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Abstract: A fiber optic microsphere-based oligonucleotide array is described that employs the sequence
of the oligonucleotide probe attached to each microsphere as positional identifiers. Each microsphere serves
as an immobilized array feature, functionalized with a unique single-stranded oligonucleotide sequence
and randomly distributed into an array of microwells. To determine the sequences attached to individual
microspheres, a series of fluorescently labeled combinatorial-pooled oligonucleotide target solutions was
designed. Each combinatorial decoding solution is intended to identify the nucleotide at a particular position
on every microsphere in the array. The combinatorial target solutions were synthesized by linking the four
possible nucleotides at each position to four different fluorescent reporter dyes. As such, when the solutions
were hybridized to the array, one of four possible fluorescent responses was generated for each position
on a microsphere probe sequence. Adjusting the stringency of hybridization enabled single-base mismatch
discrimination, and the signal with the highest intensity corresponded to the perfect nucleotide match. By
consecutively exposing the array to a series of combinatorial decoding pool solutions, it was possible to
simultaneously determine the sequence of every randomly positioned oligonucleotide-functionalized
microsphere in the array. Once mapped, the microsphere array can be used for any typical genomic
microarray experiment.

Introduction dard array features are needed to sequence only a few hundred
bases. Present methods for large-scale genomic analysis are still

In the past decade, a multitude of novel approaches for : - . . .
. . . . restricted either by the overall microarray size or by a particular
genomic analysis has been developed for deciphering the com-,

plex nature of genomic information. Of these approaches, micro- bias about which sequences are displayed on the array, due to

. the limited number of features that can be present on the
arrays have emerged as likely frontrunner platforms for large- . . ;
. . . microarray substrate. With the large number of projected human
scale, high-throughput, parallel analydedélhile microarrays

have proven extremely adept at parallel analyses, they have alsé)rotem-codlng genes<3 x 10), human polymorphisms-4

. ) : 1f), and the number of genomes still to be sequenced, there
served to underscore the hurdles inherent with the sheer size o .
. are few methods available to correlate complex patterns of gene
complete genomes. Many microarray formats are currently used

for genomic comparisors® or single nucleotide polymorphism profile§ in their enti.rety An important remaining challenge is.
(SNP) detectiort5 but aré limited by their feature size and to design an effective analytical method that provides a rapid,

scalability. Scalability is also an extremely important factor in accurate, sensitive, and cost-effective approach for large-scale

. S S N i studies. We have previously described a fiber optic platform
genomic sequencing-by-hybridizatiénwhere~65 000 stan with the highest packing density of any array forma@(x

—
(1) Lockhart, D. J.. Winzeler, E. ANature 200Q 405, 827—836. 10’ microsphere sensors/@mnthat can better address these

(2) Tettelin, H.; Masignani, V.; Cieslewicz, M. J.; Eisen, J. A.; Peterson, S.; limitations8-10

Mot LG ot AN Bomnan s Frmikae W Dansherty s, The fiber optic microarray platform (Figure 1) entails random

C.; DeBoy, R. T.; Durkin, A. S.; Kolonay, J. F.; Madupu, R.; Lewis, M. self-assembly of oligonucleotide-functionalized microspheres
R.; Radune, D.; Fedorova, N. B.; Scanlan, D.; Khouri, H.; Mulligan, S.; . fib . . Il 10 Th . I .
Carty, H. A.: Cline, R. T.; Van Aken, S. E.; Gill, J.: Scarselli, M.; Mora,  INt0 & fiber optic microwe array. 1% The microwell array is

