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Abstract
Background: DNA microarrays using long oligonucleotide probes are widely used to evaluate
gene expression in biological samples. These oligonucleotides are pre-synthesized and sequenceoptimized to represent specific genes with minimal cross-hybridization to homologous genes.
Probe length and concentration are critical factors for signal sensitivity, particularly when genes
with various expression levels are being tested. We evaluated the effects of oligonucleotide probe
length and concentration on signal intensity measurements of the expression levels of genes in a
target sample.
Results: Selected genes of various expression levels in a single cell line were hybridized to
oligonucleotide arrays of four lengths and four concentrations of probes to determine how these
critical parameters affected the intensity of the signal representing their expression. We found that
oligonucleotides of longer length significantly increased the signals of genes with low-expression in
the target. High-expressing gene signals were also boosted but to a lesser degree. Increasing the
probe concentration, however, did not linearly increase the signal intensity for either low- or highexpressing genes.
Conclusions: We conclude that the longer the oligonuclotide probe the better the signal
intensities of low expressing genes on oligonucleotide arrays.

Background
DNA microarray technology allows analysis of the expression of thousands of genes in a single experiment [1].
Most microarray fabrications spot either the cDNA
[polymerase chain reaction (PCR) products] or a long oligonucleotide probe for each gene onto a solid support,
such as a chemically coated glass slide. In recent years,
long oligonucleotide microarrays have become more pop-

ular than cDNA arrays because the generation of cDNA
microarrays involves many laborious and error-prone
steps, including bacterial culturing, PCR amplification
and purification, and DNA sequence validation [2,3]. In
addition, cDNA microarrays are prone to cross-hybridization with gene family members that have 70% or more
sequence homology [4].
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For long oligonucleotide microarrays, pre-synthesized oligonucleotides are used as probes to be spotted onto chemically coated glass slides [5-7]. The oligonucleotides are
synthesized by phosphoramidite synthesis in which the
oligonucleotides have 99.4% coupling efficiency, which
measures how efficiently the DNA synthesizer adds next
nucleotide to the growing oligonucleotide. A 99.4 % efficiency indicates that at every coupling step approximately
0.6 % of the available nucleotides fail to react. The percentage of full length oligonucleotide depends on coupling efficiency. Synthesis of a 70-base oligonucleotide
yields more than 65% full-length product (% full length =
(coupling efficiency)n-1, where n = total number of nucleotides). Several sequenced genomes are already available,
and more will become available over the next few years.
The oligonucleotides can be selected from the least
homologous region of the gene as determined by a BLAST
search of the human genome sequence [8], thus increasing the specificity of hybridization.
Several factors are considered when determining the optimal length of long oligonucleotides for microarrays. In
general, the longer the oligonucleotides are, the more efficient is the hybridization [9]. One study suggests that
length-dependent hybridization efficiency reaches a plateau at 712 bases for PCR products, above which the effect
of length on hybridization rate decreases [10]. However,
current oligonucleotide synthesis technologies have limitations far below this hybridization efficiency limit, and
the efficiency of generating full-length oligonucleotide
decreases as the length increases [11,12]. As the length
approaches 100 bases, a 99.5 % coupling efficiency in synthesis will yield only 61 % of full length product and this
drops dramatically to 37 % when the coupling efficiency
drops to 99 % [13,14]. This sets a limitation to the synthesis of oligonucleotides. In addition, the cost of oligonucleotide synthesis increases with their length. Commercial
libraries contain oligonucleotides of lengths ranging from
50 to 80 bases. Several studies have used oligonucleotides
of 50 nucleotides, and some compared the hybridization
behaviors of oligonucleotides of 50 and 70 nucleotides
[15].
To gain insight into the behavior of long oligonucleotide
microarrays, we performed a comparative study evaluating the effects of oligonucleotide length and the amounts
of oligonucleotides printed. In this study, we investigated
microarray behavior using pre-synthesized, unmodified
oligonucleotides deposited on glass slides. We systematically evaluated the effect of lengths of the oligonucleotides signal intensities of genes with different expression
levels in the target sample. We also studied how the concentration of the oligonucleotide probes of various
lengths affected the signal intensities of these genes.
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Results and discussion
In microarray experiment, reliable measurement is more
achievable for highly expressed genes in a target sample
than for those expressed at low levels. Accurate measurement of low-expressing genes is challenging because the
low-intensity signals are not only weaker, but also more
variable [5,17].
Several studies have suggested that long oligonucleotides,
as long as 50 nucleotides, give satisfactory microarray
results [5,15]. However, most of these studies have
focussed on high-expressing genes that have high signal
intensities on microarrays. This approval may bias the
conclusions because low-expressing genes pose more
challenge to accurate microarray measurement and analyses. To assess whether low-expressing genes can be tested
accurately in microarrays, we included several genes that
are expressed at low levels in the target cell line. Thirty
genes were selected based on multiple microarray data
from RKO colon cancer cell line. The expression levels
were categorized as high-expressing genes when the average signal/noise (S/N) ratio were above 50, as mediumexpressing genes when the average S/N were between 15
and 50, low-expressing genes when the average S/N were
between 2 and 5 and as no-expression genes when the S/
N is less than 2. All 30 genes were spotted at four concentrations (20, 30, 40 and 50 µM) and four lengths (30, 40,
50 and 70 nucleotides) onto poly-L-lysine coated glass
slides. Thus, a total of 240 oligonucleotide samples were
hybridized and analyzed.
Figure 1a is the image obtained after the oligonucleotide
probes were hybridized with the Cyanine-5 labeled target
cDNA. Each grid represents a single gene, and the spotting
is in duplicate as shown in Figure 1b. The grid number,
the corresponding gene description, and expected expression level of the genes on the microarray in the target cell
line are shown in Table 1.
Oligonucleotide length and expression levels
Figure 2 shows the signal intensities of the spots at each of
the four lengths at 50 µM probe concentration. For those
genes expressed in the target cell line, the signals from 70base oligonucleotides were of greater intensity than those
obtained using shorter probes. Our data also suggests that
this increase was more pronounced for the low-expressing
genes. The average absolute increase in signal intensities
for genes with high and low-expression levels, as a function of increasing length, the base being 30, is shown in
Table 2. Similarly, the average intensity ratios for increasing concentrations of low and high expressing genes with
respect to 20 µM are also given in Table 2.

