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The miniaturization of chemical processes on so-called lab-
on-a-chip devices, where reactions are executed not in flasks
and tubes but in microchannels and cavities, is an emerging
new technology. By use of these integrated microfluidic
laboratories, chemical reactions and analyses can be accel-
erated enormously."! Furthermore the development of lab-
on-a-chip systems was spurred by the demand of analytical
tools for high-throughput screening procedures for the life
sciences as well as classical chemistry.>”

The miniaturization of chemical processes features
numerous advantages, but highly sensitive detection methods
are the most challenging tasks in the development of lab-on-a-
chip devices. Sensitive fluorescence detection is often used for
the analysis of small amounts of samples in microfluidic
systems.l With the exception of the native fluorescence
detection® an often problematic labeling strategy is required.

Therefore the coupling of microfluidic glass chips with
mass spectrometry seems to be a very attractive detection
method as analytes can be identified using the extracted mass
spectra.l’! The first approach for coupling microchips and
mass spectrometry was developed in the early stages of lab-
on-a-chip research.”! In this case a very easy design was
chosen; the electrospray was generated directly at the blunt
end of the microchip. Unfortunately this configuration is
characterized by a large emitter area, which causes an
undesired dead volume in terms of a big liquid droplet.
Additionally, external pressure is necessary to ensure suffi-
cient spray stability.

Based on the fundamentals of nanospray ionization by
Mann and Wilm employing drawn glass capillaries, the
efficiency of the electrospray process could be improved
significantly by decreasing the emitter area.”’! Furthermore, in
comparison to the classical electrospray ionization the nano-
spray ionization with its low flow rate is characterized by a
higher spray stability, improved ionization efficiency, and
reduced ion suppression.”)

Currently, the most common approach for coupling
microfluidic chips with mass spectrometry relies on manually
assembled external emitters.'"”’ The potential of Chip-MS
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coupling was demonstrated impressively with this method.!'!
The disadvantage of this technique is the time-consuming and
error-prone assembly. In addition, a dead volume occurs
between the fluidic channel and the capillary emitter. These
problems are avoidable by directly integrating the emitter on
the microfluidic chip. Such monolithic emitter chips are
elegantly producible in polymers, for example by using
replicate casting techniques such as injection molding and
laser ablation.

As in macroscopic laboratories, glass is the preferred
substrate for lab-on-a-chip devices owing to its chemical
inertness and optical transparency. The fabrication of inte-
grated emitters on microfluidic chips for electrospray mass
spectrometry has been more difficult with glass than with
polymers.'®! We have now developed a novel approach to
combine a microfluidic glass chip and a nanospray emitter on
a single device. Commercially available Borofloat glass chips
for microchip electrophoresis were utilized as substrates.' In
the first fabrication step a little cone with a diameter of only
0.3 mm was milled within 10 min using a CNC machine. The
cone encloses the end of the microchannel centrically. The
protruding cone with the concentric microchannel was then
drawn to a sharp tip utilizing a home-built puller based on a
platinum heating coil.®! A schematic drawing of the com-
pleted microfluidic glass chip is shown in Figure 1.

Figure 1. Schematic drawing of the microfluidic glass chip with the
integrated nanospray emitter. SO: sample outlet, SI: sample inlet, BI:
buffer inlet, MS: mass spectrometer.

Using this approach, very fine tips with tapered structured
microchannels can be easily fabricated and reproduced. These
tips are comparable to commercially available nanospray
needles and have very small emitter dimensions of only a few
microns. The sharp tip of a microfluidic chip and a match head
are shown for comparison in Figure 2.

These nanospray glass chips were applied successfully in
electrospray mass spectrometry. After the microchannels had
been filled with an acidified solution of methanol and water,
the chip was positioned precisely in front of the orifice of the
electrospray mass spectrometer!'® by means of a custom-built
interface. When external pressure was applied to the micro-
chip, the electrospray process could be visualized as shown in
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Figure 2. Photograph of the integrated nanospray emitter in compar-
ison to a match head. The inset shows a light-microscopic image of
the tip including its dimensions (d,: outer diameter, d;: inner diame-
ter).

Figure 3. The distance between the nanospray tip and the MS
orifice was 1.5 mm.

Figure 3. Visualization of the electrospray process using an applied
voltage of 4 kV and an external flow of 0.5 uLmin™' (MeOH/H,0 50:50
(v/v) and 0.001% AcOH).

