
DOI: 10.1126/science.1088776 
, 1351 (2003); 301Science

  et al.Zheng Ouyang,
Mass-Selected Ions
Preparing Protein Microarrays by Soft-Landing of

 www.sciencemag.org (this information is current as of December 11, 2006 ):
The following resources related to this article are available online at

 http://www.sciencemag.org/cgi/content/full/301/5638/1351
version of this article at: 

 including high-resolution figures, can be found in the onlineUpdated information and services,

 http://www.sciencemag.org/cgi/content/full/1088776/DC1
 can be found at: Supporting Online Material

 http://www.sciencemag.org/cgi/content/full/301/5638/1351#otherarticles
, 6 of which can be accessed for free: cites 14 articlesThis article 

 40 article(s) on the ISI Web of Science. cited byThis article has been 

 http://www.sciencemag.org/cgi/content/full/301/5638/1351#otherarticles
 1 articles hosted by HighWire Press; see: cited byThis article has been 

 http://www.sciencemag.org/cgi/collection/chemistry
Chemistry 

: subject collectionsThis article appears in the following 

 http://www.sciencemag.org/help/about/permissions.dtl
 in whole or in part can be found at: this article

permission to reproduce of this article or about obtaining reprintsInformation about obtaining 

registered trademark of AAAS. 
c 2005 by the American Association for the Advancement of Science; all rights reserved. The title SCIENCE is a 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the

 o
n 

D
ec

em
be

r 
11

, 2
00

6 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/cgi/content/full/301/5638/1351
http://www.sciencemag.org/cgi/content/full/1088776/DC1
http://www.sciencemag.org/cgi/content/full/301/5638/1351#otherarticles
http://www.sciencemag.org/cgi/content/full/301/5638/1351#otherarticles
http://www.sciencemag.org/cgi/collection/chemistry
http://www.sciencemag.org/misc/reprints.shtml
http://www.sciencemag.org


4. S.-C. Zhang, J.-P. Hu, Science 294, 823 (2001).
5. J. M. Luttinger, Phys. Rev. 102, 1030 (1956).
6. M. V. Berry, Proc. R. Soc. London A 392, 45 (1984).
7. S.-C. Zhang, J.-P. Hu, E. Arrigoni, W. Hanke, A. Auer-
bach, Phys. Rev. B 60, 13070 (1999).

8. P. Prange, S. M. Girvin, The Quantum Hall Effect
(Springer, Berlin, 1997).

9. J. D. Jackson, Classical Electrodynamics (Wiley, New
York, 1998).

10. A. Zee, Phys. Rev. A 38, 1 (1988). Note that there is
a misprint in this reference; in the left column of page
2, the field strength should be F � imd�.

11. D. P. Arovas, Y. Lyanda-Geller, Phys. Rev. B 57, 12302
(1998).

12. T. Jungwirth, Q. Niu, A. H. MacDonald, Phys. Rev. Lett.
88, 207208 (2002).

13. G. Sundaram, Q. Niu, Phys. Rev. B 59, 14915
(1999).

14. J. E. Hirsch, Phys. Rev. Lett. 83, 1834 (1999).
15. E. N. Bulgakov, K. N. Pichugin, A. F. Sadreev, P. Středa,
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Preparing Protein Microarrays by
Soft-Landing of
Mass-Selected Ions

Zheng Ouyang,1 Zoltán Takáts,1 Thomas A. Blake,1

Bogdan Gologan,1 Andy J. Guymon,1 Justin M. Wiseman,1

Justin C. Oliver,2 V. Jo Davisson,2 R. Graham Cooks1*

Intact, multiply protonated proteins of particular mass and charge were se-
lected from ionized protein mixtures and gently landed at different positions
on a surface to form a microarray. An array of cytochrome c, lysozyme, insulin,
and apomyoglobin was generated, and the deposited proteins showed elec-
trospray ionization mass spectra that matched those of the authentic com-
pounds. Deposited lysozyme and trypsin retained their biological activity. Mul-
tiply charged ions of protein kinase A catalytic subunit and hexokinasewere also
soft-landed into glycerol-based liquid surfaces. These soft-landed kinases phos-
phorylated LRRASLG oligopeptide and D-fructose, respectively.

