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DNA microarrays with surface tethered oligonucleotide probes
have become an important tool in biomedical research1 and drug
discovery.2 We wish to understand on-surface hybridization mech-
anisms, which play a significant role in the sensitivity, specificity,
and reliability of the detection as well as for accurately quantifying
the assayed nucleic acids targets when using microarrays. In this
Communication, we present simple new criteria to optimize
detection. Our recent theoretical analysis of on-array hybridization
has shown the major role of the interface electrostatic interactions
appearing as a result of the high negative charge of nucleic acid
oligomers.3-5 In particular, the repulsion between the single strand
nucleic acid target and the layer of surface mounted oligonu-
cleotide probes gives rise to the Coulomb blockage of the binding
and specific hybridization isotherm, eq 10 in our Communica-
tion.4 Typically, this mechanism overrides the electrostatic in-
teraction with the array’s substrate,3,5 which depends on the ma-
terial and its surface charge. A theoretical isotherm was com-
pared and found to be in accord4 with a set of experiments including
low on-surface hybridization efficiency,6,7 melting curve broadening
and melting temperature decrease,8,9 and surface probe density
effects.10-12

Here, we present a more general framework to quantify and
optimize microarray gene expression assays, where the number of
transcribed mRNAs can be measured over a suitably broad
concentration range. We generalize our isotherm4 to account for
the target depletion and use it to consider how to maximize the
sensitivity and detection dynamic range.

The surface hybridization isotherm4 relates the equilibrium
hybridization efficiencyθ (0 e θ e 1) with the assayed nucleic
acid target concentrationC0 (expressed in mol/L)

Here,∆H0 and∆S0 are the enthalpy in J mol-1 and entropy in J
mol-1 K-1, respectively, for hybridization in solution,T is the
temperature in K,R ) 8.315 J mol-1 K-1 is the gas constant,ZP

andZT are the length of probe and target oligonucleotides in the
number of bases,nP is the surface density of probes in m-2, andw
) 4 × 10-16 J m2 mol-1.4 Typically, the concentrationC0 and
volumeV of the hybridization solution are low because of a usually
small available amount of mRNA. Therefore, the target’s depletion
to the concentration,C0 - nPSθ/NAV, occurs during the course of
hybridization, and eq 1 more generally has the form

whereS is the probe spot area in m2, andNA ) 6.02× 1023 mol-1

is Avogadro’s number. Finally, from eq 2 we obtain a useful relation
for the number of duplexes formed,ND ) nPSθ

First, we consider the strength of the hybridization signal
important in detecting low-expressed genes over nonspecific binding
noise. Figure 1 shows the melting curves, that is, the number of
duplexesND as a function of the temperatureT for the target
concentrationsC0 ) 10-12, 10-9, and 10-6 mol/L. In Figure 1,
T was calculated and plotted as a function ofND from eq 3 and
was properly oriented. The results are demonstrated for 25-mer
probes of sequence GTCCGATAAGCCTGTGTCCAATAAC with
a perfectly matched (complimentary) target of length 100 bases,
∆H0 ) -819.3 kJ mol-1 and∆S0 ) -2.229 kJ mol-1 K-1 at 1 M
added NaCl,13 the probe spot areaS ) 0.01 mm2, the hybridiza-
tion solution volumeV ) 30 µL, and room temperatureT ) 298
K. At the lowest consideredC0 ) 10-12 mol/L, the low-tempera-
ture saturation ofND is due to depletion of targets, whereas at higher
C0 it corresponds to complete hybridization (θ ) 1) of the probes
with the surface densitynp. The important result in Figure 1 is that
the hybridization signal increases withnp (1011 < np < 1012 cm-2)
and achieves a substantial peak of sensitivity nearnp ) 1012 cm-2

because of strong Coulomb repulsion (blockage) of hybridization
at higher probe surface density (Figure 2). Notice at signal
maximum the mean interprobe distance is 10 nm, and thus no
significant steric effect is expected for 2 nm diameter DNA double
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Figure 1. Number of hybrids vs temperature for the assayed target
concentrations 10-12 (solid), 10-9 (dashed), and 10-6 mol/L (dotted). The
numbers denote the probe surface density: (1) 1011, (2) 3× 1011, (3) 1012,
(4) 3 × 1012, (5) 1013, and (6) 3× 1013 cm-2.

T )
∆H0 + wnPZP(ZP + ZTND/nPS)

∆S0 + R ln[(nPS/ND - 1)(C0 - ND/NAV)]
(3)
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helixes. Optimizing analytically to find the maximum ofND as a
function of np in eq 3, we obtain

The predicted strong probe length dependence as 1/ZP
2 shows that

for common 70-mer probe microarrays the optimal surface probe
density is as low as 1.3× 1011 cm-2.

Next, we consider the dynamic range of detection. It should be
broad enough (3-4 orders of magnitude) to measure lowly and
highly expressed genes in a single assay. Moreover, the linear part
is of special interest in connection with standard two-color dye
labeled mRNA relative abundance array-based assays.1 Figure 3
displays the hybridization isotherms at different temperatures
calculated from eq 2 for the above specified array parameters and
hybridization conditions. The bold curves are for the probe density
np ) 1012 cm-2 corresponding to the strongest hybridization signal.

As shown, the broad linear detection range up to almost complete
hybridization (θ ) 1) can occur at room temperature, but is limited
to θ , 1 for somewhat elevated temperatures. However, hybridiza-
tion is typically done above room temperature to avoid contributions
of mismatched targets with lower melting temperatures and also
to melt the target’s possible secondary structure. For any specific
hybridization temperature, Figure 3 can be used to find the
concentration range below saturation and its appropriate linear
region. Alternatively, from eq 2 the nonlinear errorδ is

The ratio of the stronger to weaker hybridization signals in two-
color measurement provides a lower estimate for the ratio of
concentrations with the relative error belowδ. For an acceptable
errorδ, the plotδ versusθ from eq 5 can be used to find the upper
limit of θ. For accurate quantitative measurements in nonlinear
range at higherθ, the isotherm from eq 2 allows one to find the
target concentrationC0.

In conclusion, on the basis of the theoretical binding isotherm
confirmed by published experiments, we developed a model of on-
array hybridization. We derived simple, analytical relations for the
sensitivity maximum and linear dynamic range. We demonstrated
the use of these equations for the rational design of gene expression
assays. Current microarrays evaluate only relative mRNA abun-
dance, but the absolute number is required for data comparison.
Importantly, the mRNA number can be obtained using the isotherm
if the hybridization signal is calibrated to the number of duplexes.
Our approach can also be applied to optimize other microarray
applications including genotyping, single nucleotide polymor-
phisms, and sequencing.
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Figure 2. Normalized hybridization signal vs the probe surface density.

Figure 3. Hybridization isotherms at temperatures of 298 K (solid), 328
K (dashed), 348 K (dotted), and 358 K (dashed-dotted). The numbers
denote the probe surface density: (1) 3× 1011, (2) 1012, (3) 3× 1012, and
(4) 1013 cm-2.
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