M.; lacobini, E. T.; Brettoni, C.; Galli, G.; Mariani, M.; Vegni, F.; Maione,  formed via selective etching of an imaging fiber bunti@his
D.; Rinaudo, D.; Rappuoli, R.; Telford, J. L.; Kasper, D. L.; Grandi, G.; . . .
Fraser, C. MProc. Natl. Acad. Sci. U.S./2002 99, 12391-12396. microsphere-based array platform allows rapid response, high-
(©) M;knegig:egc%sﬁo?z'o'\g'z; Sgaé(é%?%gg S.; Zhang, Y.; Kaur, M.; Price, B. D.  throughput, extremely low detection limits, and is reusable. A
(4) Lindroos, K.: Sigurdsson, S.; Johansson, K.; Ronnblom, L.; Syvanen, Single microsphere-based array has been used more than 100
A.-C. Nucleic Acids Re2002 30, e70/71e70/79. i i ini i i ili
(5) Huber, M.; Mundlein, A.; Dornstauder, E.; Schneeberger, C.; Tempfer, C. times with minimal Slgnal degradatl@nThe ablhty to reuse
B.; Mueller, M. W.; Schmidt, W. MAnal. Biochem2002 303 25—33.
(6) Parinov, S.; Barsky, V.; Yershov, G.; Kirillov, E.; Timofeev, E.; Belgovskiy, (8) Epstein, J. R.; Lee, M.; Walt, D. FAnal. Chem2002 74, 1836-1840.

A.; Mirzabekov, A.Nucleic Acids Res1996 24, 2998-3004. (9) Ferguson, J. A.; Steemers, F. J.; Walt, DARal. Chem200Q 72, 5618~
(7) Chechetkin, V. R.; Turygin, A. Y.; Proudnikov, D. Y.; Prokopenko, D. 5624.

V.; Kirillov, E. V.; Mirzabekov, A. D. J. Biomol. Struct. Dyn200Q 18, (10) Walt, D. R.Science200Q 287, 451—452.

83—101. (11) Pantano, P.; Walt, D. RChem. Mater1996 8, 2832-2835.
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Figure 2. General decoding concept. (a) The 20-mer attached to micro-
spheres in the array, consisting of a fixed 8-mer anchor segment and the
c) 12-mer tail segment. The 12-mer tail segment can be any sequence used

General overview of the fiber optic array platform. (a) The 1-mm for genomic analysis; its position in the array is determined by hybridization
to combinatorial libraries. (b) The 20-mer decoding solution is comprised

Figure 1.
diam, hexagonally packed optical fiber bundle is comprised-56 000 ; : >
individual 3.1xm diam fibers. The fibers are etched, and bead sensors are Of the 8-mer anchor complement and a 12-mer combinatorial tail. The 8-mer

added to the etched fiber face. (b) A white light image with no fluorescent anchor ensures correct decoding sequence alignment, and the 12-mer
targets in the array. (c) An image with fluorescent targets hybridized to the Combinatorial tail decodes the sequence on the microsphere. The tail segment

length defines the total number of different sequences in the decoding pool

array.
Y (412 = 1.68 x 10).

arrays has allowed us to develop a new approach for arrayW desianed b f its relevance to th ding region of
decoding and microsphere probe sequence registration. Since as designed because of 1ts relevance 1o the coding region o

7 ) .
the microspheres are randomly distributed into the microwell tr;le hurtr;]andg?nome Gt' x 1f0 bases). This dtetzcoglndgtscheme

array, identification of each microsphere location after array a ﬁws 'el Z_ermlnlz: 'on o an()j/ sequences_ af by I 0 a micro-
assembly is necessary. Currently, two methods exist for SPhEre, Including unknown, random, or combinatorial Sequences.

determining the sequence on self-assembling microsphere arrayS\iaterials and Methods
The first method requires fluorescent dye encoding of micro-

spheres, where each microsphere is labeled with a unique ratio Microsensor Generation. Oligonucleotides were fabricated via
of dyes ,to identify the attached probe sequehic standard solid-phase phosphoramidite synthesis methods at the Tufts

. . . University Physiology Department (Boston, MA). DNA concentrations
The use of fluorescent dyes for microsphere encoding is y FIYSIOIY Dep ( )

. . O . . were determined by measuring a solution’s optical density at 260 nm.
limited by the number of unique, distinguishable optical pNaA sequences were coupled to microspheres as previously de-

signatures that can be prepaté@he second sequence decoding  scribect® The amine-functionalized microspheres (Bang'’s Laboratories,
method employs address sequences on each microsphere arngshers, IN) were encoded by internal trapping of europium (lll)
determines the microsphere positions by hybridization to a seriesthenoyl-trifluoroacetonat8H,0 (Acros) into the microsphere’s polymer

of fluorescent complementé4.The method presented herein matrix, prior to oligonucleotide probe attachment. Probe sequences were
eliminates the need to spectrally encode the microspheres orfabricated with 5amine functionality (5amino-C6 modifier, Glen
incorporate an address and instead determines the microspherBesearch, Sterling, VA) and were activated for microsphere coupling
identity directly via its surface-bound oligonucleotide sequence. via cyanuric chloride. The microspheres were stored in PBS buffer
In addition to its utility for decoding random probe positions, Conta'n'n_g 0'0_1% Twee_n. . .

