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Abstract

Recent developments in ultrasensitive fluorescence microscopy enabled the detection and detailed characterization of
individual biomolecules in their native environment. New types of information can be obtained from studying individual
molecules, which is not accessible from ensemble measurements. Moreover, this methodological advance matches the need
of bioscience to downscale the sample amount required for screening devices. It is envisioned that concentrations as low as
|1000 molecules contained in a sample of 1 nl can be detected in a chip-based assay. In this review, we overview
state-of-the-art single molecule microscopy with respect to its applicability to ultrasensitive screening. Quantitative
estimations will be given, based on a novel apparatus designed for large area screening at single molecule sensitivity.
   2002 Elsevier Science B.V. All rights reserved.

Keywords: Reviews; Proteomics; Genomics; Single-molecule reader

Contents

1 . Introduction ............................................................................................................................................................................ 127
2 . Methods for the detection of single molecules ........................................................................................................................... 128
3 . Information contained in single molecule images....................................................................................................................... 132

3 .1. Local stoichiometry......................................................................................................................................................... 132
3 .2. Co-localization of different molecules .............................................................................................................................. 132
3 .3. Orientation ..................................................................................................................................................................... 133

4 . Application to genomics/proteomics ........................................................................................................................................ 133
Acknowledgements...................................................................................................................................................................... 134
References .................................................................................................................................................................................. 134

1 . Introduction commonly gained through the determination of RNA
and protein expression profiles. Phenotypic aberra-

Insights into biological properties of cells are tions have been shown to be directly linked to the
expression of specific genes or proteins [1]. These
correlations represent the basis for current assays in*Corresponding author. Tel.:143-732-2468-9265; fax:143-
bioscience and medical diagnostics. Unambiguous732-2468-9280.
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difficult task. Large amounts of sample material are applicability in bioscience were reached during the
required in order to yield detectable signals. This last decade, including single molecule detection at
requirement is not limiting for the study of model room temperature [7], in buffer [8–10], and in living
systems, which use cell culture systems. In contrast, cells [11–13].
only minute amounts of tissue or body fluids are Currently, two strategies are followed for estab-
available for routine sample screening in medical lishing high-throughput screening devices at single
diagnostics. For nucleic acid detection, the problem molecule sensitivity: firstly, fluorescent molecules in
of limited sample size can be bypassed using PCR- solution are detected by a stationary excitation and
based amplification. Such methods, however, often detection system. Most prominently, confocal de-
lead to complications due to cross-contamination of vices have been applied to restrict the detection
sample material, and distorted statistical outputs. On volume down to a few femtoliters [14]. Using
the contrary, for the analysis of proteins only indirect avalanche photodiodes as detectors allows to study
amplification methods exist [2]. the fluorescence intensity, fluorophore transition

From this line of argumentation, an ultra-sensitive rates and spatial mobility. Combination of multiple
detection device is mandatory for any future gen- detectors gains additional information about spectral
omics and proteomics platform. Steps towards this properties. Such devices have been extensively used
direction have been taken using gel electrophoresis to study binding kinetics [15], conformational fluc-
[3], which allowed to quantify protein expression on tuations [16], spectroscopic transitions [17,18] and
single cells. In a different approach, highly sensitive molecular mobilities [19] using fluorescence correla-
protein-chip read-out has been accomplished using tion spectroscopy (FCS, for a review see Ref. [20]).
excitation via a planar wave-guide [4]. Recent ad- This information can be assessed within a few
vances in fluorescence detection techniques extended seconds, rendering FCS a promising tool for
the range of sensitivity down to the level of single miniaturized high-throughput screening [21].
dye molecules. Using such devices, reliable quantifi- Fluorescent molecules in solution have been directly
cation of the number of analytes immobilized on a imaged on a camera, as they were passing through
chip surface is possible at a high dynamic range, the defocused excitation beam. The largely increased

6from |10 molecules down to 1 molecule per 100 observation area, compared to a point detector as
2

mm . In order to make such detection devices used for FCS, highly increases detection speed,
applicable for diagnostic purposes, high throughput which has been utilized for DNA fragment sizing
capability has to be ensured. Scanning speeds up to 1 [22]. Constant flow of the solution and hydro-

