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Abstract

An assay for the fluorescent detection of short oligonucleotide probe hybridization in miniaturized high-density array platforms is presented. It

combines hybridization in solution with real-time fluorescent detection, which involves measurement of fluorescence increase by means of an

induced fluorescence resonance energy transfer. The feasibility of this approach using DNA or RNA as a target, and short DNA- as well as LNA

(locked nucleic acid)-modified oligonucleotides as probes is shown. The presented approach could potentially contribute to a significant increase in

the throughput of large-scale genomic applications, such as oligofingerprinting and genotyping, and also reduce material consumption.
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Nucleic acid hybridization with oligonucleotides is a

fundamental method in DNA analysis and is applied to a

variety of applications: from the quantitative comparison of

diversity within a complex sample (such as in expression

profiling), to locating the fine differences between multiple

identical samples (such as in genotyping and re-sequencing).

The predominant format of these assays is the high-density

microarray of pre-fabricated immobilized oligonucleotide

probes by which complex (Wong et al., 2004) or single (Pe’er

et al., 2003) targets are interrogated through hybridization.

Detection of hybridization on arrays is based on either direct or

secondary (with additional conjugates coupled to fluorescent

dyes) fluorescence. Most of the conventional fluorescent labels,

however, are characterized by low sensitivity, especially on

membranes or glass arrays due to poor signal to noise ratios.

In the present study, a method for in-solution analysis of

DNA libraries by means of hybridization with short (6–8

nucleotides long) fluorescent oligonucleotide probes with real-

time optical detection by induced fluorescence resonance

transfer (iFRET) (Howell et al., 2002) has been established.
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Only hybridized probe is detected as its fluorescent signal is

generated through the excitation of the intercalating dye when a

hybridization event takes place. Thus, elimination of unreacted

excess probe is not necessary. The original procedure (Howell

et al., 2002) for the analysis of long DNA templates has been

also modified, so that immobilization of DNA and strand

separation is avoided. Therefore, the assay can be performed

entirely in solution. It is essentially independent from the

surface binding capacity or DNA immobilization chemistry,

requiring only accurate dispensing of both probe and target.

Maximizing the advantages of the superior hybridization

properties of locked nucleic acids (LNAs) (Nielsen et al., 1999),

probes that were modified with LNA bases for iFRET detection,

were evaluated. Due to the high affinity of these probes, very

short probes can potentially be used for hybridization analysis

(Simeonov and Nikiforov, 2002). This can be useful, in

particular, for single nucleotide polymorphism (SNP) typing

schemes or when multiple probes with the size of universal

probe sets (e.g. in sequencing by hybridization method (Pe’er

et al., 2003)) are considered.

Yet, another aspect of our work was to minimize the cost of

screening, which has been addressed primarily by reducing the

volumes of samples. Technology development leads to conver-

sion from a limited number of reactions in a greater volume to
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Table 1

Oligonucleotide probes and synthetic DNA targets used in the study

Modifications with LNA bases are indicated with #.
extremely large numbers of assays performed in nanolitre and

picolitre volumes. This is an enormous advantage for probe/

sample analysis that involves a high-throughput, such as oligonu-

cleotide fingerprinting (ONF) (Meier-Ewert et al., 1998; Herwig

et al., 2000, 2002), in which a minimum of 100,000 clones have

to be probed individually with at least 100 oligonucleotides,

which means that 107 independent assays have to be run.

The traditional ONF method, which is based on radioactive

oligonucleotide hybridizations using DNA clones that have

been immobilized on nylon membrane filters, is limited by the

vast experimental costs and time consumption. The conceived

nano-well format, combined with a one-step protocol of

fluorescent hybridization detected by a sensitive charge-

coupled device (CCD) camera, should reduce the experimental

load by a factor of 103 (in comparison with a microplate

approach), reducing the load from 10 ml to 10 nl. In this work,

the method of hybridization with short oligonucleotide probes

and iFRET detection is demonstrated, which can be used in

micro-droplets and nano-well-array formats and can be applied

to DNA clone characterization.