this method offers the potential for preparing universal arrays Combinatorial Decoding Target Solutions.Target solutions were

ith dented feat b ible 12 comprised of the 'scombinatorial 12-mer followed by the anchor 8-mer
wi unprepg ented feature numbers (every possible 'mer’complement (Figure 3). For each decoding solution, one position of
ca. 16.7 million sequences).

) k 1 ) ) ) ) the 12-mer had a single nucleotide position linked to'-&efminal
Combinatorial oligonucleotide libraries were fabricated to ingicator. Regardless of which position on the variable tail segment

determine the sequences on the microspheres in the arraywas fixed, the dye labels linked to each base remained the same: Cy5,
Microsphere sequence identities were determined in parallel by Cy3, fluorescein, and a biotin group were linked with determining G,
consecutive hybridizations with fluorescently labeled combi- C, A, and T, respectively. Each hybridization required a signal image
natorial nucleic acid decoding solutions. A set of four hybridiza- (post-hybridization) and background image (pre-hybridization), that
tions determines the identity of the nucleotide at a given position Were subtracted to provide a signal difference. To determine the
of every probe sequence in the array. By performirggts of hybridization extent for T, which incorporated a biotin group, a

four hybridizations, the sequence of every possibteer in an subsequent hybridization (3 s) with 1@ of 3 ug/mL streptavidin-
array can be differ,entiated (Figures 2 and 3) fluorescein isothiocyanate was used. Target molecules were diluted in

Lo - chaotropic salt buffers that leveled the stability differences between
A protocol capable of decoding immobilized 12-mer seg-

- B G—C and A-T pairs in the single-base discriminati&nté
ments, corresponding tod4= 1.68 x 10" unique sequences, Array Fabrication. The imaging fiber bundles used for the

experiments were obtained from Galileo Electro-Optics Corp. (Stur-

(12) Michael, K. L.; Taylor, L. C.; Schultz, S. L.; Walt, D. RAnal. Chem.
1998 70, 1242-1248.
(13) Braeckmans, K.; De Smedt, S. C.; Leblans, M.; Pauwels, R.; Demeester, (15) Melchior, W. B., Jr.; Von Hippel, P. Heroc. Natl. Acad. Sci. U.S.A973

J.Nat. Re.. Drug Discaery 2002 1, 447-456.
(14) Yeakley, J. M.; Fan, J.-B.; Doucet, D.; Luo, L.; Wickham, E.; Ye, Z.; Chee,
M. S.; Fu, X.-D.Nat. Biotechnol2002 20, 353—358.

13754 J. AM. CHEM. SOC. = VOL. 125, NO. 45, 2003

70, 298-302.
(16) Wood, W. I.; Gitschier, J.; Lasky, L. A.; Lawn, R. NProc. Natl. Acad.
Sci. U.S.A1985 82, 1585-1588.
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Figure 3. Determination of a sequence on a single bead in the array via consecutive hybridizations. The sequence on the bead consists of the 8-mer anchor
and an unknown 12-mer segment (represented by question marks). These figures illustrate the concept that the identity of the base at tha first positio
(position 9 in 3a) can be determined with four hybridizations to decoding solutions. After eight hybridizations, the first two positions (joaiteba® in

3b) can be determined. The process continues the length of the unknown segment to determine every position (Figure 3c). hepaastoeach decoding

solution acts on the entire array, the nucleotide identity at @egiposition on gery bead in the array is determined simultaneously

