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(57) ABSTRACT 

Methods are provided for producing a molecular array 
comprising a plurality of molecules immobilised to a solid 
substrate at a density Which alloWs individual immobilised 
molecules to be individually resolved, Wherein each indi 
vidual molecule in the array is spatially addressable and the 
identity of each molecule is knoWn or determined prior to 
immobilisation. The use of spatially addressable loWdensity 
molecular arrays in single molecule detection and analysis 
techniques is also provided. Novel assays and methods are 
also provided. 
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Figure 5a 
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Figure 6 
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Figure 7 
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Figure 9 
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Figure 10A 
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Figure 103 
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Figure 10C 
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Figure 10D 
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ARRAYS AND METHODS OF USE 

FIELD OF THE INVENTION 

[0001] The present invention relates to spatially address 
able loW density molecular arrays and analytical approaches 
based on single molecule detection techniques. 

BACKGROUND TO THE INVENTION 

[0002] Progress in the human genome project has seeded 
the need to analyse the expression characteristics of genes 
and gene products and (ii) analyse the variations in genes 
and genomes. This has precipitated great interest in methods 
for large-scale, parallel studies. Interest in developing neW 
methods for detecting variation has further been fuelled by 
the success of using DNA markers in ?nding genes for 
monogenic inherited disorders and recent proposals on 
large-scale association studies for dissecting complex traits. 
There is also a need for large-scale studies and high 
throughput screening in the search for drugs in the pharma 
ceutical industry. 

[0003] 4This interest in large scale studies may also in the 
future extend to other areas such as the semiconductor 
industry Where the emergence of devices based on organic 
molecules such as poly(p-phenylene vinylidene), PPV, and 
the nascent ?elds of molecular electronics and nanotechnol 
ogy seed the demand for neW molecules With novel or 
desirable features and this in turn may seed the need to turn 
to large scale searching. 

[0004] In the biotechnology and pharmaceutical sector, 
large scale studies are preferably done either in homoge 
neous assays on a microtitre plate (96 Well and 384 Well 
plates are common and higher capacity plates are available) 
or in an array format. Spatially addressable arrays (Where the 
sequence identity of a molecule is speci?ed by the location 
of the element in Which the molecule is contained, Within the 
array of elements) of chemical or biochemical species have 
found Wide use in genetics, biology, chemistry and materials 
science. Arrays can be formed in a disperse solid phase 
such as beads and bundled holloW ?bres/optical ?bres, (ii) 
individual Wells of microtitre plates/nanovials or (iii) on a 
homogeneous medium/surface on Which individual ele 
ments can be spatially addressed. The latter types of arrays 
(iii) can be made on semi-permeable materials such as gels, 
gel pads, porous silicon, microchannel arrays (so called 3-D 
biochips) (Benoit et al; Anal. Chem 2001 73:2412-2420) and 
impermeable supports such as silicon Wafers, glass, gold 
coated surfaces, ceramics and plastics. They can also be 
made Within the Walls of micro?uidic channels (Gao et al; 
Nucleic Acids Res. 2001 29: 4744-4750). Furthermore the 
surface or sub-surface may comprise a functional layer such 
as an electrode. 

[0005] All elements in arrays of type and (iii) are 
contained Within a single reaction volume, Whilst each 
element of (ii) is contained in a separate reaction volume. 

[0006] To date, methods have involved analysing the 
reactions of molecules in bulk. Although bulk or ensemble 
approaches have in the past proved useful, there are barriers 
to progress in a number of directions. The results generated 
are usually an average of millions of reactions Where mul 
tiple events, multi-step events and variations from the aver 
age cannot be resolved and detection methods that are 

Dec. 9, 2004 

adapted for high frequency events are insensitive to rare 
events. The practical limitations associated With bulk analy 
sis include the folloWing: 

[0007] 1. The techniques used for the detection of events 
in bulk phase analysis are not sensitive enough to detect rare 
events Which may be due to loW sample amount or Weak 
interaction With probes. 

[0008] a. Detecting the presence of rare transcripts in 
mRNA pro?ling. This problem is related to the limited 
dynamic range of bulk analysis Which is in the order of 104 
Whereas the different abundance levels of mRNAs in a cell 
are in the 105 range. Hence to cater for the more common 
events, detection methods are not sensitive enough to detect 
rare events. 

[0009] b. In the amounts of samples that are usually 
available to perform genetic analysis there are not enough 
copies of each sequence in genomic DNA to be detected. 
Therefore the Polymerase Chain Reaction (PCR) is used to 
increase the amount of material from genomic DNA so that 
suf?cient signal for detection can be obtained from the 
desired loci. 

[0010] c. Due to secondary structure around certain target 
loci very feW hybridisation events go to completion. The feW 
that do, need to be detected. These events may be too feW to 
be detected by conventional bulk measurements. 

[0011] d. The number of analyte molecules in the sample 
is vanishingly small. For example, in pre-implantation 
analysis a single molecule must be analysed. In analysis of 
ancient DNA the amount of sample material available is 
oftenalso very small. 

[0012] 2. A rare event in a background of common events 
at a particular locus is impossible to detect in the bulk phase 
due to it being masked by the more common events. There 
are a number of instances Where this is important: 

[0013] a. Detecting loss of heteroZygosity (LOH) in 
tumours comprising mixed cell populations and early events 
in tumourigenesis. 

[0014] b. Determining minimal residual disease in patients 
With cancer and early detection of relapse by detecting 
mutation Within a Wild type background. 

[0015] c. Prenatal diagnosis of genetic disorders directly 
from the small number of foetal cells in the maternal 
circulation (hence detection from mother’s blood rather than 
from amniocentesis). 

