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Introduction

The field of proteomics has emerged as a valuable analytical
tool for elucidating cellular and biological systems at the
molecular level. As there is an ever-growing demand for new
highly automated, high-throughput, and sensitive analyti-
cal tools, a key challenge is the characterization of low-
abundance proteins that are crucial in modulating biological
functions of cells and may also be associated with a number
of diseases. If the detection modes are mainly dominated by
fluorescence spectroscopy and mass spectrometry, the recent
advances in microfluidic techniques have the potential to
meet the requirements for sample treatment and processing
[1, 2].

Microfluidic devices can address the future analytical
needs of increased throughput, lower sample and reagent
consumption, smaller size, and lower operating costs [3]. It
has been found that microfluidic-based enzymatic reactors
can carry out protein digestion with high efficiency to fa-
cilitate subsequent reliable protein identification by peptide
mass fingerprinting. Compared to conventional digestion
approaches, microfluidic enzymatic reactors can not only
accelerate digestion rate but also reduce enzyme autolysis
and, ultimately, achieve the purpose of repetitive utilization.

Fabrication of immobilizedmicrofluidic enzymatic reactors

Typically, microfluidic enzymatic reactors are fabricated by
immobilizing enzymes (often trypsin) within the inner sur-
face of a microfluidic channel and on magnetic beads that
can be magnetically immobilized in the microchannels.
Here, we shall concentrate on the former approach but the
methods described for derivatizing microchannels are easily
transposable to beads. Three major immobilization mech-
anisms have been proposed.

1. Covalent binding between the protein and the support
matrix: the immobilization takes place in the presence of
carbodiimides, cross-linking by glutaraldehyde or cyan-
ogen bromide activation of the support material. The main
advantage of covalent binding to the activated support
relates to minimization of leakage of the immobilized
enzyme. However, inactivation of the enzyme is likely to
occur in that many reactive groups of enzyme for
immobilization are often located in the active center of
the enzyme.

2. Non-covalent binding based on specific physical adsorp-
tion between the ligand and the surface of the matrix.
Binding forces involve ionic interactions, hydrogen
bonds, van der Waals forces, hydrophobic interactions,
etc. For example, polyelectrolyte multilayer assemblies
have been applied in enzyme adsorption in a controllable
manner [4]; this is the simplest way to implement
enzyme immobilization on microchips. An advantage
of adsorption is that usually no reagents and only a
minimum of activation steps are required. However, the
leaching of immobilized enzyme tends to occur because
of weak non-covalent binding.

3. Sol–gel encapsulation has been used for a decade as a
powerful biomolecule encapsulation technique. Forma-
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tion of a sol–gel begins with the partial or complete
hydrolysis of a suitable precursor to form an aqueous
solution. After hydrolysis, the sol is used to allow
continued evolution of the sol particles. During this
time, further hydrolysis and condensation reactions
occur, resulting in a wide range of linear, branched
and colloidal polysilicates. The hydrolyzed precursor is
then mixed with a buffered aqueous solution containing
the biomolecules which can be entrapped during the
polymerization reaction and gelation [5]. The encapsu-
lation process occurs under mild conditions, and the
enzymes retain their native structures and bioactivity
for a prolonged period. In recent years, we have

developed various sol–gel techniques to modify poly-
mer microfluidic chips for trypsin immobilization,
including silica, alumina, and titania sol–gel [6, 7].

Several other types of support (for example POROS beads,
monolithic chromatographic supports, etc.) are now commer-
cially available or have been specifically developed for
immobilization processes [8, 9].

Application of microfluidic enzymatic reactors
or proteomics

Most immobilized microfluidic enzymatic reactor applica-
tions are currently aimed at protein identification by peptide
mapping. Peptide mapping is typically performed using en-
zymatic cleavage of the protein, and the resulting degrad-
ed products are subsequently identified using electrospray
ionization-mass spectrometry (ESI MS) or matrix-assisted
laser desorption/ionization-mass spectrometry (MALDI MS).
Ekstrom et al. [10] described a microchip enzymatic re-
actor integrated with a sample pretreatment robot and a
microdispenser for transfer of digested protein directly to a
MALDI target plate for automated MS analysis (Fig. 1).
Such a microchip enzymatic reactor allowed online enzy-
matic digestion of protein samples within 1–3 min, approx-
imately 200–1000 times faster than digestion in solution.
Immobilization of the protease has the advantage of avoiding
autolytic interferences from the proteolytic enzyme in the
mass spectra. By using porous silicon as a carrier for the
immobilized enzyme in the microchip reactor, a large surface
area and thus a high catalytic turnover are obtained. This
integrated system provided a throughput of 100 samples in

Fig. 1 Microfluidic system for MALDI protein analysis: (a) auto-
mated sample pretreatment and injection; (b) m-chip IMER (the photo
inset shows a SEM picture of the lamella structure with the porous
layer); (c) microdispenser used to deposit sample into m-vials; (d)
shallow nanovials (300×300×20 μm) on the MALDI target plate; and
(e) automated MALDI–TOF-MS analysis. Reprinted from Ref. [10],
with permission

Fig. 2 (a) On-chip protocol for
protein digestion and iden-
tification coupled with
MALDI–TOF-MS.
(b) Amplified multilayer-
assembled enzyme microchip
reactor within microchannel.
(c) Depiction of layer-by-layer
process for enzyme immobiliza-
tion. Reprinted from Ref. [11],
with permission
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3.5 h. Figure 2 illustrates the process of enzyme immobili-
zation and subsequent protein identification in a multilayer-
assembled microchip [11]. Such an assembled membrane
provides a biocompatible network with high enzyme-loading
capacity. The maximum rate of reaction of the adsorbed
trypsin in a microchannel was significantly accelerated. The
efficient on-chip proteolysis was obtained within a few
seconds and the results of protein identification are compa-
rable with those from in-solution digestion. Both a high
surface-to-volume ratio and microstructured confinement
within the microchannel induce order-of-magnitude en-
hancement of catalytic efficiency. Wu et al [12] explored an
on-line digestion protocol to couple the microfluidic micro-
reactor integrated with an SST electrode with a replaceable
silica-capillary-nanospray tip attached to ESI MS. The
experimental data show that the microreactors are suitable
for high-throughput analysis of proteins. Numerous micro
enzyme-reactors have been developed because they are
superior in reducing the reaction time and use minimal
amount of reagents. Therefore, these immobilized micro-
fluidic enzyme reactors have also increasingly applied in
biosensors [13], and organic or enzymatic synthesis [14–16].

In conclusion, microfluidic enzymatic reactors will
become increasingly important to future development and
progress of the proteomics field. Due to the high concen-
tration of trypsin that can be confined in the microscopic
microchannel, low level of standard protein samples could
be rapidly digested in the microchip reactor. One of the
advantages of immobilized microfluidic reactors lies in
their flexibility, which implies that the approach can be
applied in large-scale analysis integrated with separation
procedures to implement on-line protein identification.

However, the development of microfluidic enzyme reactors
is in the initial stage. It is expected that microfluidic de-
vices, as a burgeoning field, will provide a high-throughput
platform for proteomic analysis, imitating biological reac-
tion and biochemical processing.
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