Figure 3 shows the relative fold-increase in signal intensity
for increasing oligonucleotide length compared to the

Page 2 of 9
(page number not for citation purposes)

BMC Genomics 2004, 5

http://www.biomedcentral.com/1471-2164/5/35

a
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

b
Replicate 1

26

27

1
3

28

29

30

2
4
Increasing concentration
1

4

Increasing length

Replicate 2

Figure
(a)
Cyanine-5
1
labeled image of the spotted oligonucleotides hybridized with RNA from RKO cell line
(a) Cyanine-5 labeled image of the spotted oligonucleotides hybridized with RNA from RKO cell line. (b) Pattern of spotting of
the probes.

shortest oligonucleotides of 30 bases. Evaluation of the
effect of oligonucleotide length indicates that there is a
close to linear increase in signal intensity as the length of
the probe increases (Table 2). For low-expressing genes,
the signal intensity yielded by hybridization with a 70base nucleotide probe is up to 120 times that of the baseline value (Fig. 3a). This increase is much greater than that
conferred by 50- and 40-base nucleotides, in concordance
with the earlier observation that 70-base probes gave the
optimum signal. Similarly, high-expressing genes showed
higher signal intensities with the 70-nucleotide probe,
although the relative intensity increase was to a maximum
of 18 times the baseline value (Fig. 3b). Thus, the long-oligonucleotide probes gave better signal intensities than the
shorter probes, and the low-expressing genes had the
greatest improvement. The improvement is statistically
significant with p-values <0.05 using the t-test of two samples with unequal variance and a two-tailed test.
Probe concentration and signal intensity
We evaluated the effect of concentration of the printed oligonucleotide probes on signal intensity after hybridization. There are always concerns that the concentration of
the probe might influence the signal output for low-

expressing genes, although this is not a major issue for the
medium- and high-expressing genes. We reasoned that an
increase in the number of probe molecules on the array
may help capture the rare target cDNAs and enable their
detection by imaging. Unlike the probe length analysis, in
which it was assumed that the probe length itself would
affect the hybridization, in the concentration studies it
was assumed that the probes on the slide would generally
be printed in excess concentration to the amount of cDNA
in the target sample. Therefore, we expect the signal intensities to show a linear range dependence on the target
cDNA concentration that follows a pseudo-first-order
kinetics model instead of a second order kinetics model
[10,17].
Figure 4 shows the relative increase in signal as a function
of probe concentrations. The data from a set of nine lowexpressing genes show that for the samples used in this
study, the effect of concentration on signal intensity was
minimal, with a maximum of only five times the baseline
intensity yielded by the highest probe concentration (Fig.
4a). Although significant, this increase is a much smaller
change compared to the 120-fold difference observed as
length of the probe increases. Similar, but even less
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Table 1: Relative Expression levels of selected genes in target RKO colon cancer cell line