2cm within |15 min are feasible with current detec- dynamic focusing ensure that most molecules will
tors. In this review, we summarize recent develop- pass the detection volume, making this method
ments in ultra-sensitive high-throughput fluorescence applicable for detection of trace amounts of mole-
detection in view of its applicability to current cules.
demands in genomics and proteomics. Secondly, surface-immobilized molecules can be

detected using screening stages. For this purpose,
distinct areas of a glass surface are functionalized
with capture agents, e.g. antibodies, specific ligands,

2 . Methods for the detection of single molecules or cDNA. This procedure allows for parallel in-
vestigation of a large number of different fluores-

Pioneering work for the detection and characteri- cence labeled target molecules on one chip. The
zation of single fluorescent molecules was performed basis for ultra-sensitive chip read-out are techniques
in the early 1990s by several groups, which studied for detecting single molecules on surfaces. In initial
the spectroscopic behavior of single chromophores studies, confocal microscopy was used to efficiently
embedded in condensed matter at low temperature discriminate single molecule signals from back-
[5,6]. These studies pushed the limits of sensitivity, ground. The method is based on scanning a diffrac-
however, the systems investigated were far from tion limited laser focus over the sample; the fluores-
being biologically relevant. Milestones on the way to cence emitted from the sample is imaged via a
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pinhole onto a point detector [23,24]. Using Avalan- witht 51 ms and t 512 ms). In theread-out line-shift

che Photodiodes (APD) as detectors allows to obtain direction of scanning, the intensity profile of the
additional information about the excited state life- excitation beam needs not to be constant. In practice,
time. Combination of several APDs placed after a it is convenient to use a Gaussian profile with a
stack of dichroic and polarization beam splitters was width of v ¯ Ld /2. This ensures maximum excita-
used to maximize the information content acquired tion of dye molecules within the region of observa-
from a single molecule [17]. However, due to the tion, and at the same time minimum photobleaching
serial data acquisition the inspection of large sample of dyes in regions still to be scanned. In TDI mode,
areas remains a time-consuming task. The timeT the illumination time is not well-defined. Basically, it
required for recording an areaA at a resolutiond and is given by the time required to move each molecule
an illumination timet can be calculated according through the excitation beam. In order to allowill

2to T 5 A /d t . Ford 5 320 nm andt 5 10 ms, the comparison between TDI mode and conventionalill ill
2time for recording an areaA51 cm in a confocal imaging, we define here an effective illumination

6 ˆset-up is equal to 9.9310 s (corresponding to 3.8 time for TDI mode,t : given an image recorded inill
ˆmonths). TDI mode,t represents the illumination time inill

In a different approach, several groups utilized conventional imaging for recording an image of the
intensified or back-illuminated CCD-cameras for same quality. Or, in mathematical terms: ifn 5h

imaging single molecules on surfaces [8–10,25–27]. I t represents the number of excitation cycles inmax ill

Large sample areas are illuminated with a defocused a homogenous excitation beam profile of intensity
laser spot and directly imaged. This simultaneous I , and n 5 eI x dt the number of excitations dmax i

observation was the methodological prerequisite for cycles in TDI mode, the effective illumination time
tracking individual molecules moving in planar is given by the time for whichn equals n , i.e.h i

ˆsystems. In screening assays, parallel observation ofn t 5 n . Assuming a Gaussian beam profile withs dh ill i
2 2many pixels dramatically reduces the recording time I x 5 I exp f2 x /v g, the effective illuminations d max

]ŒˆT, compared to confocal methods.T can be estimated time is given byt 5 I /eI x /v dx 5 pv /v 5s dill max
2 ]Œusing the formula T 5 A /d N ? t 1Nt 1 pv /dL ? Nt 1 Lt . For the NTE/CCDf gf ill read-out read-out line-shift

ˆLt 1 t , with N the overall number of 13403100, t equals 60 ms.gline-shift positioning ill

pixels on the camera chip. The sum represents If the fluorescence intensity,F, would scale linear-
contributions of the illumination time (t ), the time ly with illumination intensity,I, i.e. F~It , confocalill ill

to digitize each pixel (t ), the time to shift one scanning microscopy could be performed at the sameread-out

line into the read-out register (t ) and addition- speed as camera-based systems. In this linear regime,line-shift

al terms accounting for positioning the stage, sub- focusing of the laser spot by a factorN yields an
sumed int ; L gives the total number of lines increased excitation intensityNI, which allows topositioning

on the chip. reducet by a factor N for constant fluorescenceill

The principal advantage of using pixel arrays as emission. However, for high speed single molecule
detectors is parallel signal acquisition. Still, the pixel detection it is favorable to operate at illumination
array covers only a small part of the sample areaA intensities close to the saturation intensity of the