Patterning of biological macromolecules onto
surfaces in the form of microarrays (“chips”)
produces a sample format suited to automated
analysis for biological activity (1–4 ). The
archetypal case is the widely used DNA chip,
where a high spot density (10,000 spots/cm2)
is created by automated procedures that sup-
ply the constituent nucleotides to preselected
positions. It is widely expected that the de-
velopment of proteomics and the application
of combinatorial chemistry methods in drug
discovery will mandate similar sample for-
mats for studies of proteins and other biolog-
ical compounds. Techniques developed for
deposition of macromolecules onto solid sup-
ports include microdispensing (5), electro-
spray deposition (6 ), robotic printing (7 ),
stamping (8), and ink jet deposition (9).

Ion soft-landing is another method with
potential value in chip production (10). The

soft-landing of molecular ions onto surfaces,
first proposed (11) in 1977, was later demon-
strated (12) with low–kinetic energy (typical-
ly 5 to 10 eV) mass-selected ion beams at
polyfluorinated self-assembled monolayer
(SAM) surfaces. Mass spectrometric analysis
was used to confirm the presence of sterically
bulky soft-landed organic ions such as N,N-
dimethylisothiocyanate. Simple organic cat-
ions (13, 14) and a 16-nucleotide double-
stranded DNA (15) (mass � 10 kD) have also
been soft-landed intact onto surfaces, as have
metal clusters (16 ). In some of these cases
there is evidence that the molecular entity on
the surface is the ion (12); in others, it is the
corresponding neutral molecule. In one strik-
ing experiment, virus particles were ionized,
crudely mass-selected in a time-of-flight in-
strument, and showed evidence of activity
after deposition on a collector plate (17 ).

The use of mass spectrometry as a sepa-
ration method is expected to provide high
selectivity because components having dif-
ferent molecular formulae, including isoto-
pomers, can be separated and individually
soft-landed. This should include separate gly-

coforms of proteins, individual polysulfon-
ated forms, and other posttranslationally
modified variants [the mass difference due to
acetylation of an immunoglobulin G antibody
can be resolved with a mass resolution of
3000]. In principle, too, the technique should
exhibit good spatial resolution because ion
beam spots of micrometer dimensions are
attainable. Potential disadvantages are the
relatively small amounts of ionized material
and the possibility of alteration of delicate
biological molecules in the course of ioniza-
tion, mass analysis, or soft-landing.

To investigate the possibility of soft-landing
of mass-selected multiply charged protein ions,
we ionized mixtures of up to four well-studied
proteins—cytochrome c, lysozyme, insulin,
and apomyoglobin (18)—by electrospray
ionization (ESI). The proteins were selected
individually by mass/charge ratio (m/z) and de-
posited onto various surfaces (19, 20). The
experiments were performed with two instru-
ments: a commercial SSQ-710C (Thermo
Finnigan, San Jose, California) quadrupole
mass spectrometer that was modified by addi-
tion of a surface and its surface moving stage
and a custom-built instrument that used a
Thermo Finnigan linear ion trap (LIT) (21)
shown in Fig. 1. This latter instrument includes
an ESI ion source, a high-capacity LIT, wave
form capabilities for ion isolation, a radial de-
tector for mass analysis, and facilities for low-
energy transfer of trapped, mass-selected ions
onto specific spots on an electronically movable
target. In comparison with the SSQ instrument,
the LIT provides considerably higher ion flux
(on the order of 109 to 1010 s�1), the opportu-
nity to check the spectrum of the material to be
landed by in situ mass analysis, and more con-
trol over the landing energy. The landed pro-
teins were redissolved into a methanol/water
(1:1) rinse solution. The rinse solutions were
examined by ESI with an LCQ Classic mass
spectrometer (Thermo Finnigan). In separate
experiments, matrix-assisted laser desorption
ionization (MALDI) was used to examine the
deposited proteins in situ (22).
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Figure 2B shows the ESI mass spectrum
of a mixture of the four proteins, indicating
the regions of the mass spectrum selected for
soft-landing. A photograph of the landed ma-
terial is shown in Fig. 2A. No ion beam
focusing was used in these preliminary ex-
periments. Figure 2, C to F, shows the ESI
spectra resulting from analysis of rinse solu-
tions for each spot. These spectra contain
only multiply charged ions of the correspond-
ing protein (in the high-mass range, m/z �
500) and show no evidence for fragmentation
or cross-contamination. A total of 480 �l of
a solution (10�7 to 10�6 M in each protein)
was sprayed, and the amounts of proteins
recovered (in the 10-ng range) indicate that
multilayer deposition occurs and that neu-
tralization occurs subsequently to landing.
These quantities do not represent detection
limits, and recovered amounts of proteins
are roughly estimated as 5% overall trans-
fer and landing efficiency for cytochrome c
and apomyoglobin, but only 0.5% for ly-
sozyme. Subsequent experiments revealed
that neither the landing efficiency nor the
collection of native proteins depends on the
selected charge state of the proteins. How-
ever, the landing energy (and type of sur-
face) was a critical parameter, and frag-
mentation (“crash landing”) was observed
at higher energies (23).