Grid #

ID

Gene Description

Expression in target cell line

1
2
3
4
5
6
7
8
9

Co1
Co2
Co3
HK1
HK10
HK11
HK12
HK13
HK14

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

HK15
HK16
HK17
HK18
HK19
HK2
HK20
HK3
HK4
HK5
HK6
HK7
HK8
HK9
Pr16
H3
A22
R9
N39
N59
N76

beta actin
GAPDH
Tubulin
Ferritin heavy chain
Homo sapiens keratin, hair, basic, 5 (KRTHB5) mRNA
Homo sapiens lysophospholipase II (LYPLA2), mRNA
Homo sapiens kinesin family protein 3B (KIF3B) mRNA
Homo sapiens tubulin-specific chaperone c (TBCC), mRNA
Homo sapiens tankyrase, TRF1-interacting ankyrin-related ADP-ribose polymerase (TNKS)
mRNA, and translated products
Homo sapiens nesca protein (NESCA), mRNA
Homo sapiens myosin 5C (MYO5C), mRNA
Human myosin heavy chain 12 (MYO5A) mRNA, complete cds
Homo sapiens reticulon 2 (RTN2) mRNA
Homo sapiens keratin, hair, acidic,2 (KRTHA2), mRNA
Ferritin L chain
Homo sapiens keratin 13 (KRT13) mRNA
Phospholipase A2
Ribosomal Protein S12
Ribosomal protein L 12
Ribosomal protein S9
hypoxanthine-guanine phophoribosyltranferase
H. sapiens mRNA for myosin-I beta
Homo sapiens ankyrin repeat-containing protein (G9A), mRNA
Insulin-like growth factor binding protein 2
Macrophage inhibitory cytokine-1 (MIC-1)
Cyclin-dependent kinase inhibitor 1A (p21, Cip1)
Cyclin-dependent kinase inhibitor 1A (p21, Cip1)
Homo sapiens lymphotoxin alpha
Homo sapiens tumor necrosis factor
Excision repair cross complementation group 1

+++
+++
+++
+
+++
+
+
++
+
+++
+
+++
+++
+++
++
++
+
+
+
+
+
-

+++ high, ++ medium, +low and - no expression of the genes

effective change was seen with high-expressing genes, for
which the highest signal intensity was about twice the
baseline value (Fig. 4b). The effect on signal intensity ratio
for increasing concentration of the oligonucleotide
probes in Table 2 reflects the minimal changes observed
both for low- as well as high-expressing genes. Thus, the
concentration of the probe does not seem to have a
significant effect on the signal intensity, although even a
three-fold increase in signal for low-expressing gene may
be beneficial for detection.
Although shorter probes have the advantage of higher specificity, increasing signal with increasing length of the
probe did not jeopardize the specificity. This is clear when
we look at the signal from genes that show no expression
in the target cell line. For example genes with ID 4 or 24
(which can be considered as negative controls) show no
increased signal for increasing length or increasing
concentration thus the observed increasing signal with

length or concentration of probes is specific and is not due
to cross hybridization.
In this study we observed that the response to length of
the oligonucleotide depends upon the level of expression
of the gene of interest in the target sample. If one looks at
the attachment chemistry on poly-L-lysine coated slides,
the positive charge of amines at neutral pH allows attachment of native DNA or oligonucleotides through the formation of ionic bonds with the negatively charged
phosphate backbone. This electrostatic attachment is supplemented by treatment with ultraviolet light or heat and
induces covalent attachment of the DNA to the surface.
The combination of electrostatic binding and covalent
attachment couples the DNA to the substrate in a highly
stable manner. Based on this, binding affinity to the surface for different length DNA is not dependent on the
length. Hence the observed effect of length on signal
intensity is not due to varying affinities. We conducted
control experiments wherein 5' Cy3 labeled
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Absolute2 signal intensities for the four probe lengths representing the expression of the probed genes in the target sample
Absolute signal intensities for the four probe lengths representing the expression of the probed genes in the target sample. For
each gene evaluated, the signal intensities from the four lengths of oligonucleotide probes are plotted on the bar graph ( - 30
base,
- 40 bases,
- 50 bases,
- 70 bases).