21to be imaged, making additional scanning of the fluorophoreI , i.e. F~ 11 I /I t [28]. In thiss dS S ill

sample inevitable. A proper way for reducing over- case, increase of the intensity has minor effects onF,
head times due to stage positioning and signal therefore the illumination time may not be reduced in
integration is the implementation of synchronized order to ensure constant signal. Evidently, non-linear
continuous stage-shift and camera read-out (H. effects make camera-based detection systems prefer-
Schindler, international patent PCT/AT9900257). It ential for ultra-sensitive high-throughput screening.
is based on the so-called time-delayed-integration It is interesting to note, that for conventional dyes
(TDI) mode, and allows to decrease the recording used in ultra-sensitive spectroscopy, the time re-

2time to T 5 A /d N ? Nt 1 Lt ¯ 1000 s, quired to photobleach the fluorophore at illuminationf gread-out line-shift
ˆcorresponding to 16.7 min (assuming a commercial intensities close toI is shorter than t [29].S ill

available NTE/CCD 13403100, Roper Scientific, Therefore, all photons emitted from a molecule until
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photobleaching contribute to the signal, yielding immersion objective with NA51.4, h |50%, h |F D

maximum signal levels. 80%, yieldingh|12%. Obviously, the limiting factor
The image of a single dye molecule is represented is the objective, which collects only a minor fraction

by a diffraction limited spot on the camera. Auto- of all emitted photons due to the limited collection
matic fitting algorithms have been developed which angle set by the numerical aperture. At optimized
allow to determine the position of individual mole- settings, such systems allow to obtain images of
cules to an accuracy of|50 nm. For unambiguous single dye molecules in synthetic environments at a
single molecule probing, the concentration has to be high signal to background ratio of|50. Besides high

2much less than 1/d to ensure that the signals of two detection efficiencies, this is mainly related to the
molecules do not overlap. Assuming equal distribu- low noise characteristics of cooled CCD cameras.
tion of molecules on a surface, the probability that Fig. 1 shows a schematic view of the apparatus
the distance to the nearest neighbor is larger than the developed in our lab, here termed ‘‘Nanoreader’’:
size of the diffraction limited spot ofr5500 nm is laser light is coupled into an epi-fluorescence micro-

2given by F r 5exp s2 r pnd [30], with n the scope, and the emitted light is detected after appro-s dnn

concentration of dye molecules. For a certaintyF . priate filtering on the pixel array of a CCD camera.
295%, n has to be less than 1 molecule/15mm . The excitation beam is defocused to match the region

In order to achieve single molecule sensitivity, the of observation defined by the size of the CCD-array
transmission efficiencies of all optical elements in and the chosen magnification of the objective. A
the detection path have to be maximized. In general, homogenous beam profile perpendicular to the scan-
the overall detection efficiency,h, can be separated ning direction is achieved using an aspherical lens as
into three factors: the efficiency of the microscope beam shaper. For optimum resolution, the step-size
objective, h , of optical filters, h , and of the of the high precision scanning stage has to fit theO F

detector,h . Typical values are:h |30% for an oil pixel size in the image plane,d. In addition, anD O

Fig. 1. Scheme showing the general set-up of the ‘‘Nanoreader’’. The laser beam is shaped with aspherical lenses to the desired line-profile,
and projected onto the sample. Fluorescence emission is collected through a high NA objective and, after appropriate filtering, imaged onto a
back-illuminated high QE CCD camera. For TDI mode, a high precision scanning stage is synchronized with the read-out of the camera.
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autofocus system was introduced to correct for (DPPE-) Cy5. An area of 2003600 mm was re-
thickness-variations or tilts of the supporting chip- corded in one scan using TDI-mode (A). The main
surface. It is based on rapidly refocusing the micro- part of the scan area is covered by the bilayer. There,
scope objective during the scan process. Distance individual DPPE-Cy5 molecules can easily be dis-
changes of the glass surface from the objective are criminated as sharp peaks with a signal-to-noise ratio
measured using a second laser at a different wave- of|50 in the zoom-in (B). A few aggregates,
length focused onto the chip surface. Angular however, can be observed as signals of much higher
changes of the back-reflected beam are detected on a brightness in (A).
two-segment photodiode and corrected by shifting The scanning process introduces minor distortions
the objective [31]. broadening the peaks in the scanning direction by