DNA and DNA–LNA oligoprobes were synthesized by

MWG-Biotech (Germany) or TIB MolBiol (Germany). The

sequences of probes and DNA targets used in this work are

shown in Table 1. All probes were 50-end labelled using Cy5,

ROX or Bodipy fluorescent dyes. The templates used in the

present study were synthetic DNAs of 24–40 nucleotides in

length or DNA clones of 1–2 kb in length, with a previously

published sequence (Bauer et al., 2004) being complementary

to the respective oligo-sequences. DNA clones were amplified

and purified using a PCR Purification Kit (Qiagen, Germany)

and converted into RNA using a Message AmpTM Kit

(Ambion). Subsequent fragmentation was carried out by

incubation for 20 min at 94 8C in a fragmentation buffer

(5�: 200 mM Tris–acetate, pH 8.1, 500 mM KOAc, 150 mM

MgOAc). The fragmentation products were analysed using an

Agilent 2100 Bioanalyser (Agilent Technologies, USA) and

quantified using a Bio-Photometer (Eppendorf, Germany).

Hybridization experimentswere carried out in a hybridization

buffer (50 mMNaCl, 0.1%Tween-20, 50 mMTris–HCl, pH7.5)

containing Sybr Green I at 1:1000 dilution. Real-time evaluation

of hybridizations was performed in a volume of 100 ml

hybridization buffer in quartz cuvettes (Qs 10 mm; Hellma,

Germany). The hybridizations were detected by thermo-

controllable spectrophotometer (Avantes Fiberoptic, The Neth-

erlands) and processed using Avasoft 5.1 software. In-droplet

hybridization format was performed in a volume of 2 ml

hybridization buffer. In this case, both probe and target solutions

at 1 ml volumeswere pipettedor dispensed onto an air-dried glass

slide surface that had been pre-washed with 100% ethanol

(Menzel, Germany). The slides were then covered with a second

glass slide, spaced with an adhesive tape providing a distance of

255 mmbetween the two slides to prevent evaporation.The slides

were placed onto a thermal cycler (Eppendorf) that was set to a

heating increment of 3 8C/min. The final concentrations in the

hybridization mixture were: 0.5–1.5 mM for probes and 0.15–

0.5 mM for the targets (synthetic DNAs or RNAs), for both the

micro-drop and nano-well formats.
For nano-dispensing, the TopSpot/E Micro-Arrayer module

(IMTEK, Germany) was used. Oligonculeotides and DNA

targets were dispensed into wells at volumes of 4 nl in two

directions on the nano-well plate, which was pre-filled with

30 nl of buffer containing Sybr Green I dye. Finally, the plate

was covered with mineral oil (Sigma, Germany) to prevent



A. Guerasimova et al. / Biomolecular Engineering 23 (2006) 35–40 37

Fig. 1. Hybridization of three pooled 7-mer oligonucleotides labelled with Cy5,

Bodipy or ROX fluorescent dyes to two synthetic DNA targets (DNA-2 and

DNA-3, Table 1). Oligonucleotide probes were used at equal concentrations,

and in 10-fold excess compared with DNA targets. Hybridization was per-

formed in a 100 ml volume in a cuvette and detected by spectrophotometer. The

observed peaks are: 0 (518.95 nm) from Sybr Green I; 1 (577.05 nm) from

Bodipy-oligo; 2 (not identified, as it overlaps with the Bodipy-oligo emission)

ROX-oligo; and 3 (663.04 nm) from Cy5 oligo hybridization. The Y-axis

represents signal intensity units.

Fig. 2. Assessment of minimal oligonucleotide probe length suitable for iFRET

detection. (A) Oligonucleotides and DNA targets (abbreviations indicated in

brackets) used for this experiment. Probes of different length but with the same

6-mer core were used for hybridization with three DNA targets: perfectly

matched, with a single mismatch (indicated in bold) and unrelated (no match).