[0016] d. Detection of speci?c alleles in pooled population 
samples. 

[0017] 3. It is dif?cult to resolve heterogeneous events. 
For example it is dif?cult to separate out the contribution (or 
the lack of) to signal from errors such as foldback, mis 
priming or self-priming from genuine signals based on the 
interactions being measured. 

[0018] 4. Complex samples such as genomic DNA and 
mRNA populations pose dif?culties. 

[0019] a. One problem is cross reactions of analyte species 
Within the sample. 

[0020] b. On arrays, Another is the high degree of erroro 
neous interactions Which in many cases are likely to be due 
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to mismatch interactions driven by high effective concen 
trations of certain species. This is one reason for loW signal 
to noise. A ratio as loW as 1112 has been used in published 
array studies for base calling (Cronin et al, Human Mutation 
71244-55, 1996). 
[0021] c. In some cases erroneous interactions can even be 

responsible for the majority of signal (Mir, K; D. Phil thesis, 
Oxford University, 1995). 

[0022] d. Detecting a true representative signal of a rare 
mRNA transcript Within a mRNA population is dif?cult. 

[0023] e. PCR is used in genetic analysis to reduce the 
complexity of sample from genomic DNA, so that the 
desired loci become enriched. 

[0024] 5. The bulk nature of conventional methods does 
not alloW access to speci?c characteristics (particularly, 
more than one feature) of individual molecules. One 
example in genetic analysis is the need to obtain genetic 
phase or haplotype information—the speci?c alleles asso 
ciated With each chromosome. Bulk analysis cannot resolve 
haplotype from a heteroZygotic sample. Current molecular 
biology techniques that are available, such as allele-speci?c 
or single molecule PCR are dif?cult to optimise and apply on 
a large scale. 

[0025] 6. Transient processes are dif?cult to resolve. This 
is needed When deciphering the molecular mechanisms of 
processes. Also transient molecular binding events (such as 
nucleation of a hybridisation event Which is blocked from 
propagation due to secondary structure in the target) have 
fractional occupancy times Which cannot be detected by 
conventional solid-phase binding assays. 

[0026] When tWo samples are compared, small differences 
in concentration (less than tWofold difference) are dif?cult to 
unequivocally discern. 

[0027] Microarray gene expression analysis using unam 
pli?ed cDNA target typically requires 106 cells or 100 
micrograms of tissue. Neither expression analysis nor analy 
sis of genetic variation can be performed directly on material 
obtained from a single cell Which Would be advantageous in 
a number of cases (eg analysis of mRNA from cells in early 
development or genomic DNA from sperm). 

[0028] Further, it Would be highly desirable if the ampli 
?cation processes that are required before most biological or 
genetic analysis could be avoided. 

[0029] PCR is used for the analysis of Variable Number of 
Tandem Repeats is central to Forensics and Paternity testing. 
Linkage studies have traditionally used Short Tandem 
repeats as markers analysis Which is performed by PCR. 

[0030] The need to avoid PCR is particularly acute in the 
large scale analysis of SNPs. The need to design primers and 
perform PCR on a large number of SNP sites presents a 
major draWback. The largest scales of analysis that are 
currently being implemented (eg using Orchid Bioscience 
and Sequenom systems) remain too expensive to alloW 
meaningful association studies to be performed by all but a 
feW large organiZations such as the Pharmaceutical compa 
nies. Although, the number of SNPs needed for associaton 
studies has been actively debated, the highest estimates are 
being revised doWn due to recent reports that there are large 
blocks of linkage disequilibrium Within the genome. Hence, 
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the number of SNPS needed to represent the diversity in the 
genome could be 10fold feWer than Was expected. HoWever, 
this needs to be taken With the caveat that there are some 
regions of the genome Where the extent of linkage disequi 
librium is far loWer and a greater number of SNPs Would be 
needed to represent the diversity in these areas. Even so, if 
each site had to be ampli?ed individually the task Would be 
enormous. In practice, PCR can be multiplexed. HoWever, 
the extent to Which this can be done is limited and increased 
errors, such as primer-dimer formation and mismatches as 
Well as the increased viscosity of reaction, present barriers 
to success and limits multiplexing to around ten sites in most 
laboratories. 

[0031] It is clear that the cost of performing SNP detection 
reactions on the scale required for high-throughput analysis 
of polymorphisms in a population is prohibitive if each 
reaction needs to be conducted separately, or if only a 
limited multiplexing possibility exists. A highly multi 
plexed, simple and cost-effective route to SNP analysis Will 
be required if the potential of pharmacogenomics, pharma 
cogenetics as Well as large-scale genetics is to be realised. 
DNA pooling is a solution for some aspects of genetic 
analysis but accurate allele frequencies must be obtained 
Which is difficult especially for rare alleles. 

[0032] Since it involves determining the association of a 
series of alleles along a single chromosome, the haploype is 
thought to be far more informative than the analysis of 
individual SNP. An international effort is underWay for 
making a comprehensive haplotype map of the human 
genome. Generally, haplotypes are determined is by long 
range allele speci?c PCR. HoWever, the construction of 
somatic cell hybrids prior to haplotype determination is an 
alternative method. 