Like common nanospray needles the presented needles
can operate without any external pressure to generate a stable
electrospray. Additionally, the flow rate determined of only
25 nLmin'"1 underscores how closely related Chip-MS
coupling and nanospray mass spectrometry are. Also, the
mass spectra obtained from Chip-MS are comparable to
those from commercial nanospray tips (see Figure 4). In this
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Figure 4. MS signal intensities (x10°) for a sample of T ugmL™'
ephedrine in MeOH/H,0 50:50 (v/v) and 0.001% AcOH.
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experiment 1 ugmlL—1 of ephedrine in an acidified MeOH/
H,O solution was sprayed without external pressure into an
electric field.

The data from basic electrospray experiments using our
glass chip and common nanospray needles are comparable.
The tremendous potential of the lab-on-a-chip technology can
be shown by implementing chemical processes on the micro-
fluidic structure. For example, chemical reactions inside the
microchannels could be followed by mass spectrometry. As a
model system from bioanalytical research we decided to use
on-chip digest of bovine serum albumin (BSA). The exper-
imental setup of the model system is shown in Figure 5. After
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Figure 5. On-chip digest of 1 mgmL™" BSA and 1 mgmL™" trypsin in
2 mm NH,HCO; and MeOH 75:25 (v/v). Schematic illustration of the
experiment and classification of dominant MS signals of correspond-
ing peptides. TIC: total ion current.

the protein and enzyme had been pipetted in opposite
microvials, the reactants were moved to the tip of the
microchip and sprayed into the mass spectrometer using an
applied voltage of 1.2 kV. During the process the transport of
liquids occurred only by electroosmosis and electrophoresis.
After 3 min a strong increase of the total ion current (TIC)
was observable in spite of the incomplete mixing of reactants
in straight microfluidic channels. The mass spectra could be
extracted and correlated to characteristic peptide fragments,
which enabled the identification of BSA via databases.®
Using a more complex microfluidic system, including multiple
channels, the identification of many proteins would be
possible within a short period of time. Because the reactants
were moved only through the applied voltages, no external
pumps were necessary.

The development of the microfluidic glass chip with an
integrated nanospray emitter was driven by the demand for
an efficient coupling of microchip electrophoresis (MCE) and
mass spectrometry.’® Furthermore, MCE, which can be
regarded as a miniaturized version of classical capillary
electrophoresis, is one of the most successful applications of
microfluidics in analytical chemistry.” Here, we can intro-
duce the first dead-volume-free coupling of a glass electro-
phoresis chip with mass spectrometry without any external
pressure. The separation and detection of a mixture contain-
ing four pharmaceutical compounds is shown in Figure 6. As

Angew. Chem. Int. Ed. 2007, 46, 4913-4916


http://www.angewandte.org

33 pg mL-1 Amiloride 33pgmL-1 Leucine-Enkephaline

229.85 556.65
2 A Leu5-E. (CzgHyyNs07)
C—NH—C,
\’“Ha Tyr-Gly-Gly-Phe-Leu

200 300 400500 miz
i

200 300 400™-500 miz
~ ™~

66 ug mL-1 Bendroflumethiazide

Angewandte

100 pg mL-1 Bumetanide

HN— 365.00
HyCy—0 COOH
FC HG—hH
200 300 400":‘500 miz r‘..-"7200 300 400 500 miz

e

L3 ;
] P
4

100 i ~,

0 S *,
< k
£ 8o "o ™
> T ™,
=10 s N
c S Y
% 60 .
— “M ‘V-
© 50 s hS
2 MeOH/H,0 2575 (viv) -
T 40|l 0a%HA
& a0

20

10

0

12 24 36 48 60

72 84 96 108 120 41

Figure 6. Application of the system for dead-volume-free coupling of microchip electrophoresis and mass spectrometry. Diagram of the total ion

current and the extracted MS spectra."!

electrolyte medium an aqueous 0.1 % acetic acid solution
containing 25 % (v/v) methanol was employed. The total ion
current shown in Figure 6 and the corresponding mass spectra
document the capability of fast analysis. The electrophoretic
separation coupled with MS detection is completed in
approximately 100s; by applying increased field strengths
the analysis can be further accelerated.

