separations are powered by centrifigual forces on a spinning

device). In this method, analytes were delivered through

channels to pre-formed open vias (holes in the substrate), where

they were dried and interrogated by MALDI-MS.

The solutions that have been developed for interfacing

MALDI-MS with enclosed microchannels are ingenious;

however, it’s not clear if such solutions are practical for

widespread use. Several technologies that rely on microfabri-

cated devices that are not ‘‘microfluidics’’ per se, may be a

better match for MALDI-MS. For example, MALDI targets

with lithographically patterned hydrophilic regions94,96 have

become popular for forming spots with concentrated analytes

(and increased signal-to-noise ratio (S/N)). Microfabricated

piezoelectric dispensers are capable of depositing nanolitres

of samples onto MALDI targets in parallel.93,95 Finally, a

method called ‘‘digital microfluidics,’’ in which droplets are

moved on an open surface by means of electrowetting and/or

dielectrophoretic forces, has been used to process proteomic

samples and form arrays of spots for analysis by MALDI-

MS.97–99 As shown in Fig. 6, the technique has been used to

perform in-situ sample cleanup on an open substrate, after

which, samples are interrogated by MALDI-MS, with similar

detection efficiencies, resolution, and S/N as conventional

techniques.

Interfacing microfluidic devices with mass spectrometry is

currently a popular research topic, which has generated a

diverse and dynamic scientific literature. Although, in our

opinion, the current geometries are not robust enough to

compete with conventional, macro-scale techniques, it is clear

that the technologies are becoming increasingly more practical

and effective. We anticipate that in the near future, methods

will emerge that will be applicable outside of the realm of the

microfluidics community.

Fig. 5 Two kinds of microfabricated nanoelectrospray tips. (a) A tip

mated to a microchannel formed by micromachining PMMA.

Reproduced from ref. 84. (b) A polyimide microchannel device with

integrated ESI tip formed by laser ablation. Reprinted with permission

from Yin et al.,54 copyright 2005 American Chemical Society.

1420 | Lab Chip, 2006, 6, 1415–1423 This journal is � The Royal Society of Chemistry 2006



Conclusion

Significant challenges stand in the way of developing tools for

high-throughput proteome profiling. Microfluidics, with its

advantages in process integration and reduced reagent use

and analysis time, is a logical technology to apply to this

problem. We contend that the most important microfluidic

functions for protein profiling are chemical processing,

sample preconcentration and cleanup, chemical separations,

and interfaces with mass spectrometry. One strategy will be to

develop a fully integrated microfluidic method, comprising

variations on each of these functions; such a method has not

yet been developed. Another strategy will be to develop

separate modules linked in an automated workstation. Some

of the individual modules are ready; for example, micro-

channels with surface-adsorbed trypsin can be used to digest

proteomic samples in seconds. Other modules have not yet

been demonstrated; e.g., significant work must be accom-

plished in two-dimensional separations. In the final analysis,

given the trajectory of interest and innovation in this marriage

of proteomics applications and microfluidics technology, we

speculate that microfluidics-based tools for high-throughput

proteomics are indeed on the horizon, and will be realized

within the next decade.
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