[0033] A method for haplotyping on single molecules in 
solution has been proposed in patent (WO 01/90418), hoW 
ever, in this method the molecules are not surface captured, 
positional information of the SNP is not obtained and each 
SNP must be coded With a different colour. For several years, 
plans for large scale SNP analysis have been laid around the 
common disease-common variant(CD/CV) (i.e. common 
SNP) hypothesis of complex diseases (Reich D E and 
Lander E S Trends Genet 17: 502-50 2001)). The SNP 
consortium has amassed more than a million putatively 
common SNPs. HoWever practical use of this set is con 
founded by the fact that different SNPs may be common in 
different ethnic populations and many of the putative SNPs 
may not be truly polymorphic. Furthermore, the CD/CV 
hypothesis has recently come under challenge from asser 
tions that rare alleles may contribute to the common diseases 
(Weiss K M, Clark A G, Trends Genet 2002 J anu 
ary;18(1):19-24). If this Were the case, although “new” rare 
alleles Would be suf?ciently in linkage disequilibrium With 
a common SNP for the association With the region that 
contains both to be successfully made, if the allele Was 
“ancient” and rare then the common SNPs and haplotype 
maps Would not represent the diversity. In this scenario 
alternative strategies are needed to ?nd causative regions. 
Instead of genome-Wide scan of common SNPs it may be 
that there Will be a need for Whole genome sequencing or 
re-sequencing of thousands of case and control samples to 
access all variants. The commercial sequencing of the 
human genome, Which built on information from the public 
genome project, cost approximately 300 million dollars over 
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a period of about one year. This cost and timescale is 
prohibitive as an alternative to SNP analysis for ?nding 
associations betWeen DNA sequence and disease. Clearly, if 
sequencing is to replace current approaches to large scale 
genetic studies, radically different methods are needed. 

[0034] It Would be advantageous if sequencing runs could 
be on the scale of genomes or at least small genomes or 
Whole genes. Even increasing read-lengths beyond 300-500 
nt Would be useful. Today, sequencing is almost exclusively 
done by the Sanger dideoXy method. Anumber of alternative 
sequencing methods have been suggested but none are in use 
today. These methods include: 

[0035] 1 Sequencing by synthesis 

[0036] 2 Direct analysis of the sequence of a single 
molecule 

[0037] 3 Sequencing by Hybridisation 

[0038] Re-sequencing by chip methods is an alternative to 
de-novo sequencing. The 21.7 million bases of non-repeti 
tive sequence of chromosome 21 has recently been re 
sequenced by chip methods by Patil et al (Science 294: 
1719-1722, 2001).The haplotype structure Was conserved in 
this study by making somatic cell hybrids prior to chip 
analysis. HoWever, the cost of large scale re-sequencing by 
this method is still high and only 65% of the bases that Were 
probed gave results of enough con?dence for the base to be 
called. 

SUMMARY OF THE INVENTION 

[0039] The present invention overcomes the above-men 
tioned practical limitations associated With bulk analysis. 
This can be achieved by the precision, richness of informa 
tion, speed and throughput that can be obtained by taking 
analysis to the level of single molecules. The present inven 
tion particularly addresses problems of large-scale and 
genome-Wide analysis. 
[0040] In recent years methods have been developed for 
detecting and analysing individual molecules on surfaces or 
in solution. For eXample, single molecule methods using 
optical laser-trapping have been developed to study the 
transcription of immobilised RNA polymerase molecules 
(Yin et al., 1995, Science 270: 1653-56). In addition, indi 
vidual ATP turnover by single myosin molecules has been 
visualised using evanescent Wave excitation (Funatsu et al., 
1995, Nature 374: 555-59). Moreover, analysis has been 
performed on single molecules in unampli?ed genomic 
DNA (Castro A. and Williams J G K, 1997, Anal. Chem. 
69:3915-3920). 
[0041] To date single molecule analysis has only been 
conducted in simple eXamples but as mentioned above the 
challenge of modern genetics and other areas is to apply tests 
on a large scale. An important aspect of any single molecule 
detection technique for rapid analysis of large numbers of 
molecules is a system for sorting and tracking (or folloWing) 
individual reactions on single molecules in parallel. Captur 
ing and resolving single molecules on spatially addressable 
arrays of single molecules of knoWn or encoded sequence 
can achieve this. 

[0042] In present bulk methods, analysis is done by look 
ing at the ensemble signal from all molecules in the assay. 
The spatial density of probe molecules or the assay signals 
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that are obtained are at too high a density to resolve single 
molecules by the methods in general use (eg microarray 
scanners). 
[0043] The approach of the present invention is set apart 
from traditional bulk array technologies inter alia by the type 
of information it aims to acquire. Furthermore it describes 
arrays in Which the density of functional molecules is 
substantially loWer than those of bulk arrays. The loW 
density signals from these arrays may not be suf?ciently 
readable by instrumentation typically used for analysing the 
results of bulk arrays particularly due to high background. 
The manufacture of single molecule arrays of the invention 
requires special measures as described herein. 

[0044] Accordingly, the present invention provides in a 
?rst embodiment a method for producing a molecular array 
Which method comprises immobilising on a solid phase a 
plurality of molecules at a density Which alloWs individual 
immobilised molecules to be individually resolved, Wherein 
the identity of each individual molecule in the array is 
spatially addressable and the identity of each molecule is 
knoWn or determined prior to immobilisation. 

[0045] The present invention also provides a method for 
producing a molecular array Which method comprises 
immobilising to a solid phase a plurality of de?ned mol 
ecules at a density Which alloWs an individual immobilised 
molecule to be individually resolved by a method of choice, 
Wherein each individual molecule in the array is spatially 
addressable. 

[0046] In a second embodiment, the present invention 
provides a method for producing a molecular array Which 
method comprises: 

[0047] providing a molecular array comprising a 
plurality of molecules immobilised to a solid phase 
at a density such that individual immobilised mol 
ecules are not capable of being individually resolved; 
and 

[0048] (ii) reducing the density of functional immo 
bilised molecules in the array such that the remaining 
individual functional immobilised molecules are 
capable of being individually resolved; 

[0049] Wherein the identity of each individual functional 
molecule in the resulting array is spatially addressable and 
the identity of each molecule is knoWn or determined prior 
to the density reduction step. 