Sequence fragment complementary to the oligonucleotide probes was under-

lined. (B) Hybridization results for probes with different length. DNA hybri-

dization was performed in micro-droplets. For each probe, a background signal

from the probe and Sybr Green I in solution without DNA was also measured

and subtracted from the signal of the probe–DNA mixture. Data are presented

from three independent experiments.
evaporation. Final concentrations of the reagents were the same

as in the micro-drop experiments.

For imaging, a CCD camera of type CH350 (Photometrix

Ltd., UK) that had been cooled to�40 8C was used, which was

integrated with a thermal cycler (Eppendorf) and operated by

controlling software that was developed in-house. The camera

had a chip size of 512 � 512 pixels and an object field of

400 mm2 could be detected. The excitation light was generated

in a halogen light source with an interference filter. The

emission filter was placed directly to the front side of the

camera objective. For excitation, 480 and 620 nm filters were

used and for emission, 540 and 670 nm filters (Andover

Corporation, USA). The images were evaluated using an

UTHSCASA Image Tool v3.00 (University of Texas Health

Science Center, TX, USA).

The iFRET was originally applied for the detection of

hybridization of 15-mer probes with single-stranded DNA

targets of comparable lengths, starting from 50 bases (Howell

et al., 2002). Using this method, fluorescence of the dye

attached to the probe is detected through excitation of an

intercalating dye, the fluorescence of which is immensely

enhanced following binding to the DNA duplex. Howell et al.

used Sybr Green I (Molecular Probes, OR, USA) as a FRET

donor, together with ROX (6-rhodamine) or Bodipy TMR as

acceptor dyes. Here, the range of possible acceptor dyes was

extended by using Cy5. Despite its apparent insufficient overlap

of spectra with Sybr Green I emission (Cy5 absorption

maximum is at 646 nm, and Sybr Green I emission maximum is

at 518 nm), our results show that it could be used as an acceptor

in a FRET pair with Sybr Green I. This is probably due to the

fact that the Cy5 dye, when attached to DNA, acquires

additional shorter wavelength absorption peaks compared with

the spectrum of the free dye (Molecular Probes Handbook,

2005). Having tested various combinations, it has been realized

that, for our approach, Cy5 is the best acceptor dye for Sybr

Green I. It provided a high iFRET signal, as well as a good

spectral separation of the signal from the excitation dye peak, so

it was possible to monitor both signals with appropriate filters.

Hence, the Sybr Green I signal can be used for quantification and

normalization purposes, thereby providing an additional control

for the hybridization process. In principle, appropriate filtering

should allow detection of more than one acceptor dye, which

allowsmultiplexing of hybridization probes. This possibilitywas

examined for three fluorescent dyes as labels for oligonucleo-

tides: Bodipy, ROXandCy5. Emission filters with amaximumat

560 nm for Bodipy TMR fluorescence, at 630 nm for the ROX

filter and at 670 nm for Cy5 were used. Fig. 1 shows detection of

hybridization using three probes simultaneously. Synthetic DNA

oligonucleotides that are specific for a distinct oligonucleotide

probe were probed with either an equimolar mixture of

oligonucleotides (Fig. 1) or separately with each probe (not

shown). As the emission of Bodipy dye is close to the emission

of Sybr Green I, it is often difficult to distinguish between

these two signals, making signal measurements from Bodipy-

labelled probes impossible. It has been concluded that most

reliable data were obtained using a combination of ROX-

and Cy5-labelled probes (not shown). Further steps to increase
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the throughput of the system would be to develop a multi-dye

system that could allow simultaneous detection of many

intercalation dye/fluorescent dye energy-transfer pairs that are

spectrally well-resolved (Shchepinov and Korshun, 2001) or to

use the Qbead system (Xu et al., 2003).