To investigate the biological activity of
soft-landed proteins, we separated a mixture
of two enzymes, trypsin and lysozyme, with
the SSQ-710C mass spectrometer. The pure
proteins were soft-landed together with two
blanks generated by landing from a mass/
charge region (m/z 200 to 210) containing no
protein ions. In this initial experiment, extra-
cellular enzymes containing no prosthetic
groups were chosen to ensure their structural
stability throughout the ionization and soft-
landing process. The bioactivity of landed
lysozyme was tested with hexa-N-acetyl chi-
tohexaose (Seikagaku, Tokyo, Japan) as sub-
strate. Cleavage products of the substrate
were detected by MALDI; data collected in
the reflectron mode are shown in Fig. 3. The
specific activity of soft-landed lysozyme was
determined from two parallel soft-landing ex-
periments. [Lysozyme � 8H]8� ions were
soft-landed on a gold substrate for 1 hour, and
the landed material was quantified by ESI-
MS from the intensity of the lysozyme ions
with charges from 7 to 11. Quantitative re-
sults were obtained by comparison with ion
intensities from a series of calibration exper-
iments. Landed material from the parallel
experiment was assayed with hexa-N-acetyl
chitohexaose (Seikagaku) as a substrate, us-
ing ESI-MS for quantification. The amount
of landed lysozyme was 1.8 � 0.3 ng as
determined by direct quantification and 2.0 �
0.1 ng based on the bioassay. From these
results we conclude that lysozyme retains its

bioactivity virtually completely when soft-
landed under these experimental conditions.

The bioactivity of landed trypsin was test-
ed by digesting cytochrome c on the surface.
Characteristic tryptic fragments of cyto-

chrome c were detected in situ by MALDI.
The blank spots did not show any bioactivity,
which indicates that neutral species produced
in the ion source did not have access to the
surface. In another experiment performed un-

Fig. 1. Ion soft-landing
instrument including
ESI ion source and
Thermo Finnigan lin-
ear ion trap with capa-
bilities for radial mass
analysis, trapping of
ions of selected m/z,
and axial deposition of
the selected ions onto
the target surface.

Fig. 2. (A) Photograph (in blue light) of a microarray of four proteins soft-landed onto a gold
substrate; each spot is 1 mm in radius. (B) ESI mass spectrum of a mixture of 2.5 �g ml�1

cytochrome c (molecular mass 12,360 daltons), 2.5 �g ml�1 lysozyme (molecular mass 14,316
daltons), 2.5 �g ml�1 insulin (molecular mass 5734 daltons), and 2.5 �g ml�1 apomyoglobin
(molecular mass 16,951 daltons) in methanol/water 1:1 used for soft-landing. The ions of �9
charge state of cytochrome c (m/z 1359), �11 charge state of lysozyme (m/z 1301), �4 charge
state of insulin (m/z 1398), and �15 charge state of apomyoblobin (m/z 1135) were selected for
ion soft-landing based on a window of 5 m/z units. Nominal charge landed for each protein was on
the order of 10�6 C. Mass spectra of the soft-landed proteins after rinsing the spots: (C) insulin, (D)
lysozyme, (E) apomyoglobin, and (F) cytochrome c.
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der similar landing conditions, the bioactivity
of trypsin was tested with neurotensin as
substrate. After a 24-hour digestion of neuro-
tensin with soft-landed trypsin, characteristic
tryptic fragments of the substrate at m/z 516
and 661 were detected by ESI-MS. We con-
firmed that these ions were tryptic fragments
by performing collision-induced dissociation
and comparing the data with the authentic
spectra of the tryptic fragments. These results
indicate that enzymes can retain their activity
through the ionization, mass selection, and
soft-landing processes. It is unclear whether

the proteins unfold while undergoing this se-
ries of events and refold when being resol-
vated or if they retain their secondary-tertiary
structure throughout.