[0050] The present invention also provides a method for 
producing a molecular array Which method comprises: 

[0051] providing a molecular array comprising a 
plurality of de?ned spatially addressable molecules 
immobilised to a solid phase at a density such that 
individual immobilised molecules are not capable of 
being individually resolved by optical means or 
another method of choice; and 

[0052] (ii) reducing the density of functional immo 
bilised molecules in the array such that each remain 
ing individual functional immobilised molecule is 
capable of being individually resolved. 

[0053] Preferably the immobilised molecules are present 
Within discrete spatially addressable elements. In one such 
embodiment, a plurality of molecular species are present 
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Within one or more of the discrete spatially addressable 
elements and each molecular species in an element can be 
distinguished from other molecular species in the element by 
means of a label. In another embodiment the plurality of 
molecules are not distinguishable by a label but comprise a 
degenerate set of sequences, for example representing mem 
bers of a gene family, according to Which they can be 
distinguished. 

[0054] The present invention also provides a molecular 
array obtained by the above ?rst and second embodiments of 
the invention. 

[0055] The present invention further provides means to 
analyse the array of single molecules, Wherein a physical, 
chemical or other property can be determined. For example, 
molecules Which ?uoresce at a certain tested Wavelength can 
be directly sampled. 

[0056] The present invention further provides a number of 
techniques for detecting interactions betWeen sample mol 
ecules and the constituent molecules of molecular arrays. 

[0057] Accordingly, the present invention provides the use 
of a molecular array in a method of identifying one or more 
array molecules Which interact With a target, Which molecu 
lar array comprises a plurality of molecules immobilised to 
a solid phase at a density Which alloWs each individual 
immobilised molecule to be individually resolved, Wherein 
the identity of each individual immobilised molecule is 
known due to its location Within a spatially addressable 
array and the identity of each immobilised molecule is 
knoWn or Wherein the identity of each individual molecule 
is encoded and can be decoded, for example With reference 
to a look up table. 

[0058] Typically said method comprises contacting the 
array With the sample and interrogating one or more indi 
vidual immobilised molecules to determine Whether a target 
molecule has bound. 

[0059] Preferably the target molecule or the probe-target 
molecule complex is labelled. 

[0060] Preferably interrogation is by an method for detect 
ing electromagnetic radiation such as a method selected 
from far-?eld optical methods, near-?eld optical methods, 
epi-?uorescence spectroscopy, confocal microscopy, tWo 
photon microscopy, and total internal re?ection microscopy, 
Where the target molecule or the probe-target molecule 
complex is labelled With an electromagnetic radiation emit 
ter. Other methods of microscopy, such as atomic force 
microscopy (AFM) or other scanning probe microscopies 
(SPM) are also appropriate. Here it may not be necessary to 
label the target or probe-target molecule complex. Alterna 
tively, labels that can be detected by detected by SPM can 
be used. 

[0061] In one embodiment, the immobilised molecules are 
of the same chemical class as the target molecules. In 
another embodiment, the immobilised molecules are of a 
different chemical class to the target molecules. 

[0062] In a preferred aspect, target molecules are genomic 
DNA or cDNA or mRNA. Accordingly, the molecular array 
can be used, for example, in sequence analysis, gene expres 
sion analysis and in the detection of single nucleotide 
polymorphisms in a sample of nucleic acids. 
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[0063] Thus in one preferred embodiment the immobilised 
molecules of the array and the target molecules are nucleic 
acids and the contacting step takes place under conditions 
Which alloW hybridisation of the immobilised molecules to 
the target molecules. 

[0064] The molecular array can also be used more gener 
ally in identifying compounds Which interact With one or 
more molecules in the array. In this case the preferred targets 
are small molecules, RNAs, cDNAs, proteins or genomic 
DNA. 

[0065] Particular applications of molecular arrays accord 
ing to the invention, and of single molecule detection 
techniques in general, are set forth herein. Particularly 
preferred uses include the analysis of nucleic acid, such as 
in SNP typing, sequencing and the like, in biosensors and in 
genetic approaches such as association studies and in 
genomics and proteomics. 

[0066] In a further aspect, the invention relates to a 
method for typing single nucleotide polymorphisms (SNPs) 
and mutations in nucleic acids, comprising the steps of: 

[0067] a) providing a repertoire of probes comple 
mentary to one or more nucleic acids present in a 
sample, Which nucleic acids may possess one or 
more polymorphisms, said repertoire being pre 
sented such that molecules may be individually 
resolved; 

[0068] b) exposing the sample to the repertoire and 
alloWing nucleic acids present in the sample to 
hybridise to the probes at a desired stringency, and 
optionally further processing; 

[0069] c) detecting binding events or the result of 
processing. 

[0070] The detection of binding events can be aided by 
eluting the unhybridised nucleic acids from the repertoire 
and detecting individual hybridised nucleic acid molecules. 

[0071] Advantageously, the repertoire is presented as an 
array, Which is preferably an array as described hereinbe 
fore. 

[0072] The present invention is particularly applicable to 
DNA pooling strategies in genetic analysis and detection of 
loW frequency polymorphisms. DNA pooling strategies 
involve mixing multiple samples together and analysing 
them together to save costs and time. 

[0073] The present invention is also applicable to detec 
tion of loW frequency mutations in a Wild type background. 

[0074] The present invention can also be applied Where 
the amount of sample material is loW such as in biosensor or 
chemical sensor applications. 