bridge, MA) and lllumina Inc. (San Diego, CA). The fiber was polished to the highest signal of the four different dyes. The camera exposure
and etched as previously descrilfédliquots of the microspheres were  times were set to produce comparable signals from the different dyes,
added to the etched fiber face sequentially, and their position in the accounting for differences in quantum and labeling efficiency. Camera
array was determined by the encoding dye. exposure times were 100 ms for Cy3 and Cyb5d & s for the
Imaging System.The custom-built imaging systems were modified fluorescein measurements.
Olympus microscopes (Melville, NY), with charge-coupled device Decoding Experiments.Decoding target pools are listed for the
(CCD) cameras, either Hamamatsu Orca ER (Bridgewater, NJ) or base and position they were used to decode. For example, decoding
Princeton Instruments (intensified CCD, Trenton, NJ). Images were target solution 9A was used to label all microspheres containing an A
collected and analyzed using IPLab software (Scanalytics, Fairfax, VA). at position 9. The optical density (ODU) for each decoding target was
For each experiment, the results from each microsphere were normalizeddetermined and stored in 1 mL SBB buffer (0.1 M sodium borate buffer,

J. AM. CHEM. SOC. = VOL. 125, NO. 45, 2003 13755
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pH 8.3) to form the decoding stock solutions. Any further dilutions
were performed with 2.4 M TEA buffer (2.4 M tetraethylammonium
chloride, 50 mM TRIS, 5 mM EDTA, pH 8.0, filtered 0.22m) and
formamide (F). Hybridizations were performed with 20 of target
solution except for 9A, 15A, and 19A, which were hybridized in a
total volume of 60uL. In addition, all Cy3 signals and streptavidin-
fluorescein signals were decreased by a factor of 4 and 2, respectively,
via mathematical scalingRosition-9series of four hybridizations were
performed with 20-min hybridizations. Decoding solution 9A (21.02
ODU) was diluted 1:2 and contained 20%F, with a total volume of 60
uL. Decoding solution 9T (23.28 ODU) was diluted 1:2 and contained
20%F. Decoding solution 9G (21.48 ODU) was diluted 1:5 and
contained 20%F. Decoding solution 9C (21.36 ODU) was diluted 1:5
and contained 20%HRosition-15 series of four hybridizations were
performed with 20-min hybridizations. Decoding solution 15A (28.82
ODU) was diluted 1:2 and contained 5%F, with a total volume of 60
uL. Decoding solution 15T (34.08 ODU) was diluted 1:5 and contained
20%F. Decoding solution 15G (20.28 ODU) contained no F. Decoding

Position 9
GA GCT GGC GGC GTA GGT AA
GA GCT GGA GGC GTA GGT AA
GA GCT GGG GGC GTA GGT AA
OA’GGA GCT GGT GGC GTAGGT AA

Position 15
GA GCT GGT GGC GTC GGT AA
GA GCT GGT GGC GTA GGT AA
GA GCT GGT GGC GTG GGT AA
d-r'GGA GCT GGT GGC GTT GGT AA

Eosition 19

GA GCT GGT GGC GTAGGT CA
GA GCT GGT GGC GTAGGT AA
GA GCT GGT GGC GTAGGT GA
o_VGGA GCT GGT GGC GTAGGTTA

solution 15C (20.28 ODU) was diluted 1:5 and contained 20%F. Figure 4. The 12 sequences attached to microspheres and decoded in the
Position-19series of four hybridizations were performed with 45-min ~ array. The 12-mer sequences were based on the K-ras wild-type sequence,
hybridizations. Decoding solution 19A (24.60 ODU) was diluted 1:2 an oncogene implicated in the development of human malignancies. The

and contained no F, with a total volume of 0. Decoding solution 12 sequences were chosen to bracket in the entire 11-mer segment from
19T (24.36 ODU) was diluted 1:5 and contained 20%F. Decoding position 9 to position 19.

solution 19G (21.98 ODU) contained no F. Decoding solution 19C

(21.79 ODU) was diluted 1:5 and contained 20%F. at the first position, linked to a'8Cy5 dye, library 9C had a

cytidine at the first position, terminated with &6y3 dye, etc.
Results Thus, the four sub-libraries in toto contain every possible 12-
mer tail sequence, but individually, each sub-library contains
only one of the four nucleotides at position 9 linked to a unique
fluorescent dye. Specifically, for decoding the identity of the
nbase at position 9, each sub-library contains a pool of every
possible nucleotide combination at the 11 unspecified positions
(positions 16-20, 4.2 x 1(° total sequences per pool). After
each round of four hybridizations, the array is dehybridized to
allow a second set of four hybridizations. A second set of four
sub-libraries is hybridized to generate another set of four-color
responses to identify every nucleotide at the second position
(nucleotide 10 in the 20-mer). This process continuesnfor
rounds of four hybridizations, for a sequence of length
enabling complete sequence identification for every microsphere
in the array.