Lipid bilayers represent a highly defined model |200 nm (C). Two major contributions for peak
system for single molecule microscopy [32]. They broadening have to be considered. Firstly, the scan-
allow to precisely adjust the surface density down to ning stage moves continuously, while lines are
very low concentrations of about one fluorescent shifted stepwise on the CCD chip, which introduces

2molecule per 100mm . Fig. 2 shows a supported blur of up to 1 pixel in the scanning direction.
lipid bilayer made of dipalmitoylphosphocholine Secondly, non-perfect mechanics and optics might

28(DPPC), containing a molar ratio of|10 of the account for slight dephasing of the scanning stage
fluorescent analog dipalmitoylphosphoethanolamine- and the CCD-camera. This effect can be minimized

Fig. 2. A 2003600mm scan (A) of single Cy5-labeled lipid molecules (DPPE-Cy5) embedded in a supported lipid membrane of DPPC,
28obtained with the ‘‘Nanoreader’’. The molar ratio of|10 allows to easily discriminate individual molecules as diffraction limited peaks at

a signal to background ratio of|50, as apparent from the 60360 mm detail shown in (B). Due to the scanning process, the peak shape is
slightly broadened in the scanning direction by|200 nm (C; see text for details).
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by adjusting the magnification of the optical system particle. Therefore, high discrimination accuracy
to fit the demands set by the scanning stage. requires heavily labeled particles.

In the single fluorophore regime, reliable stoichio-
metric assignment is possible by using labeling at a
defined ratio. The reliability then depends only on

3 . Information contained in single molecule the inherent intensity fluctuations of the dye mole-
images cule used. In this regime of very low fluorescence

intensities, the stochastic nature of photon emission
The fluorescence image of a dye molecule con- leads to statistical distributions of the actual detected

tains two parameters accessible by a camera as a fluorescence, which can be characterized and taken
detector: firstly, theposition of the molecule, which into account for assignment of local stoichiometries.
is given by the center of its signal. This can be Using the approach of single molecule counting, the
determined to an accuracy much below the wave- number of fluorescence labeled ligands bound to
length of light;|40 nm can be achieved routinely for individual membrane anchored receptor molecules
positioning single biomolecules at room temperature could be determined, allowing for digital analyte
using wide field microscopy [33]. Secondly, its quantitation on a molecular level [36].
fluorescence intensity, which can be quantified by the
number of photons detected from the molecule
during the illumination time. This number can be 3 .2. Co-localization of different molecules
taken as a characteristic property of the dye molecule
under constant environmental conditions. A third Two different strategies have been employed to
parameter, thefluorescence lifetime, is up to now study colocalization of different molecules: single
only measurable using point detectors; for a critical pair fluorescence resonance energy transfer (FRET)
discussion of the implications of lifetime analysis for [37] and dual wavelength imaging [38]. FRET
single molecule studies we refer to Refs. [6,17]. In between donor and acceptor dyes, also termed

¨the following, several aspects of single molecule Forster energy transfer [39], is, in application to
studies based on these observables will be high- ensembles, a well-established assay for the study of
lighted. colocalization or clustering of components in, for

example, cell membranes [40–42]. Recently, FRET
was carried to the ultimate limit of the energy

3 .1. Local stoichiometry transfer between a single pair (donor–acceptor) of
biomolecules (single pair FRET; for a review see

In general, a single dye molecule emits a well- Ref. [43]). The strong distance dependence between
defined number of photons during a given illumina- donor and acceptor molecule on length scales of|5
tion time, which can be taken as a characteristic nm was utilized to quantify distances on single DNA
parameter of the molecule. The fluorescence signal molecules [37,44], to observe conformational dy-
obtained from a single molecular structure can thus namics on single enzymes [45], and to image ligand
be used as a measure for the number of bound colocalization on individual receptor molecules [46].
fluorophores. This principle has been employed in Even first applications to living cells have been
rather different fields like rapid sizing of fluorescent- demonstrated recently [11].
ly stained DNA-fragments [34], as well as molecular Dual wavelength imaging, the alternative approach
counting of low-density lipoprotein particles on cell to colocalization, visualizes the positions of two
surfaces [35]. The critical point in all methodologies different dye molecules in the same probe. The two
utilizing fluorescence intensity for sizing is the images are acquired either consecutively [46] or
reliability of assignment. Using randomly labeled simultaneously [38,47–49] by imaging the same
particles, the accuracy of discrimination betweenn sample area containing two different dyes using two