[0075] The invention is moreover applicable to haplotyp 
ing, in Which a multiallelic probe set is used to analyse each 
sample molecule for tWo or more features simultaneously. 
For example, a ?rst probe can be used to immobilise the 
sample nucleic acid to the solid phase, and optionally 
simultaneously to identify one polymorphism or mutation; 
and a second probe can be used to hybridise With the 
immobilised sample nucleic acid and detect a second poly 
morphism or mutation. Thus, the ?rst probe (or biallelic 
probe set) is arrayed on the solid phase, and the second probe 
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(or biallelic probe set) is provided in solution (or is also 
arrayed; see below). Further probes can be used as required. 
Thus, the method of the invention may comprise a further 
step of hybridising the sample nucleic acids With one or 
more further probes in solution. 

[0076] The signals generated by the ?rst and second 
probes can be differentiated, for example, by the use of 
differentiable signal molecules such as ?uorophores emit 
ting at different Wavelengths, as described in more detail 
beloW. Moreover, the signals can be differentiable based on 
their location along the target molecule on the solid phase. 
To aid localisation of signal along the molecule, molecules 
can be stretched out by methods knoWn in the art. 

[0077] In a still further aspect, the invention relates to a 
method for determining the sequence of one or more target 
DNA molecules. Such a method is applicable, for eXample, 
in a method for ?ngerprinting a nucleic acid sample, as 
described beloW. Moreover the method can be applied to 
complete or partial sequence determination of a nucleic acid 
molecule. 

[0078] Thus, the invention provides a method for deter 
mining the complete or partial sequence of a target nucleic 
acid, comprising the steps of: 

[0079] a) providing a repertoire of probes comple 
mentary to one or more nucleic acids present in a 
sample, said ?rst repertoire being presented such that 
molecules may be individually resolved; 

[0080] b) hybridising a sample comprising a target 
nucleic acid to the probes; 

[0081] c) hybridising one or more further probes of 
de?ned sequence to the target nucleic acid; and 

[0082] d) detecting the binding of individual further 
probes to the target nucleic acid. 

[0083] Advantageously, the further probes are labelled 
With labels Which are differentiable, such as different ?uo 
rophores. 

[0084] Advantageously, the repertoire is presented as an 
array, Which is preferably an array as described hereinbe 
fore. 

[0085] In an advantageous embodiment, target nucleic 
acids are captured on the solid phase surface at multiple 
points, Which alloWs the molecule to be arranged horiZon 
tally on the surface and optionally sites of multiple capture 
are in such locations that the target molecule is elongated. In 
a further embodiment the molecule is attached by a single 
point and physical measures are taken to horiZontalise it. 
Hybridisation of further probes can then be determined 
according to position as Well as according to differences in 
label. 

[0086] In a further embodiment, the invention provides a 
method for determining the number of sequence repeats in 
a sample nucleic acid, comprising the steps of: 

[0087] a) providing one or more probes complemen 
tary to one or more nucleic acids present in a sample, 
Which nucleic acids may possess one or more 
sequence repeats, said probes being presented such 
that molecules may be individually resolved; 
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[0088] b) hybridising a sample of nucleic acid com 
prising the repeats 

[0089] c) contacting the nucleic acids With labelled 
probes complementary to said sequence repeats, or a 
polymerase and nucleotides; and 

[0090] d) determining the number of repeats present 
on each sample nucleic acid by individual assess 
ment of the number of labels incorporated into each 
molecule, such as by measuring the brightness of the 
signal produced by the labels; Wherein in a preferred 
embodiment signal is only processed from molecules 
to Which a second solution oligonucleotide labelled 
With a different label is also incorporated. 

[0091] The results can be analysed in terms of intensity 
ratios of the repeat probes labelled With ?rst colour and the 
second probe labelled With a second colour. 

[0092] Advantageously, the repertoire is presented as an 
array, Which is preferably an array as described hereinbe 
fore. 

[0093] The invention moreover provides a method for 
analysing the expression of one or more genes in a sample, 
comprising the steps of: 

[0094] a) providing a repertoire of probes comple 
mentary to one or more nucleic acids present in a 
sample, said repertoire being presented such that 
molecules may be individually resolved; 

[0095] b) hybridising a sample comprising said 
nucleic acids to the probes; 

[0096] c) determining the nature and quantity of 
individual nucleic acid species present in the sample 
by counting single molecules Which are hybridised 
to the probes. 

[0097] In some cases the individual molecule can be 
further probed by sequences that can differentiate alternative 
transcripts or different members of a gene family. 

[0098] Advantageously, the repertoire is presented as an 
array, Which is preferably an array as described hereinbe 
fore. 

[0099] Preferably, the probe repertoire comprises a plu 
rality of probes of each given speci?city, thus permitting 
capture of more than one of each species of nucleic acid 
molecule in the sample. This enables accurate quantitation 
of eXpression levels by single molecule counting. 

[0100] In another embodiment the target sample, contain 
ing a plurality of copies of each species is immobiliZed and 
spread out on a surface and a plurality of probe molecules 
are gridded on top of this ?rst layer. Each gridded spot 
contains Within its area at least one copy of each target 
species. After a Wash step, the molecules that have bound are 
determined. 

[0101] The present invention provides a method for deter 
mining the sequence of all or part of a target nucleic acid 
molecule Which method comprises: 

[0102] immobilising the target molecule to a solid 
phase at tWo or more points such that the molecule 
is substantially horiZontal With respect to the surface 
of the solid phase; 
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[0103] (ii) straightening the target molecule during or 
after immobilisation; 

[0104] (iii) contacting the target molecule With a 
nucleic acid probe of known sequence; and 

[0105] (iv) determining the position Within the target 
molecule to Which the probe hybridises. 

[0106] (v) repeating steps to (iv) as necessary; and 

[0107] (vi) reconstructing the sequence of the target 
molecule. 