Multiple cycles of hybridization and dehybridization were
used to directly sequence the oligonucleotide attached to the
microsphere surface. While numerous array platforms have bee
used previously to sequence genomic sampi&an the present
case we are actually determining the sequences immobilized to
the microspheres in the array. By “sequencing the array”, we
can simultaneously determine the sequence of every ssDNA
sequence element present.

Every microsphere contained a 20-mer oligonucleotide se-
quence comprised of a knowrl B-mer “anchor sequence”
followed by a 12-mer “tail” segment (Figure 2a). The decoding
pool libraries were also 20-mer, comprised of tHeaBchor-
complement, a 12-mer combinatorial segment, and-faubr-

escent dye (Figure 2b). The 8-mer anchor was uniform for every bridizi h of the four librari h |
microsphere and was the perfect complement to th&-r8er Hybridizing each of the four libraries to the array separately

portion of the decoding pool. The 8-mer anchors ensured thatunder single-base mismatch stringency conditions enables only

the decoding pool 20-mer sequence complements, when hybrid-the perfect sequence complement, or the closest sequence match

ized, were correctly aligned to the 20-mer microsphere sequence.in that pool, to hybridize to a given microsphere (Figure 5).

The difference between each microsphere is within the 12-meron,Iy one sub-library pool contain_s the. perfect complement,
tail segment of the surface-bound oligonucleotide (Figure 4). while th‘? 9“.“” three can, at best, yield §|ngle-base m|§matches.
The target decoding pools were fabricated via standard solid-BY hybridizing to the four pools, the library containing the

phase phosphoramidite chemistry, using combinatorial synthesis.perfe?t compleme_nt prowdes the highest sgnal_resp_onse,
Hybridization of the pools to the array determined the iden- enabling a determination of the correct nucleotide identity at

tities of the different 12-mer tails (conceptually illustrated in that pqsition of the 12-mer tail. In this_ paper, we (_:iemonstra_tg
Figure 3). The combinatorial synthesis strategy of each de- how this approach was used to determine the identity of specific

coding pool ensured that there would be a perfect complementrIUCIeOtiOIes .in th,e array at the oth, 15th, anql 19th positions of
to every 12-mer tail segment. For example, four combinatorial t_he Zojmer, in principle allqwmg the sequencing of 11 consect-
sub-libraries were fabricated to determine the nucleotide at the V€ t@il bases of every microsphere-immobilized sequence in
first position of an unknown 12-mer tail segment. The four the array_ (Note: position 20_ was not attempted).

decoding sub-libraries were identical except for the nucleotide  D&coding of & 12-mer Tail SegmentTo demonstrate that

at the first position (nucleotide 9 in the 20-mer) and the dyes the oligonucleotides on the microspheres could be sequenced

attached to their'Germini, such that library 9G had a guanosine 1N @ multiplexed fashion, 12 different microsphere types were
employed for this study. Because there is no independent way

(17) Strezoska, Z.; Paunesku, T.; Radosavljevic, D.; Labat, |.; Drmanac, R.; t0 identify the probe sequences in a more complex microsphere
Crkvenjakov, R.Proc. Natl. Acad. Sci. U.S.A991 88, 10089-10093. Iibrary comprised of hundreds of different bead types, we chose

(18) Drmanac, S.; Kita, D.; Labat, |.; Hauser, B.; Schmidt, C.; Burczak, J. D,; 7. i X
Drmanac, RNat. Biotechnol1998 16, 54—58. to limit ourselves to the 12 different microspheres. The 12

