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On-chip tryptic digest with direct coupling to ESI-MS using magnetic particles

As a step toward a fully automated front-end microfluidic chip for MS proteomics, we propose a system capable of performing online tryptic digest and ESI-MS, using a replaceable on-chip digestion microcolumn based on self-assembled magnetic particles.

Keywords: Magnetic beads / MS / Self-organization Proteomics, which represents a major tool in the postgenomics area, is directed toward the identification of proteins (and any structural modifications after translation from the gene or post-translational modification) [START_REF] Liebler | Introduction to Proteomics[END_REF]. This task typically includes the separation of the proteins in a sample with the highest resolution and sensitivity possible and the identification of each analytical ''band'' or ''peak''. The conventional tools for proteomics, 2-D electrophoretic separation followed by tryptic digest of individual spots, peptide mass measurements and database interrogation, are very labor-intensive. Thus, numerous efforts are devoted to the development of more automated strategies involving, e.g. LC or CE coupled to MS. However, in spite of the high resolution of these techniques, they are not sufficient for the unambiguous identification of proteins in a complex mixture, and an additional step, involving enzymatic cleavage at specific sites to yield unique ''fingerprints'', is usually required.

Many different enzymes are routinely applied in the protein characterization protocols, but trypsin is by far the most widely used peptidase [START_REF] Urban | [END_REF]. Tryptic digestion is typically performed in free solution. The substrate/enzyme ratio must be kept high (generally greater than 50), in order to prevent excessive sample contamination by trypsin and its autolysis products. This leads to relatively slow digestion. Typically, processing is performed overnight at 371C. Much faster digestion can be achieved by immobilizing the enzyme on a solid-phase support [3]. A variety of solid-phase supports has been shown to be suitable for enzyme immobilization, including packed beads [4], porous monoliths [5] and magnetic particles [6,7].

For automated, high-throughput analysis, an interesting strategy is to couple online separation, proteolysis and detection. This also minimizes the risk of losses during manual handling of the samples. For example, online coupling of in-capillary digestion on monolith phases to ESI-MS has been proposed [5]. Microfluidic systems or ''labon-chips'' are particularly well adapted to the development of fully integrated, high-throughput analytical systems and pave the route to entirely new molecular analysis systems [8]. Indeed, chips combining LC separation and ESI-MS are now developed [9]. Capillary immobilized microfluidic enzymatic reactors have been directly coupled online with ESI-MS [10,11] or MALDI-MS [12] and extensive studies on ESI-MS interfacing for coupling microfluidics to MS have been reported including various techniques [13]. A recent paper reviewing microfluidic systems coupled with electrospray MS can be found in [14].

Here, we describe the coupling of microfabricated devices based on self-organized magnetic beads, enabling protein digestion, to an ESI mass spectrometer. The use of self-organized magnetic beads offers several advantages over earlier supports: first, they make the packing step particularly straightforward and reproducible; second, they provide an easy tuning of the porosity of the microcolumns for optimal digestion time; third, they allow for an automated replacement of contaminated microreactors, for long-term fully automated operation and cost reduction.

The trypsin was covalently immobilized onto the magnetic beads under the conditions optimized previously [6]. The particles used were non-porous, COOH functionalized polystyrene-coated particles with a magnetic susceptibility of 40 emu/g and a mean diameter of 500 nm.

Microchips were fabricated in polydimethylsiloxane by rapid prototyping technology [15]. The channels were 1 mm wide by 250 mm high and 2 cm long.

Five hundred micrograms of trypsin beads (in solution in phosphate buffer 0.1 M) was introduced into the microchannel with a syringe pump at a flow rate of 33 mL/min. The permanent magnets used for the trapping of the magnetic beads with the immobilized trypsin were positioned around the microchannel in order to yield inside the microchannel a field mostly collinear to the channel's axis, and a gradient also collinear to this axis, as described previously [6,7].

The Mariner TOF mass spectrometer (Applied Biosystems, MA, USA) was used in all experiments. The ESI-TOF measurements were performed in positive ion mode with a scan range of 400-2500 m/z. The list of detected ions (m/z) was used for protein identification by the MS-Fit tool of Protein Prospector database (http://prospector.ucsf.edu).

Two modes of operation were tested. In the off-line mode, cytochrome c was dissolved to a concentration of 0.5 mg/mL in 10 mM ammonium acetate solution, pH 8.5. The protein solution was pumped through the microchip at a flow rate of 170 nL/min using a syringe pump. The digestion was performed at 251C. The peptide fragment solutions were collected in microvials and analyzed by infusion MS analysis conducted using a nanospray (10 mm id fused-silica capillary with a polished tip).

In the online mode, the input and output channels of the PDMS microdevice were connected to the syringe pump and to the electrospray interface, respectively, via a 360 mm od fused-silica tubing (10 cm  75 mm id). This electrospray source was adapted from the commercial microspray interface supplied with the mass spectrometer. Details of the system are apparent from the photographs in Fig. 1. The protein solutions were prepared in 10 mM ammonium acetate, pH 8.5, in the concentration range of 0.1-0.5 mg/ mL. The stream flowing through the microchip was directly delivered to the mass spectrometer microelectrospray interface using a T-union. The eluent from the microreactor was continuously mixed with 2 mL/min spray solution consisting of 50% aqueous ACN and 1% formic acid using a T-union. This arrangement provided practically constant flow rate and pH for optimum ESI, regardless of the sample pH and flow rate. The electrospray signal was additionally stabilized by a flow of nitrogen curtain gas set (1 L/min) and nitrogen nebulizer gas set (0.25 L/min).