As guidelines for the selection of the probe length and base

content, information content criteria was used (Herwig et al.,

2000), with the requirement that the oligonucleotide GC content

should be at least 40% and that good performance in

hybridization experiments in previous studies has been shown

(Bauer et al., 2002). Reduced length of the probe should diminish

the total number of probes that are necessary to characterize

particular DNA fragments in sequencing by hybridization-

related applications, for example in ONF (Meier-Ewert et al.,

1998). Ideally, 6- or 5-mer probe sets should be used. Short

oligonucleotides, however, are less specific and less accurate,

which results in high signal noise and impeded data analysis.

Even if hybridization of DNA oligonucleotides as short as 6-mer

(Drmanac et al., 1990) or even 5-mer (Pe’er et al., 2003) were

described, probe length is usually limited to 8–10nucleotides due

to the low stability of very short duplexes. Another concern

referred to minimal probe length, which would permit detection

with iFRET. The presence of Sybr Green I was described to have
Fig. 3. (A) Scheme of the ‘sandwich’ in the droplet experiment set-up. (B) Monitorin

7-mer Cy5-labelled oligonucleotides (OP-6, OP-9, OP-10, OP-11, OP-14 and OP-16

(DNA-8); and c (DNA-9); Table 1) in duplicates. Image acquisitionwas performed at t

hybridization should be negative (no matching sites), but for the probe OP-16, targets

from perfect and mismatched duplexes (1 and 2, as indicated by the arrows) are bette

melting profiles of duplexes formed by the same fragmented RNA template with th

performed in droplets. The starting temperature of hybridizationwas 10 8C and then it u

were collected for 10, 20, 30 and 40 8C temperature points. The highest signal inten
a stabilizing effect on DNA duplexes, resulting in an effective

increase of its melting temperature (Prince et al., 2001), which

should be advantageous for use of very short oligonucleotides. In

fact, it was possible to obtain reliable hybridization of

oligonucleotide probes as short as 6- and 7-mer in length

(Fig. 2). Hybridization results with 8-, 7- and 6-mer probes

sharing the same 6-mer sequence showed a clear correlation of

signal decrease with the probe length.

The use of DNA analogues (Guerasimova et al., 2001) or

modified DNA bases often helps to enhance hybridization

properties of oligonucleotides. For example, the different

nature of the LNA that stack in the heteroduplex results in their

enhanced performance in terms of stability in a duplex, even for

very short probes (Simeonov and Nikiforov, 2002). The

sensitivity of LNA in mismatch discrimination makes them

particularly attractive substitutes for conventional DNA probes

in hybridization-based analysis. LNA–DNA chimerical oligo-

nucleotides with a total length of 7–5 bases have been

examined. Alternating DNA and LNA bases within the

oligonucleotide sequence was shown to improve its perfor-

mance (Valoczi et al., 2004). It was taken into consideration

when designing our probes, in that LNA bases were always

spaced with DNA bases. A typical signal comparison between
g of the hybridization experiment following heating. Six probes (in X-direction),

; Table 1) were hybridized with three DNA targets (in Y-direction a (DNA-7); b

hedifferent temperatures as shown (10–40 8C).Formost of the probes, the result of

a and c should be positive, whereas DNA b is a single mismatch. Different signals

r discriminated at higher temperatures (e.g. 40 8C). (C) Fluorescence-monitored

ree different oligonucleotides. Individual hybridizations with three probes were

nderwent cyclic changes to 40 8C (rate of 1.5 8C/min) and back to 10 8C.The data
sity (Y-axis) was obtained with the fully matched probe OP-17.
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Fig. 5. An image of hybridization in a 24 � 24 nano-well plate. DNA targets

and oligonucleotides were dispensed with 96 channels using a TopSpot dis-

pensing head. In fields 1 and 4, both DNA and oligoprobes (whole hybridization

mixture) are dispensed, whereas in fields 2 and 3, only oligonucleotides or

DNAs, respectively, are dispensed (together with Sybr Green I). Hybridization

conditions were the same as in the droplet experiments. For normalization of

positive hybridization signals (fields 1 and 4; signal locations indicated by a

green square), the background signal was substracted from the samples contain-

ing no target DNA (sample position marked with red circles). The first two

columns in both fields 1 and 2 were buffer only.