13756 J. AM. CHEM. SOC. = VOL. 125, NO. 45, 2003
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Decoding Position 9 Microspheres Table 1. Responses for Sequential Decoding of Random
Microspheres in the Array?@
Q~GGA GCT GGC GGCGTAGGTAA  Q~GGA GCT GGG GGC GTA GGT AA
Q~GGA GCT GGA GGCGTAGGTAA  Q~GGA GCT GGT GGC GTA GGT AA ¢ G A T
+ position 9 C 1.00 0.153  0.312 0.355 all correct
.32 1. 2 294 Il corr
Position 9 combinatorial decoding pool g 8268 0 3(‘)?2 ](:)088 88]?9 aa” ((::cc))rrg((::tt
3'-CCT CGA CCG XXX XXX XXX XX-dye1 T 0.680 0.111 0.753 1.000 all correct
3.CCT CGA CCA XXX XXX XXX XX-dye2 positon15 C 1.000 0.434 0.208 0.870  all correct
G 0546 1000 0701 0.810 allcorrect
3'-CCT CGA CCC XXX XXX XXX XX-dye3
3.COT COA COT XXX XXX XXX XX ve A 0725 0437 1.000 0.683 all correct
- T 0.530 0.298 0.523 1.000 all correct
% % % % positon19 C  1.000 0.367 0.306 0.733 all correct
G 0544 1000 0.210 0.693 allcorrect
(@QGGA GOT GGC GGG GTA GGT AA A 0750 0.307 1.000 0.695 allcorrect
GCT GGA CCo K XX XX Xe-aye1 @RGCAGCT COT CECOTACETAR | T 0655 0370 0443 1000 all correct
%%ﬁggggg?o%?m g?&_dm Q“’Gc%{\r S e R caT 2 Results presented are from three different arrays, one for the 9th,

15th, and 19th positions. All values were normalized to the highest sig-
Figure 5. Four exemplar microspheres used for position 9 determinations. nal for each microsphere so the intended target responses equaled 1.000
The four possible position 9 nucleotides were determined via hybridization (shown on the diagonal) and are presented as averages of idential

to the four combinatorial sub-library pools. Each position 9 nucleotide has microspheres. In each case, every individual microsphere provided the
a perfect match in only one of the four sub-libraries. The remaining 11 Ccorrect response corresponding to the decoded position. The number of beads

nucleotides have a perfect complement in each of the four combinatorial in each assay was as follows: (a) position 9 microspheres 9C (11), 9G (8),
libraries. “X” represents equal portions of A, G, C, and T. 9A (3), 9T (3); (b) position 15 microspheres 15C (2), 15G (3), 15A (6),
15T (14); and (c) position 19 microspheres 19C (11), 19G (3), 19A(5),
) . 19T (11). The results from sequencing position 9 are also represented
different microsphere types were chosen to represent all four graphically in Figure 6.

nucleotides at each of three different positions on the 12-mer

tail (Figure 4). Each microsphere type was embedded with an 127
encoding dye to track its random positioning in the array and

to allow us to determine the fidelity of the sequencing. The 1.0
three positions (9th, 15th, and 19th from thebd) were chosen

to demonstrate the ability to determine any sequence within the g g
first 11 tail positions including the ends (positions 9 and 19)

and the middle (position 15). Microspheres were fabricated in 06
large batches; therefore, multiple arrays with identical micro-
spheres could be produced. Once an array was fabricated, the

Decoding position 9 Q—GGA GCT GG? CCG GTA GGT AA

fluorescent encoding dye was used to associate each microspherP"1

with its position in the array. Multiplexed arrays were subjected ’7 !

to multiple rounds of hybridization to determine the sequence 0.2

of the three positions on the 12-mer tail. To sequence a single H

position on the 12-mer tail, four consecutive hybridizations were .0 BIS|AIT CISIAT ClGlALT ¢ a T

performed, providing four signal responses corresponding to Position 5C Position 9G Position 9A Position 9T
Figure 6. Experimental results from decoding position 9 of a 12-mer tail

each nucleotide (Figure 2). Each encoding dye was linked to a - . : . :

A . segment. Position 9 of every bead in the array, including all four different
known sequence, thereby confirming the experimentally deter- yicrosphere types (9C, 9G, 9A, and 9T), were determined via four
mined sequencing efforts. hybridizations to the array. The results were normalized to the highest signal