Here, we use an original way of organizing magnetic beads inside a microchannel. The PDMS device integrates strong magnets to create a magnetic field parallel to the flow, with a strong gradient pointing through the center of the channel. When exposed to a uniform external field, the magnetic beads self-organize into a supraparticle structure consisting of a columnar clustering in the direction of the field [16]. In the presence of the magnetic field gradient, however, the columns accumulate in a zone of high gradient of about 3-4 mm, and a new phase is obtained: individual magnetic columns gather into tortuous walls parallel to the field direction, and a ''labyrinth-like'' structure is achieved [17]. Compared with previous immobilization methods involving fields perpendicular to the channel's axis, this strategy yields a lower pressure drop, a better resistance to flow and a more uniform permeation. The resulting proteolytic matrix has a small and relatively homogeneous pore size (around 1 mm), well adapted to the protein sizes, thus allowing for fast and reproducible protein reactions. This concept had been applied to enzymatic digestion with trypsin or proteinase K immobilized on beads [6,7]. The results showed a 100-fold increase in digestion rate on-chip compared with digestion in solution, for both trypsin and proteinase K. This system allows easy replacement of the bead matrix by the application of a strong flow. The reproducibility of beads packing and digestion efficiency is very good, with an error of less than 2%. We also demonstrated that, in contrast to the soluble form, enzymes immobilized on magnetic beads can achieve efficient digestion at room temperature without alteration of digestion specificity; consequently, there is no need to perform the digestion at 371C.

In the first series of experiments, to control the activity of the trypsin beads, on-chip tryptic digestion was performed and fragments were collected and then analyzed with off-chip MS. The MS spectrum is shown in Fig. 2. Fragments from protein digestion are detectable revealing the effective activity of the trypsin magnetic beads. The experimental sequence coverage was 79% (82/104 amino acids).

In the second series of experiments, the microchip was connected to the MS device through the T-junction. The magnetic beads with surface-immobilized trypsin were introduced into the microchannel by the syringe pump, trapped by the magnets inside the microchannel and cytochrome c solution was passed through the plug at different flow rates from 670 to 170 nL/min (see Fig. 3) corresponding to three different residence times: 58, 93 and 233 s. Fragments from trypsin digestion were continuously analyzed by ESI-TOF. These experiments confirmed that the lower the flow rate, the more efficient the digestion. While in the flow range of 400-670 nL/min the intact protein envelope was clearly visible, below 300 nL/min only the tryptic peptides were detected, suggesting complete protein digestion. These results were reproducibly repeated in the protein concentration range of 0.1-0.25 mg/mL while refreshing the bead bed, removing and adding new trypsin beads. The matched peptides cover 92% (96/104 amino acids) of the protein sequence. One can note that the noise in Fig. 3C is significantly higher than that achieved off-line (Fig. 2). This difference mainly arises from the use of two different MS interfaces (nanospray off-line and microspray online). For technical reasons, with the flow rates and pressures achievable in our microdigestion system, we were not yet able to adapt it to existing nanospray interface and had to use a microspray interface. This involves significant dilution by a spray buffer between digestion and injection, which is responsible for the decreased sensitivity. However, even with this dilution, the quality of the data achieved with microspray is largely sufficient for accurate peptide mapping down to protein concentrations below mg/mL.

In summary, we demonstrated online peptide mapping using a microfluidic microreactor based on self-assembled magnetic particles and direct ESI-MS coupling. The microdevice with embedded permanent magnets provides a simple means for the formation of a reusable enzymatic reactor. This scheme simplifies considerably the formation of the microreactor compared with earlier systems such as packed beds or monoliths. Also, the beads can be renewed by a strong hydrodynamic flush in a fully automated manner. This may represent a significant advantage in complex microfluidic systems. No leakage of magnetic particles in the ESI was observed for the whole range of flow rates practically interesting for digestion. Performance sequence coverages as good as or better than that of conventional batch process were obtained, at typical flow rates for LC or CE separations. These results pave the route for the development of a fully integrated micro total analysis system dedicated to proteomic analysis. In particular, our comparison between nanospray and microspray (Figs. 2 and 3C) shows that strong gains in sensitivity would be made possible, by integrating magnetic microreactor with nanospray injection.

Figure 1 .

 1 Figure 1. Experimental setup: pictures of the connection to the MS interface (A) and of the microdevice (B). Details of the microdevice with the magnets and the T-union for coupling with the ESI interface (C).
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 2 Figure 2. ESI-MS spectrum of the digested fragments of cytochrome c in an off-line mode at a flow rate of 170 nL/min.
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 3 Figure 3. MS spectra of the digested fragments of cytochrome c in the online mode at different flow rates: 667 nL/min (A), 417 nL/min (B), 167 nL/min (C), only the major peptide fragments are indicated.
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