oligonucleotides of different length were deposited on the
slide for genes of different expression levels. The relative
signal intensites were measured pre and post hybridization and found not to change with increasing length of the
oligonucleotides (data not shown) supporting the fact
that poor attachment is not one of the reasons for the
observed effect. This has also been elegantly shown by
Stillman and Tonkinson [10] for varying lengths of DNA
in the range 100–2000 bp, wherein they found that the
Kd, the equilibrium dissociation constant for hybridization for the solution phase probe to each of the immobilized species, were all in the same range. The kinetics of
hybridization will depend on the availability of the nucleotides on the probe and thus on the length of the
oligonucleotide.
The signal response to increasing binding of fluorescent
labeled target molecules can be represented as a binding
curve and this has been shown with dilution experiments
in Ramdas et. al [17]. The highly expressed genes fall in
upper, more flat region of the binding curve, while the
low expressers are in the most linear response region.
Thus as the hybridization increases with increased length,
the response is more prominent for the low expressers
than for high expressers which are already in the more flat
region.

Conclusions
In summary, our evaluation demonstrated that longer oligonucleotides are especially beneficial for detecting lowexpressing genes. Considering that these genes are the
ones most difficult to detect accurately, long oligonucleotide microarrays with 70- base nucleotides are the best
option. Longer probes might not provide additional benefit because the current limitations in oligonucleotide
synthesis efficiency lead to loss in full-length oligonucleotide synthesis [13,14]. Compared to the length effect,
increasing the probe concentration has less dramatic effect
on signal intensities for both low- and high-expression
genes. Although many other features of microarray experiments influence their performance, the effect of
oligonucleotide probe length on the signal intensities of
low-expressing genes can clearly be controlled and optimized. Longer oligonucloeotides improve the signal for
low expressing genes.

Methods
Oligonucleotide synthesis
Thirty genes with different levels of expression in the RKO
colon cancer cell line were chosen for this study. The
expected expression levels were based on multiple microarray data from RKO cell line. Among the 30 genes, eight
were high-expressing genes, ten were low-expressing
genes, three were medium-expressing genes and rest of

Page 5 of 9
(page number not for citation purposes)

BMC Genomics 2004, 5

http://www.biomedcentral.com/1471-2164/5/35

Relative Signal Intensity

(A)
H3
HK13
HK15
HK20
R9
HK8
HK9
HK10
HK17

160
120
80
40
0
30

40

50
60
Length (bases)

70

80

(B)

Relative Signal Intensity

50
Co1
Co2
Co3
HK2
HK4
HK5
HK12
HK3

40
30
20
10
0
30

40

50
60
Length (bases)

70

80

signal
increase
Figure
(A) For 3
selected
in signal low-expressing
intensity of the genes
30-, 40-,
(HK3,
50- and
HK8,70-base
HK9, HK10,
nucleotide
HK13,
probes
HK15,
in HK17,
comparison
HK20,with
andthe
R9),30-base
plots ofnucleotide
the relative
probe
(A) For selected low-expressing genes (HK3, HK8, HK9, HK10, HK13, HK15, HK17, HK20, and R9), plots of the relative
increase in signal intensity of the 30-, 40-, 50- and 70-base nucleotide probes in comparison with the 30-base nucleotide probe
signal. The y-axis is the relative increase in signal intensity and the x-axis is the length of the probes. (B) Corresponding plots
for the eight high-expressing genes (Co1, Co2, Co3, HK2, HK3, HK4, HK5 and HK12).
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increase in signal intensity of the 20, 30, 40 and 50 µM probe concentration in comparison with the 20 µM nucleotide probe.
The y-axis is the relative increase in signal intensity and the x-axis is the concentration of the probes. (B) Corresponding plots
for the eight high-expressing genes (Co1, Co2, Co3, HK2, HK3, HK4, HK5 and HK12).
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Table 2: The effect of oligonucleotide length and concentration on average signal intensity ratios.