Table 1 shows the results from sequencing the 9th, 15th, andl‘/(;rlueea;h microsphere, and identical microspheres are presented as average
19th positions of the 20-mer oligonucleotide sequences in the '
array. The results from sequencing the 9th position are also19 are seen in Table 1. Although similar levels of success were
represented in Figure 6. Because the array fabrication processachieved at these positions, the results from both positions have
is random, each array was represented with multiple copies ofan increase in nonspecific signal, and the experiments decoding
identical microsphere types. For example, one array used inposition 19 required extending the hybridization time twice that
decoding the 9th position contained a total of 25 microspheres necessary for successful decoding of position 15.
(11, 9C; 8, 9G; 3, 9A; and 3, 9T). While the results in Table 1 Decoding Specific Arrays. While decoding unknown or
show the average responses of every identical microsphere inuniversal sequences in the array would require full-length
the arrayevery nucleotide on #ery microsphere at position 9  sequential decoding, an array containing a restricted number of
was correctly identifiedIn some instances, the nonspecific sequences is substantially less complex. In such arrays, the
signal of a single bead was95% that of the correct match, microsphere sequence positions to be decoded can be selected
but because the experiment is designed as a “winner takes all’to optimize the decoding libraries’ differentiating capability. For
approach, the correct identification was always possible. example, an array containing4 x 10° probe sequences (of
Performing the decoding over multiple arrays, representing any length) could be completely determined with six rounds of
hundreds of microspheres, still yielde®9% correct nucleotide  decodingat any of six positiongfour nucleotides and six
identification. As decoding proceeded from position 9 toward decoding pools are capable of decodifg=44096 sequences).
more terminal positions, the identity of the base became more Successful decoding of eight tail segment nucleotides would
difficult to distinguish as would be expected. The higher enable discrimination of more than 65 00@)(different array
nonspecific signals associated with decoding positions 15 andfeatures. At this capacity, the largest arrays currently employed
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for incorporating specific sequences could be unambiguously and the extraneous streptavidin/fluorescein hybridization step
decoded. are being replaced by a single reporter dye.

This simplified decoding concept was demonstrated by  The fluorescein phosphoramidite label generated significantly
fabricating an array with different known tail segments. Different lower signals than the fluorescein-streptavidin label. This low
12-mer tail segments were chosen such that, on the basis offluorescence was found to be unrelated to hybridization ef-
determining only the 9th and 15th positions, the identity of the ficiency, as the same ratios in signal response were seen when
19th position could be deduced. The 9th and 15th positions werethe base/dye combinations were rearranged. To counteract this
determined with their respective decoding target pools (data noteffect, higher concentrations of hybridization target based on
shown). Hybridizations to determine the 19th position were un- the fluorescein phosphoramidite were used in comparison to
necessary because the 9th and 15th positions unequivocally spedhe biotinylated fluorescein targets.
ified the sequences. This concept illustrates that if predetermined The ultimate goal would be to decode every position of every
sequences are added to the array, extraneous decoding stegequence in an array, creating a map of the array based on the
can be avoided, and the sequence information can be obtaineddentity of the oligonucleotide sequences present. Our experi-
from the information provided by other bases in the probe.  ments were performed with arrays containing only a few dozen

. . 3 um diameter features, but for large-scale assays, it would be
Discussion preferable to simultaneously sequence more than 50 000 mi-
crospheres on the array. Currently, a single decoding hybridiza-

The decoding method described in this paper involves at. I 26-60 uL. of decodi led t t soluti
“winner takes all” approach, where the dominant fluorescence lon employs w0t decoding pooled target soiution,
which can be used for multiple arrays. To increase the relative

signal defines each nucleotide in the microsphere tail sequence.t i b the sianal high trati
Because there aré¥%4= 4.2 x 10° sequences in every pool, the arget numbers or the signai response, higner concentrations or

specific complement is present at a concentration bfoM in volumes may be necessary. Although successful determination
a background of~100 xM, which results in a substantial of the 19th position was obtained, as expected, the more terminal
nonspecific signal. Even so,’ a 20 sample of the combinatorial positions were less successful and required longer hybridization

decoding solution still contains-1CF perfect complement times. This difficulty stems from the complexity of the decoding

molecules, providing ample target numbers to generate a specificso_IUtlon and the lower f|de|_|ty of hybridization gssomated with
mismatches at more terminal sequence positions. The lower

signal. The fiber optic platform has previously been used to terminal b t b tered by flanking th

detect target concentrations-8 orders of magnitude below this erminal base success rate may be countered by flanking the

range® Extending this sequencing method beyond the 12-mer var.|able t".i'l segment' V\.nth.an add|t|or1al "’.‘F‘Ch"r sequence, or

tail to longer variable tail regions should be possible, however, bﬁ/ |tmpr0\;|ng the_hybrldllzbatlon with s S|mp_llf|e_(;l]]§0em(;og|ng pool

on the same synthetic scale; extending this sequencing protocof a _err;;o) Oys universal bases such as nitrol eoxy-

to longer sequences would eventually dilute the number of inosine?® Finally, while the protocol described here used an
anchor sequence to correctly align the decoding 20-mer, in

perfect complements to a level below the detection limit. . . . . .