An application of this method in protein
purification is illustrated by an experiment in
which an impure sample of lysozyme was
subjected to ESI and the �10 charge state of
the ionized molecule was selected and soft-
landed into a glycerol/fructose liquid surface
under high vacuum. Ultrafiltration of the liq-
uid matrix and reexamination by ESI gave a
spectrum that showed excellent signal/noise

separation and a charge state distribution
characteristic of lysozyme (20). In other ex-
periments, we have shown that these viscous
liquid matrices are suitable for measuring
bioactivity of some enzymes—for example,
lysozyme and trypsin.

Traditional chemical and biochemical anal-
ysis could be performed either before or after
soft-landing. For example, lysozyme was de-
tected in situ by MALDI after landing onto
SAM surfaces bearing carboxyl and pyridine
N-oxide functional groups, and trypsin was
landed into a liquid surface and in situ analysis
performed by cleaving cytochrome c to give
characteristic peptide fragments. Glycerol-
based liquid surfaces provide a suitable soft-
landing medium for protein ions because they
offer the possibility of resolvation upon land-
ing. Several proteins lose activity irreversibly
upon dehydration, and this phenomenon
might be avoided by the use of carbohydrate
additives (24 ).

The feasibility of soft-landing of delicate
proteins with high biological relevance was
tested by landing different kinases into
vacuum- and protein-compatible liquid sur-
faces (20). Bovine protein kinase A catalytic
subunit (PKAc; molecular mass 40,856 dal-
tons) and yeast hexokinase (molecular mass
52,360 daltons) were ionized and soft-landed
onto various surfaces. Figure 4, which shows
the mass spectrum of PKAc before and after
soft-landing, demonstrates that the protein
can be landed intact. PKAc ions putatively
assigned to the original folded structure were
mass-selected and soft-landed into a glycerol/
fructose/water 65:35:5 liquid surface con-
taining adenosine 5	-triphosphate (ATP) Mg
salt and the substrate Kemptide, i.e.,
LRRASLG. Analysis of the liquid surface
after incubation by ESI-MS/MS showed the
presence of phospho-Kemptide (LRRA-
pSLG), demonstrating retention of biological
activity. Similar experiments done with hex-
okinase in the presence of fructose yielded
fructose-6-phosphate (25). The specific activ-

Fig. 3. (A) Low-mass MALDI spectra showing sodiated hexa-N-acetyl-
chitohexaose (NAG6) and a cleavage product (tetra-N-acetyl-
chitotetraose) (NAG4) formed during in situ tests of biological activity.

(B) High-mass MALDI spectrum showing the singly and doubly charged
ions of intact lysozyme (L) and the enzyme-substrate complex.
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Fig. 4. Electrospray mass spectra of PKAc (molecular size 40,856 daltons) (A) used for soft-landing
and (B) recovered from soft-landing on a gold surface by rinsing the surface with 50 �l of
ammonium acetate buffer (0.02 M).

Fig. 5. Electropherogram from the
assay of landed PKAc (B) and of a
positive control experiment (A)
using Promega PepTag assay (cat-
alog number TB132). PKAc molec-
ular ions of all charge states (Fig.
4A) were soft-landed into a glyc-
erol surface for 1 hour. Enzymatic
activitywasassayedbasedonphos-
phorylation of fluorescently la-
beled Kemptide in the presence of
ATP and Mg2� and electrophoretic
separation of labeled Kemptide
and phospho-Kemptide. For the
positive control experiment, 1 ng
of enzyme was used.
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ity of the soft-landed PKAc was estimated on
the basis of the phosphorylation assay (Fig.
5) and estimated ion currents. This rough
estimate gave values of �50% of the specific
activity of the original enzyme preparation in
several different experiments. In this series of
experiments sensitive, intracellular enzymes
were ionized by electrospray under mild con-
ditions (physiological pH, aqueous media),
and mass-selected multiply charged ions
were transferred to another hydrophilic me-
dium represented by the glycerol liquid sur-
face. The fact that these kinases survived this
process and retained their biological activity
is evidence that soft-landing of active en-
zymes is feasible for various eukaryotic (e.g.,
human) cytosolic proteins.