[0108] Preferably the target molecule is contacted With a 
plurality of probes, more preferably each probe is encoded, 
for eXample labelled With a different detectable label or tag. 

[0109] The target molecule can be contacted sequentially 
With each of the plurality of probes. In one embodiment each 
probe is removed or its label is removed or photobleached 
from the target molecule prior to contacting the target 
molecule With a different probe. Typically, the probes are 
removed by heating, modifying the salt concentration or pH, 
or by applying an appropriately biased electric ?eld. Alter 
natively, another oligonucleotide complementary to the 
probe molecule and Which forms a stronger hybrid than the 
target strand, can displace the target strand. In another 
embodiment neither the probe or its label are removed, but 
rather their position’s of interaction along the molecule are 
recorded before another probe is added. After a certain 
number of probe additions, bound probes must be removed 
befor binding more probes. 

[0110] Alternatively the target molecule is contacted With 
all of the plurality of probes substantially simultaneously. 

[0111] In one embodiment the target is substantially a 
double stranded molecule and is hybridised to an LNA or 
PNA probe by strand invasion. 

[0112] In another embodiment the target double strand is 
combed (or ?bre FISH ?bres are made) on a surface and 
denatured before or after combing. 

[0113] In another embodiment the target is substantially 
single stranded and is made accessible for subsequent 
hybridisation by stretching out/straightening, Which can be 
achieved by capilliary forces acting on the target in solution. 

[0114] In one embodiment, Where it is desired to deter 
mine the sequence of single-stranded molecules, the target 
nucleic acid molecule is a double-stranded molecule and is 
derived from such a single-stranded nucleic acid molecule of 
interest by synthesising a complementary strand to said 
single-stranded nucleic acid. 

[0115] The present invention also provides a method for 
determining the sequence of all or part of a target single 
stranded nucleic acid molecule Which method comprises: 

[0116] immobilising the target molecule to a solid 
phase at one, tWo or more points such that the 
molecule is substantially horiZontal With respect to 
the surface of the solid phase; 

[0117] (ii) straightening the target molecule during or 
after immobilisation; 

[0118] (iii) contacting the target molecule With a 
plurality of nucleic acid probes of knoWn sequence, 
each probes being labelled With a different detectable 
label; and 
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[0119] (iv) ligating bound probes to form a comple 
mentary strand. Where the probes are not bound in a 
contiguous manner, it is preferred prior to step (iv), 
to ?ll any gaps betWeen bound probes by polymeri 
sation primed by said bound probes. 

[0120] The present invention also provides a method for 
determining the sequence of all or part of a target single 
stranded nucleic acid molecule Which method comprises: 

[0121] contacting the target molecule With a plu 
rality of nucleic acid probes of knoWn sequence, 
each probes being labelled With a different detectable 
label; 

[0122] (ii) ligating bound probes to form a comple 
mentary strand; 

[0123] (iii) immobilising the target molecule to a 
solid phase at one or more points such that the 
molecule is substantially horiZontal With respect to 
the surface of the solid phase; and 

[0124] (ii) straightening the target molecule during or 
after immobilisation. 

[0125] Where the probes are not bound in a contiguous 
manner, it is preferred, prior to step (iii), to ?ll any gaps 
betWeen bound probes by polymerisation primed by said 
bound probes. The position Where each ligation probe is 
attached is recorded during or after the process. 

[0126] Typically, in any of the above embodiments, the 
solid phase is a substantially ?at solid substrate or a bead/ 
particle or rod/bar. “Solid phase”, as used herein, refers to 
any material Which is isolatable from solitions and thus 
includes porous materials, gels and gel-covered materials. 

[0127] The present invention also provides an array pro 
duced or obtainable by any of the above methods. 

[0128] The invention relates to coupling the preparation of 
single molecule arrays and Performing assays on single 
molecule arrays. Particularly When either or both of these are 
coupled to Detection/Imaging of single molecules in arrays 
and Assays based on counting single molecules or recording 
and making measuremtnsof signals on single molecules. 

[0129] The present invention also provides softWare and 
algorithmic approaches for processing of data from the 
above methods. 

BRIEF DESCRIPTION OF THE FIGURES 

[0130] FIG. 1 illustrates encoded probing of single mol 
ecules; 
[0131] FIG. 2 illustrates complemetary strand synthesis 
by ligation; 
[0132] FIG. 3 illustrates gap ?ll ligation; 

[0133] FIG. 4 illustrates the use of secondary anti-probe 
labels; 
[0134] FIG. 5 illustrates a biosensor array according to the 
invention; 
[0135] FIG. 6 illustrates SNP detection. 

[0136] FIG. 7a. Image of Microarray scan under normal 
settings. The array carries a dilution series over 12 orders of 
magnitude concentration from (top to bottom) and a range of 
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oligonucleotide attachment methods from (left to right) for 
alternative cy3 and cy5 labelled oligonucleotides, b. The 
same array but With decreased gamma setting, c. Amicroar 
ray spot from the same array but analysed by Total Internal 
Re?ection Microscopy (TIRE) so that single molecules can 
be detected (red arroWs point to ?uorescence from a single 
molecule), d. Plot of intensity versus time for a single 
molecule signal, shoWing blinking and one step pho 
tobleaching. 