We have prepared a microfluidic glass chip having a
monolithically integrated nanospray tip and coupled it with
mass spectrometry. In this first study such chips were used to
study a simple biochemical reaction, as well as chip-electro-
phoresis coupled with mass spectrometry. In the near future
the nanospray chips should be implemented as mass-spectro-
metric couplers of complex lab-on-a-chip systems, particu-
larly to integrate chemical synthesis with subsequent analysis
of the products on a chip.””) The efficient coupling of
microfluidic chips with mass spectrometry could solve one
of the greatest problems in microfluidics, namely the detec-
tion of miniscule sample quantities. In view of the tremendous
progress in microsystems technology, the feasibility of even
incorporating a mass spectrometer on a chip®®! could fulfil the
dream of an entire laboratory on a chip.

Received: December 20, 2006
Published online: May 22, 2007

Keywords: electrophoresis - lab-on-a-chip - mass spectrometry -
microfluidics - nanospray

[1] a) G. M. Whitesides, Nature 2006, 442, 368 —373; b) D. Janasek,
J. Franzke, A. Manz, Nature 2006, 442, 374-380; c) A.J.
de Mello, Nature 2006, 442, 394 —-402.

Angew. Chem. Int. Ed. 2007, 46, 4913-4916

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[2] a) M. Tyers, M. Mann, Nature 2003, 422,193-197; b) S. Hanash,
Nature 2003, 422,226 -232; c) S. Fields, Science 2001, 291, 1221 -
1224.

[3] P. Kiindig, Science 2006, 314, 430—431.

[4] a) D. Belder, A. Deege, M. Maass, M. Ludwig, Electrophoresis
2002, 23, 2355-2361; b) M. A. McClain, C. T. Culbertson, S. C.
Jacobson, N.L. Allbritton, C.E. Sims, J. M. Ramsey, Anal.
Chem. 2003, 75, 5646—5655; c) W. Hellmich, C. Pelargus, K.
Leffhalm, A. Ros, D. Anselmetti, Electrophoresis 20058, 26,
3689 -3696.

[5] a) P. Schulze, M. Ludwig, F. Kohler, D. Belder, Anal. Chem.
2005, 77, 1325-1329; b) W. Hellmich, D. Greif, C. Pelargus, D.
Anselmetti, A. Ros, J. Chromatogr. A 2006, 1130, 195-200;
c) M. Schiittpelz, C. Miiller, H. Neuweiler, M. Sauer, Anal.
Chem. 2006, 78, 663 —669.

[6] S.L.S. Freire, A. R. Wheeler, Lab Chip 2006, 6, 1415-1423.

[7] a) R.S. Ramsey, J. M. Ramsey, Anal. Chem. 1997, 69, 1174—
1178; b) Q. Xue, F. Foret, Y. M. Dunayevskiy, P. M. Zavracky,
N. E. McGruer, B. L. Karger, Anal. Chem. 1997, 69, 426—430.

[8] a) M. Wilm, M. Mann, Int. J. Mass Spectrom. Ion Processes 1994,
136,167-180;b) M. Wilm, M. Mann, Anal. Chem. 1996, 68, 1 -8.

[9] a) M. Karas, U. Bahr, T. Diilcks, Fresenius J. Anal. Chem. 2000,
366, 669—-676; b) A. Schmidt, M. Karas, T. Diilcks, J. Am. Soc.
Mass Spectrom. 2003, 14, 492 —500.

[10] a) D. Figeys, Y. Ning, R. Aebersold, Anal. Chem. 1997, 69,3153 —
3160; b)J. Li, J. F. Kelly, I. Chernushevich, D. J. Harrison, P.
Thibault, Anal. Chem. 2000, 72, 599-609; c) Y. Tachibana, K.
Otsuka, S. Terabe, A. Arai, K. Suzuki, S. Nakamura, J.
Chromatogr. A 2003, 1011, 181-192; d)Y. Tachibana, K.
Otsuka, S. Terabe, A. Arai, K. Suzuki, S. Nakamura, J.
Chromatogr. A 2004, 1025, 287-296; e) 1. M. Lazar, R. M.
Ramsey, J. M. Ramsey, Anal. Chem. 2001, 73, 1733-1739; f) C.
Wang, R. Oleschuk, F. Ouchen, J. Li, P. Thibault, D. J. Harrison,
Rapid Commun. Mass Spectrom. 2000, 14, 1377-1383; g) B.
Zhang, F. Foret, B. L. Karger, Anal. Chem. 2000, 72, 1015 -1022.