0.5and n 1 1 associated particles scales withN , with spectroscopic channels specific for the two fluoro-
N representing the mean number of fluorophores per phores.
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3 .3. Orientation and proteomics [63]. Its current applicability, how-
ever, is restricted by the large amounts of sample

Light absorption of a fluorophore depends on the required. The development of new platforms for
angle between the polarization of the excitation light high-throughput identification and characterization of
and the orientation of the transition dipole of the dye. biomolecules at lowest concentrations is one major
Using linear polarized light for excitation allows to research goal in biotechnology. Such a device repre-
determine the orientation of a single fluorescent dye sents the technical environment for a ‘‘lab on the
by measuring the modulation of the fluorescence chip’’. Rapid identification and quantification of all
signal [50–53]. This is equivalent with measuring bound protein molecules define the required spe-
the linear dichroism of a single dye. In addition, the cification of this readout device. Currently, planar
polarization of the fluorescence signal emitted from waveguide-based excitation allows quantification of
the fluorophore can be determined by introducing a protein amounts on chip surfaces down to 500
polarizing beam-splitter in the emission path of the molecules per spot of 150mm diameter [4]. Ulti-
microscope [54–56]. This methodology has been mately, individual molecules will be bound to dis-
applied for determination of the axial rotation of tinct loci on the chip.
actin filaments sliding along myosin molecules [56], The tremendous sensitivity of single molecule
for monitoring conformational changes in single microscopy enables the investigation of samples
myosin molecules [54], for observing subunit rota- containing only trace amounts of proteins. For
tion of enzymes [57], and for observation of the estimation, we will describe briefly the binding of
rotational diffusion of individual lipids in an artificial proteins in solution to a chip surface coated with a
lipid membrane [55]. Combination of both polarized high density of specific antibodies. Using first order
excitation and determination of the emission polari- binding kinetics, one obtains for the surface density
zation allows for steady state anisotropy measure- of bound proteins,rAb-P

ments on a single molecule [55,58], which opens the
Ab 1P 1VK ND Apossibility to access nanosecond time-scales for ]]]]]r 5Ab-P 2Aprobing single molecule reorientation. In addition,
]]]]]]]]2determination of the polarization can be performed Ab 1P 1VK N PAbD AS]]]]]D ]]2 2 (1)for two colors simultaneously [17,47]. This allows 22Aœ A

combined measurements of dye orientation and
energy transfer, yielding much deeper insights into withAb, the number of immobilized antibodies,P
molecular reorganizations of large biomolecules. the number of protein molecules in solution,A the

The basic limitation of this approach is its restric- area of the antibody spot on the chip,V the volume
tion to the study of the in-plane component of the of the protein solution,K the dissociation constant,D

orientation of a dye molecule. In conventional wide andN the Avogadro-number. Application of aA

field microscopy, the polarization of the excitation sample containing only 300 molecules of a specific
light lies mainly in the focal plane. Attempts to protein onto a protein chip will result in|75 protein

4access the full orientation of a molecule are therefore molecules bound to a distinct capture area of|10
2based on methodologies with a highz-component in mm .

the polarization, like near field microscopy [59,60] or To ensure optimum binding conditions, local
2modified confocal microscopy [61]. From the image densities of|1 antibody per 100 nm are assumed,

6pattern, the azimuth and elongation angle of a dye yielding a final amount of|10 capture antibodies
molecule can be calculated. per spot. Fig. 3 shows the theoretical calibration

curve for an overall sample volume of 1 nl, a capture
2antibody density of 1/100 nm , aK of 1 nM, and aD

4 . Application to genomics /proteomics spot size of 10mm (solid line) and 100mm (dashed
line). The spot size can be used to adjust the linear

Chip-technology has become the prevalent method region for optimum quantification. The overall bind-
for investigation of differential gene expression [62] ing efficiency covers a range of six orders of
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imaging techniques are foreseen to become standard
equipment for laboratories performing biological
diagnostics.
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