[0137] FIG. 8 shoWs the counting of single molecules by 
TIRF 

[0138] FIG. 9a, Concatemerised lambda phage stretched 
out on a microscope slide (FOV approx. 250 microns). b, 
Sequence repetitively probed on lambda concatemer 
(arroW). 
[0139] FIG. 10: Spatially addressable combed Lambda 
DNA spots. 10A: array hybridisation and combing of lamda 
DNA spots With high probe concentration, 100x objective 
magni?cation; 10B: array hybridisation and combing of 
lamda DNA spots With loW probe concentration, 100x 
objective magni?cation; 10C: array hybridisation and comb 
ing of lamda DNA spots, 100x objective magni?cation; 
10D: array hybridisation and combing of lamda DNA spots, 
10>< objective magni?cation 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0140] Unless de?ned otherWise, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art (e.g., in cell 
culture, molecular genetics, nucleic acid chemistry, hybrid 
iZation techniques and biochemistry). Standard techniques 
are used for molecular, genetic and biochemical methods 
(see generally, Sambrook et al., Molecular Cloning: ALabo 
ratory Manual, 2nd ed. (1989) Cold Spring Harbor Labora 
tory Press, Cold Spring Harbor, NY. and Ausubel et al., 
Short Protocols in Molecular Biology (1999) 4th Ed, John 
Wiley & Sons, Inc.><and the full version entitled Current 
Protocols in Molecular Biology, Which are incorporated 
herein by reference) and chemical methods. See also 
Genomics, The Science and Technology Behind the Human 
Genome Project [1999]; Charles Cantor and Cassandra 
Smith (John Wiley and Sons) for genomics technology and 
methods including sequencing by hybridisation. DNA 
Microarray: A Practical Approach [1999] Ed: M. Schena, 
(Oxford University Press) and Nature Genetics Vol. 21 
Chipping Supplement (1999) can be refered to for array 
methods. 

[0141] The present invention possesses many advantages 
over conventional bulk analysis of molecular arrays. One of 
the key advantages is that, in accordance With the present 
invention, speci?c PCR ampli?cation of target molecules 
can be dispensed With due to the sensitivity of single 
molecule analysis. Thus, there is no requirement to amplify 
target nucleic acids, Which is a very cumbersome task When 
analysis is large scale or requires rapid turnaround and 
Which can introduce errors due to non-linear ampli?cation of 
target strands and the under-representation of rare molecular 
species often encountered With PCR. 

[0142] Moreover, the methods of the invention can be 
multiplexed to a very high degree. Samples can comprise 
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pooled genomes of target and control subject populations 
respectively, since accurate analysis of allele frequencies 
can be accurately determined by single molecule counting. 
Since more than a single site on each molecule can be 
probed, haplotype information is easily determined. There is 
also the possibility of obtaining haplotype frequencies. Such 
methods are particularly applicable in association studies, 
Where SNP frequencies are correlated With diseases in a 
population. The expense of single SNP typing reactions can 
be prohibitive When each study requires the performance of 
millions of individual reactions; the present invention per 
mits millions of individual reactions to be performed and 
analysed on a single array surface. 

[0143] A. Methods of Manufacturing LoW Density Arrays. 

[0144] The present invention is in one aspect concerned 
With the production of molecular arrays Wherein the indi 
vidual molecules in the array are at a suf?ciently loW density 
such that the individual molecules can be individually 
resolved—i.e. When visualised using the method of choice, 
each molecule can be visualised separately from neighbour 
ing molecules, regardless of the identity of those neighbour 
ing molecules. The required density varies depending on the 
resolution of the visualisation method. As a guide, molecules 
are preferably separated by a distance of approximately at 
least 250, 500, 600, 700 or 800 nm in both dimensions When 
the arrays are intended for use in relatively loW resolution 
optical detection systems (the diffraction limit for visible 
light is about 300 to 500 nm). If nearest neighbour single 
molecules are labelled With different ?uors, or their func 
tionaliZation (see beloW) can be temporally resolved, then it 
is possible to obtain higher resolution by deconvolution 
algorithms and/or image processing. Alternatively, Where 
higher resolution detection systems are used, such as scan 
ning near-?eld optical microscopy (SNOM), then separation 
distances doWn to approx. 50 nm can be used. As detection 
techniques improve, it may be possible to reduce further the 
minimum distance. The use of non-optical methods, such as 
AFM, alloWs the reduction of the feature-to-feature distance 
effectively to Zero. 

[0145] Since, for example, during many immobilisation 
procedures or density reduction procedures, the probability 
of all molecules being separated by at least the minimum 
distance required for resolution is loW, it is acceptable for a 
proportion of molecules to be closer than that minimum 
distance. HoWever, it is preferred that at least 50%, more 
preferably at least 75, 90 or 95% of the molecules are at the 
minimum separation distance required for individual reso 
lution. 

[0146] Furthermore, the actual density of molecules in the 
array can be higher than the maximum density alloWed for 
individual resolution since only a proportion of those mol 
ecules Will be detectable using the resolution method of 
choice. Thus Where resolution, for example, involves the use 
of labels, then provided that individually labelled molecules 
can be resolved, the presence of higher densities of unla 
beled molecules is immaterial. 

[0147] Hence the individual molecules in the array are at 
densities normal to bulk analysis but the array is functiona 
lised so that only a subset of molecules, substantially all of 
Which can be individually resolved are analysed. This func 
tionaliZation can be done before an assay is performed on the 
array. In other instances, the functionalisation is due to the 
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assay. For example, the assay can be con?gured so that the 
amount of sample that is added is so loW that interaction 
only occur With a fraction of the molecules of the array. 
Since the label that is detected is speci?cally associated With 
the occurance of these interactions, a loW density of mol 
ecules is functionalised from a higher density array. Hence 
a normal density array is effectively an intermediate state 
before the active product is achieved in Which single mol 
ecules can be resolved and analysed. 