[11] a) I. M. Lazar, R. S. Ramsey, S. Sundberg, J. M. Ramsey, Anal.
Chem. 1999, 71,3627-3631; b) J. H. Chan, A. T. Timperman, D.
Qin, R. Aebersold, Anal. Chem. 1999, 71, 4437 —-4444.

www.angewandte.org

Chemie

4915


http://www.angewandte.org

Communications

4916

(12]

(13]

(14]
(15]
(16]

(17]

www.angewandte.org

a) A. Muck, A. Svatos, Rapid Commun. Mass Spectrom. 2004,
18, 1459-1464; b) A. Zamfir, S. Vakhrushev, A. Sterling, H. J.
Niebel, M. Allen, J. Peter-Katalinic, Anal. Chem. 2004, 76, 2046 —
2054; c) M. Schilling, W. Nigge, A. Rudzinski, A. Neyer, R.
Hergenrdder, Lab Chip 2004, 4,220-224; d) L. Licklider, X.-Q.
Wang, A. Desai, Y.-C. Tai, T. D. Lee, Anal. Chem. 2000, 72, 367 —
375; e) M. Svedberg, A. Pettersson, S. Nilsson, J. Bergquist, L.
Nyholm, F. Nikolajeff, K. Markides, Anal. Chem. 2003, 75,3934 —
3940; f) S. Le Gac, C. Rolando, S. Arscott, J. Am. Soc. Mass
Spectrom. 2006, 17,75-80; g) C.-H. Yuan, J. Shiea, Anal. Chem.
2001, 73, 1080-1083; h) J.-S. Kim, D. R. Knapp, Electrophoresis
2001, 22, 3993-3999; i) S. Arscott, S. Le Gac, C. Druon, P.
Tabourier C. Rolando, J. Micromech. Microeng. 2004, 14, 310—
316; j) J. S. Rossier, N. Youhnovski, N. Lion, E. Damoc, S.
Becker, F. Reymond, H. H. Girault, M. Przybylski, Angew.
Chem. 2003, 115,55-60; Angew. Chem. Int. Ed. 2003, 42,53 -58;
k) S. Tuomikoski, T. Sikanen, R. A. Ketola, R. Kostiainen, T.
Kotiaho, S. Franssila, Electrophoresis 2005, 26, 4691-4702;
1) J. M. Iannacone, J. A. Jakubowski, P. W. Bohn, J. V. Sweedler,
Electrophoresis 2005, 26, 4684-4690; m) V. Gobry, J. V. Oos-
trum, M. Martinelli, T. C. Rohner, F. Reymond, J. S. Rossier,
H. H. Girault, Proteomics 2002, 2, 405-412; n) K. Huikko, P.
Ostman, K. Grigoras, S. Tuomikoski, V.-M. Tiainen, A. Soininen,
K. Puolanne, A. Manz, S. Franssila, R. Kostiainen, T. Kotiaho,
Lab Chip 2003, 3, 67-72; 0) S. Le Gac, S. Arscott, C. Rolando,
Electrophoresis 2003, 24, 3640-3647; p) M. Svedberg, M.
Veszelei, J. Axelsson, M. Vangbo, F. Nikolajeff, Lab Chip 2004,
4,322-327; q) S. Le Gac, C. Cren-Olive, C. Rolando, S. Arscott,
J. Am. Soc. Mass Spectrom. 2004, 15, 409-412; r) A. J. deMello,
Lab Chip 2001, 1, 7N —12N.

a) D. Petersen, S. Varjo, O. Geschke, M.-L. Riekkola, J. P.
Kutter, Proc. of the micro-TAS 2002 Symposium (Eds.: Y. Baba,
S. Shoji, A. van den Berg), Nara, Japan, Nov 3-7, 2002, pp. 691—
693; b) G. E. Yue, M. G. Roper, E. D. Jeffery, C.J. Easley, C.
Balchunas, J. P. Landers, J. P. Ferrance, Lab Chip 2005, 5, 619 -
627.

X8050 Glass chips mit channel widths of 50 um and channel
depths of 20 um; Micronit Microfluidics BV (The Netherlands).
D. Belder, P. Schulze, U. Hiusig, P. Hoffmann, (Studiengesell-
schaft Kohle mbH), DE 10 2006 051 877.2, 2006.

Electrospray mass spectrometer LCMS-2010 EV, Shimadzu
Europa GmbH.