Experimental Condition

Oligonucleotide Length @ 50 µM

Oligonucleotide Concentration (µM) for length 70

Average Intensity Ratio

70
50
40
50
40
30

Low-expressing genes*

High-expressing genes*

22.1 ± 13.6
6.1 ± 3.9
2.4 ± 1.3
3.1 ± 1.8
1.9 ± 1.1
1.5 ± 0.6

7.4 ± 5.4
2.7 ± 1.2
2.0 ± 0.8
1.2 ± 0.2
0.9 ± 0.2
1.1 ± 0.1

* Low- and High-expressing genes are categorized based on relative expression in RKO cell line as shown in Table 1 and definitions are in results
and discussion.

them showed no expression. Most of the chosen genes are
considered as house keeping genes and they had varied
expression in the RKO cell line. DNA sequences for the
target genes were identified based on their GC content,
which ranged from 35–60%, the localization of the transcript within 300 to 800 bases of the 3' end, and the minimal homology with other genes to reduce the crosshybridization potential. The gene ID, description, and relative expression levels in the in RKO cell line are shown in
Table 1. For each gene, four lengths of oligonucleotides
(30, 40, 50 and 70 nucleotides) were synthesized (Table
1a – see Additional File 1). The oligonucleotides were
purified by means of reverse-phase cartridge purification.
Oligonucleotide microfluidic analysis
Microfluidic analysis was performed to check each oligonucleotide's quality and quantity. Samples were resuspended in water to bring their concentration up to
approximately 1,000 ng/µl. From this stock, dilutions to
100 ng/µl were made and samples assayed on an Agilent
2100 Bioanalyzer (Foster City, CA). The analysis showed
that the majority of the oligonucleotides were of the correct size and purity (data not shown) and the proportion
was not dependent on the length of the oligonuclotide.
Oligonucleotide Printing and hybridization
The cartridge-purified, unmodified oligonucleotides were
spotted onto poly L-lysine-coated glass slides using the
Genomic Solutions Flexys arrayer with 48 pins (Ann
Arbor, MI). The printing was carried out at four oligonucleotide concentrations (20, 30, 40 and 50 µM) in array
buffer containing 50% dimethylsulfoxide. Incubating the
spotted slides at 80°C for 30 min attained attachment,
and cross-linking was performed using 650 µJoules ultraviolet light. Total RNA from the RKO target cell line was
extracted using the RNAeasy kit (Qiagen, Valencia, CA)
[16], reverse transcribed and Cyanine-5 labeled by oligo
dT priming. The oligonucleotides on the slides were
hybridized with Cyanine-5-labeled total RNA in

ExpressHyb solution (Clontech Laboratories, Inc., Palo
Alto, CA) for 16 h at 60°C in a humid chamber. After
hybridization was complete, the slides were washed
sequentially at 37°C in 1x SSC (150 mM sodium chloride
and 15 mM sodium citrate) plus 0.01% SDS, 0.2x SSC
plus 0.01% SDS, and twice in 0.1x SSC for 2 min at each
step [16].
Imaging and data analysis
After the hybridization and washing steps were complete,
the slides were scanned using a GeneTac LSIV laser scanner (Genomic Solutions, Ann Arbor, MI). The signal
intensities were quantified using ArrayVision spot finding
program (Imaging Research Inc., St. Catherines, Ontario,
Canada). The signal intensities of duplicate spots for each
gene at each oligonucleotide length and concentration
were averaged for further analysis. Relative intensities
were calculated by comparing relevant signal intensity
with that at the lowest concentration (20 µM) or shortest
oligonucleotide length (30 nucleotides), the values of
which were set at 1.
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minute amounts of RNA using cDNA microarrays. BMC
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Ramdas L, Coombes KR, Baggerly K, Hess K, Abrruszzo L, Zhang W:
Sources of nonlinearity in cDNA microarray expression
measurements. Genome Biol 2001, 2:1-47.

Table 1a: Sequence information of the oligonucleotides Table contains the
sequence information of all the oligonucleotides used in this study. Each
gene is represented by its ID which is the same as in Table 1 in the main
text. For each gene the sequence of 30 mer, 40 mer, 50 mer and 70 mer
is given from 5' to 3' end.
Click here for file
[http://www.biomedcentral.com/content/supplementary/14712164-5-35-S1.doc]
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