Fig. 4. Sequence-dependent hybridization profiles obtained for six RNAs with

three LNA-modified oligonucleotides (6-mers: OP-2, OP-4 and OP-8; Table 1).

The RNA1-F and RNA1-R were produced from the same original DNA clone

via transcription from the 50- or 30-end, respectively. Hence, six different RNAs
originating from three DNA clones were analysed. Hybridizations were per-

formed in droplets, as described in the text. The background fluorescence of the

probe and Sybr Green I only was subtracted. Average values of intensities are

shown with standard deviations.
LNA-containing and normal DNA oligonucleotides is shown in

Fig. 2. It was observed that even 6-mer oligonucleotides,

modified only with one LNA base, delivered much stronger

signal than non-modified DNA oligonucleotide of the same

sequence and was comparable to that of a 7-mer DNA probe.

Pentamers (pure DNA or LNA-modified) gave rather weak

signals (not shown), so in future, it will be continued to

predominantly use 7- or 6-mer probes.

The standard hybridization assay using Cy5-labelled probes

was performed by tracking the changes of fluorescence at both

emission lines—540 and 670 nm. Two optical filters were used

and the images were captured at different stages of applied

temperature ramp (10, 20, 30 and 40 8C; 3 min at each point).

Routinely, hybridizations in a 2-ml micro-droplet volume

placed on a glass slide were performed, with each sample being

set-up in duplicate (set-up is shown in Fig. 3A). The monitoring

of oligoprobe hybridization with different DNA targets in

droplets is shown in Fig. 3B. Melting profiles obtained via

repeated heating and cooling of the RNA:DNA duplexes are

shown in Fig. 3C for three different oligoprobes.

To evaluate the applicability of our method for OFP analysis,

a pilot study on a limited number of selected genomic DNA

clones was performed. Fragmented RNA templates (RNA 1–3;

Fig. 4) have been generated from genomic DNA clones of

known sequences, which were described previously in detail by

Bauer et al. (2004). According to the sequence similarity, the

initial clones were grouped into clusters. In this way, RNA2 and

RNA3 (originating from DNA clones of 1001 and 1344

nucleotides in length) belong to the same cluster, whereas the

sequence of RNA1 (1259 nucleotides) was not related to RNA2

and 3. RNAs were generated from three DNA clones by in vitro

transcription from both ends of each respective clone, resulting

in six RNA templates. Thus, additional control of hybridization

specificity was provided. Through converting the template to

RNA, the following was achieved: (i) using amplification, the

amount of template was increased; (ii) the template was single-

stranded, facilitating hybridization with short oligoprobes; (iii)
RNA could be chemically fragmented, which usually improves

the kinetics of hybridization with short oligoprobes.

These RNA samples were hybridized with a small set of

oligonucleotides. Graphical representation of different RNA

hybridization profiles with three probes is shown in Fig. 4.

Clearly, it is possible to distinguish between templates

originating from the same (such as RNA2-F and RNA3-F)

or different (such as RNA1-F and RNA1-R) sequences.

The micro-droplet format enabled us to reduce the reaction

volume below 100 nl using rapid dispensing techniques. For

high-density arrays, the nano-well format offers a suitable

platform innanolitrevolume range. Themethod has beenverified

for nano-well plates using 500 mm pitch (400 nano-wells/cm2)

and 36 nl total volumeperwell. Fig. 5 presents an image acquired

by fluorescence detection from hybridization screening of five

templates with five oligonucleotides (each sample in duplicates)

dispensed in two directions into a nano-well plate.

As well as the potential application in ONF technique, the

assay described here provides an option for multiplexing and

micro-volume processing to downscale the costs. It could

potentially be used to create ultra-high-throughput screening,

which is necessary for applications such as SNP detection or re-

sequencing (Shendure et al., 2004). In conclusion, the proposed

method can be used as a robust platform for in-solution

miniaturized sequence-specific clone characterization that is

suitable for automation in high-throughput applications.
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