[0148] Molecules that can be immobilised in the array 
include nucleic acids such as DNA and analogues and 
derivatives thereof, such as PNA. Nucleic acids can be 
obtained from any source, for example genomic DNA or 
cDNA or synthesised using knoWn techniques such as 
step-Wise synthesis. Nucleic acids can be single or double 
stranded. DNA nanostructures or other supramolecular 
structures can also be immobilised. Other molecules 
include: compounds joined by amide linkages such as pep 
tides, oligopeptides, polypeptides, proteins or complexes 
containing the same; de?ned chemical entities, such as 
organic molecules; conjugated polymers and carbohydrates 
or combinatorial libraries thereof. 

[0149] In several embodiments, the chemical identity of 
the molecules must be knoWn or encoded prior to manufac 
ture of the array by the methods of the present invention. For 
example, the sequence of nucleic acids (or at least all or part 
of the sequence of the region that is used to bind sample 
molecules) and the composition and structure of other 
compounds should be knoWn or encoded in such a Way that 
the sequence of molecules of interest can be determined With 
reference to a look-up table. The term “spatially address 
able”, as used herein, therefore signi?es that the location of 
a molecule speci?es its identity (and in spatial combinatorial 
synthesis, the identity is a consequence of location). 

[0150] Molecules can be labelled to enable interrogation 
using various methods. Suitable labels include: optically 
active dyes, such as ?uorescent dyes; nanoparticles such as 
?uorospheres and quantum dots, rods or nanobars; and 
surface plasmon resonant particles (PRPs) or resonance light 
scattering particles (RLSs)—particles of silver or gold that 
scatter light (the siZe and shape of PRP/RLS particles 
determines the Wavelength of scattered light). See SchultZ et 
al., 2000, PNAS 97: 996-1001; Yguerabide, J. and Yguera 
bide E., 1998, Anal Biochem 262: 137-156. 

[0151] In the resulting arrays, it is preferred that molecules 
are arranged in discrete elements. Generally, each element is 
adjacent to another or at least 1 pm apart and/or less than 10, 
20, 50, 100 or 300 pm apart. The siZe of the array elements 
can vary. Because the sensitivity of detection is single 
molecular, a single array element may contain one or very 
feW probe molecules. In this case the siZe of element may be 
at the sub-100 nm level. In other instances Where it is 
necessary to maximise the number of molecules that are 
counted in a single array element, the microarray element 
may be in excess of 500 microns. The typical dimensions of 
a microarray element created by spotting is betWeen 150 and 
300 microns. Each element is spatially addressable so the 
identity of the molecules present in each element is knoWn 
or can be determined on the basis of a prior coding. Thus if 
an element is interrogated to determine Whether a given 
molecular event has taken place, the identity of the immo 
bilised molecule is already knoWn by virtue of its position in 
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the array. In a preferred embodiment, only one molecule 
species is present Within each element, in single or multiple 
copies. Where present in multiple copies, it is preferred that 
individual molecules are individually resolvable. In one 
embodiment, elements in the array can comprise multiple 
species that are individually resolvable. Typically, multiple 
species are differentially labelled such that they can be 
individually distinguished. By Way of example, an element 
can comprise a number of different probes for detecting 
single nucleotide polymorphisms alleles, each probe having 
a different label such as a different ?uorescent dye. 

[0152] Molecular arrays produced by the methods of the 
invention preferably comprise at least 10 distinct molecular 
species, more preferably at least 50 or 100 different molecu 
lar species. For gene expression analysis applications, the 
number of array elements may be ultimately determined by 
the number of genes. For SNP analysis the number of 
elements may be determined by the number of SNPs 
required to adequately sample the diversity of the genome. 
For sequencing applications the number of elements may be 
determined by the siZe the genome is fragmented into, for 
example for fragments of 50, 000 kb, 20,000 elements may 
be needed to represent all of the genome, and feWer elements 
Would be required to represent the coding regions. 

[0153] TWo possible approaches for manufacturing loW 
density arrays for use in the present invention are outlined 
beloW. 

[0154] 
[0155] In one embodiment of the present invention, loW 
density molecular arrays are produced by immobilising 
pluralities of molecules of knoWn composition to a solid 
phase. Typically, the molecules are immobilised onto or in 
discrete regions of a solid substrate. The substrate can be 
porous to alloW immobilisation Within the substrate (e.g. 
Benoit et al., 2001, Anal. Chemistry 73: 2412-242) or 
substantially non-porous, in Which case the molecules are 
typically immobilised on the surface of the substrate. 

i. De novo Fabrication 

[0156] The solid substrate can be made of any material to 
Which the molecules can be bound, either directly or indi 
rectly. Examples of suitable solid substrates include ?at 
glass, quartZ, silicon Wafers, mica, ceramics and organic 
polymers such as plastics, including polystyrene and poly 
methacrylate. The surface can be con?gured to act as an 
electrode or a thermally conductive substrate (Which 
enhances the hybridisation or discrimination process). For 
example, micro and sub-micro electrodes can be formed on 
the surface of a suitable substrate using lithographic tech 
niques. Smaller, nanoelectrodes can be made by electron 
beam Writing/lithography. Electrodes can also be made 
using conducting polymers Which can be pattern a substrate 
by ink-jet printing devices by soft lithography or be applied 
homogenously by Wet chemistry. TnO2 coated glass sub 
strated are available. Electrodes can be provided at a density 
such that each immobilised molecule has its oWn electrode 
or at a higher density such that groups of molecules or 
elements are connected to an individual electrode. Alterna 
tively, one electrode may be provided as a layer beloW the 
surface of the array Which forms a single electrode. 

[0157] The solid substrate may optionally be interfaced 
With a permeation layer or a buffer layer. It is also possible 
to use semi-permeable membranes such as nitrocellulose or 




























































