Mass spectrometry represents a separation
method that is complementary to chromatog-
raphy or electrophoresis. Traditional methods
may fail to separate species having highly
similar structures, but mass spectrometry
should be successful as long as the molecular
weights are different. Although the ionization
of complex protein mixtures can suffer from
suppression effects (26 ) in either ESI or
MALDI, these will be minimized when the
analytes are highly similar, as in the case of
mixtures of synthetic (27 ) and biological (15)
polymer congeners like polyclonal antibod-
ies, glycoproteins, and polysulfonated or
phosphorylated products of posttranslational
modification. Collection of “fractions” in a
soft-landing experiment can be performed
easily, by moving either the target (as dem-
onstrated) or the ion beam on the surface to
yield an array of the separated components of
the initial mixture. These arrays could also
provide tools for combinatorial chemistry–
based methods, like identification of target
molecules (28).
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Simultaneous Fluorescence and
Raman Scattering from Single

Carbon Nanotubes
Achim Hartschuh,1,3 Hermeneglido N. Pedrosa,2 Lukas Novotny,1

Todd D. Krauss2

Single-molecule fluorescence spectroscopy was used to determine the electronic
properties of individual single-walled carbon nanotubes. Carbon nanotube struc-
turewas determined simultaneously fromRaman spectroscopy. Fluorescence spec-
tra from individual nanotubes with identical structures have different emission
energies and linewidths that likely arise from defects or the local environment.
Unlike most other molecules studied to date, the fluorescence intensity or spec-
trum from a single nanotube unexpectedly did not fluctuate.

Single-walled carbon nanotubes (SWNTs) are
synthesized as mixtures of metallic and semi-
conducting tubes (1). Their individual struc-
tures can be characterized by two integers
[(n,m)] that define both their diameter and
chirality (2); if (n – m) is not divisible by 3, the
nanotubes are semiconducting. Recently, the
photoluminescence of SWNT mixtures sus-
pended in surfactant micelles in water was char-
acterized as arising from band-gap fluorescence
from semiconducting tubes with different struc-
tures (3, 4). Such a spectrum (Fig. 1A) (5)
contains overlapping fluorescence features.
However, ensemble averaging obscures the true
spectral linewidths and the details of the band
shape. These optical properties are likely need-
ed for the development of SWNT photonic
applications, such as nanometer-scale, integrat-
ed electroluminescent devices (6).

We measured the electronic structure of in-
dividual SWNTs using single-molecule pho-
toluminescence spectroscopy. Although the
spectra from individual SWNTs with identical
diameters were similar, they exhibited a distri-
bution of peak positions and linewidths not
observed in ensemble studies of isolated
SWNTs (3, 4, 7). Unlike most single molecules
(8) or semiconductor nanoparticles (9), the flu-
orescence for SWNTs does not show any spec-
tral or intensity fluctuations.

Spatially isolated individual SWNTs were
achieved by spin-coating �75 �l of the SWNT
suspension onto a glass coverslip (5). Fluores-
cent samples are known to contain short (�200
nm long) SWNTs isolated in micelles (3). Thus,
we expected the spin-coating procedure to re-
sult in single SWNTs well dispersed on a thin
surfactant layer. Indeed, atomic force micros-
copy measurements revealed predominantly
short SWNTs (with lengths of 200 to 300 nm)
on top of residual surfactant patches a few
nanometers thick. Optical characterization of
SWNT coverage was achieved through confo-

1The Institute of Optics, 2Department of Chemistry,
University of Rochester, Rochester, NY 14627, USA.
3Physikalische Chemie, Universität Siegen, 57068 Sie-
gen, Germany.
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