The flow rate was determined from the migration rate of
20 umol L™ for uncharged maltose monohydrate in MeOH/H,O
30:70 (v/v) in analogy to Ref. [9b] by multiplication with the

(18]

[19]

[20]

[21]

[22]

(23]

cross section of the microfluidic channels used."! For this
purpose a potential of 1.25 kV was applied in the microcavity.
Bioanalytical Research Group EMBL, Heidelberg, Germany,
www.narrador.embl-heidelberg.de/GroupPages/homepage.html.
a)J. Li, C. Wang, J.F. Kelly, D.J. Harrison, P. Thibault,
Electrophoresis 2000, 21, 198-210; b)J. Li, J.F. Kelly, L
Chernushevich, D. J. Harrison, P. Thibault, Anal. Chem. 2000,
72,599-609; c) Y. Tachibana, K. Otsuka, S. Terabe, A. Arai, K.
Suzuki, S. Nakamura, J. Chromatogr. A 2003, 1011, 181-192;
d) Y. Tachibana, K. Otsuka, S. Terabe, A. Arai, K. Suzuki, S.
Nakamura, J. Chromatogr. A 2004, 1025, 287-296; ¢) C. Wang,
R. Oleschuk, F. Ouchen, J. Li. , P. Thibault, D. J. Harrison, Rapid
Commun. Mass Spectrom. 2000, 14, 1377-1383; f) B. Zhang, F.
Foret, B. L. Karger, Anal. Chem. 2000, 72, 1015-1022; g) Y.
Deng, J. Henion, Anal. Chem. 2001, 73, 639-646; h) W.-C. Sung,
S.-Y. Huang, P-L. Liao, G.-B. Lee, C.-W. Li, S.-H. Chen,
Electrophoresis 2003, 24, 3648-3654; i) P. Lindberg, A.P.
Dahlin, S. K. Bergstrom, S. Thorslund, P. E. Andrén, F. Nikola-
jeff, J. Bergquist, Electrophoresis 2006, 27, 2075-2082; j)S.
Thorslund, P. Lindberg, P. A. Andrén, F. Nikolajeff, J. Bergquist,
Electrophoresis 2005, 26, 4674-4683; k)J. Kameoka, H. G.
Craighead, H. Zhang, J. Henion, Anal. Chem. 2001, 73, 1935—-
1941.

a) P. S. Dittrich, K. Tachikawa, A. Manz, Anal. Chem. 2006, 78,
3887-3908; b) D. Janasek, J. Franzke, A. Manz, Nature 2006,
442, 374-380; c)N. Lion, F. Reymond, H. H. Girault, J.S.
Rossier, Curr. Opin. Biotechnol. 2004, 15, 31-37.

For the injection, potentials of 0 kV were applied to the SI, BI,
and MS inlets, and of —1 kV to the SO; the following potentials
were applied for the separation: BI 4 kV, SI and SO 1.75 kV, MS
inlet 0 kV.

a) D. Belder, M. Ludwig, L.-W. Wang, M. T. Reetz, Angew.
Chem. 2006, 118, 2523 -2526; Angew. Chem. Int. Ed. 2006, 45,
2463 -2466; b) J. Wang, G. Sui, V. P. Mocharla, R. J. Lin, M. E.
Phelps, H. C. Kolb, H.-R. Tseng, Angew. Chem. 2006, 118, 5402 -
5407; Angew. Chem. Int. Ed. 2006, 45, 5276 —5281.

a) E. R. Badman, R. G. Cooks, J. Mass Spectrom. 2000, 35, 659;
b) M. G. Blain, L. S. Riter, D. Cruz, D. E. Austin, G. X. Wu,
W. R. Plass, R. G. Cooks, Int. J. Mass Spectrom. 2004, 236, 91 —
104; ¢) S. Pau, C.S. Pai, Y. L. Low, J. Moxom, P. T. A. Reilly,
W. B. Whitten, J. M. Ramsey, Phys. Rev. Lett. 2006, 96, 120801;
d) L. Gao, Q. Y. Song, G. E. Patterson, R. G. Cooks, Z. Ouyang,
Anal. Chem. 2006, 78, 5994-6002; e) “Microsaic lonchip: the
first commercially available mass spectrometer chip”: A. Finlay,
R. R. A. Syms, S. Wright, A. Malcolm, Pittcon, 2006, Orlando,
681-1.

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2007, 46, 4913-4916


http://www.angewandte.org