The differences between the complementary target h bridiza_dlrected sequences, a fully combinatorial decoding solution can
. - . P ntary target ny be employed, as there is no need to include an alignment
tion signal and the three mismatched hybridization signals were sequence

a result of both the labeling dye and the tail segment position
interrogated. Three of the sequence pools were linked to Conclusions
different fluorescent phosphoramidite-dyes (Cy3, Cy5, and

fluorescein), while the fourth sequence pool was terminated with il . lath The decodi thod
a phosphoramidite-biotin group, which required an additional a more versatie microarray piatiorm. 1he decoding metho

streptavidin/fluorescein binding step. Because the protocol incorporates the inherent advantages of fiber optic microsphere

incorporates four different indicators linked to decode each arrays, including miniature feature sizes, simple fabrication

nucleotide, the assay offers the potential to determine eachpmtocotl)f' rapid ass;:\% t'ms_?{ atnd a reusable p_Iatform .Of r%-
position of the tail segment simultaneously. Our initial design generable sensors. The ability 10 reuse arrays IS a major ad-

was to multiplex the determination of each nucleotide in a single \r/]antgge of tlzelflt:jer optic F;g;g;_? as a}[rrayl-go-arrgby \éa.”ig!"ty
hybridization using all four colors in a single hybridization. By as been widely documentetr.= Ihe protocol described in this

performing four separate hybridizations (a separate hybridization mal"ltl.JSCI’Ipt fptrt?wde.s an |rrr]1proved m8t|h°d totreglstegl'Fhe rtindom
to interrogate each possible base) for each position of the taj| POSIIONS OF the microsphere array €lements, enabling the use

segment, we obtained much higher specific signals. The higherof extr(_emely _high-density array platforms fo_r compreher)sive
signals were likely due to the lower complexity of the genomic applications. A key component of this approach is the

hybridization solutions and allowed shorter hybridization times, parallel gnd efficient sequence Qetermlnatlon, and it 'S an im-
thereby increasing the throughput of the assay. For example,porta_m first step.toward futur.e.mlcrosphere-based applications.
while the single four color multiplexed pooled assay showed This me'.[hod. IS o.nly thg |n|t|.al phase Of, numerous futur.e
success in simultaneously decoding position 19, the required"€S€arch directions involving this platform, including genomic
hybridization time was 12 h (data not shown). By dividing the sequencing-by-hybridization, SNP detection, and comprehensive
decoding pools into four separate hybridizations, a single (19) Loakes, D.: Hill. F.. Brown, D. M. Salisbury, S. A. Mol. Biol. 1997
hybridization was completed within 45 min, saving more than 270, 426-435. T T T

9 h in experimental time. In addition, by dividing the decoding (20) Xg‘ig‘;fgggg(%‘f“gg'%g‘g°gi"2§g4L“q“e* F.J. Eritja, R.; OrozcoNucleic
pools into four sub-libraries, we could use the same dye for (21) Lee, M.-L. T.; Kuo, F. C.: Whitmore, G. A.; Sklar, Broc. Natl. Acad.
every nucleotide, eliminating corrections accounting for differ- Sci. U.5.A200Q 97, 98349839,

X o g X (22) Spruill, S. E.; Lu, J.; Weir, BBioTechnique2002 33, 916-920, 922-
ences in dye quantum efficiencies. Currently, the multiple dyes 923.

In this paper, we have demonstrated an initial effort to develop
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diagnostic assays. The platform size allows the highest packingoligonucleotide microarray format, more applicable to the
density of any array platform and, as such, is better suited for interrogation of entire genomes.

large-scale, unbiased genomic analysis. This sequencing
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