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CHIPCHECKII—PREDICTING BINDING CURVES FOR MULTIPLE

ANALYTE STRANDS ON SMALL DNA MICROARRAYS

Karsten Siegmund, Carolin Ahlborn, and Clemens Richert

Institute for Organic Chemistry, University of Karlsruhe, Karlsruhe, Germany

� Incomplete binding, saturation, and cross-hybridization between partially complementary
strands complicate the parallel detection of nucleic acids via DNA microarrays. Treating the
competing equilibria governing binding to microarrays requires computational tools. We have
developed the web-based program ChipCheckII that calculates total hybridization matrices for target
strands interacting with probes on small DNA microarrays. The program can be used to compute the
extent of cross-hybridization and other phenomena affecting fidelity of detection based on sequences,
quantities of strands, and hybridization conditions as inputs. Enthalpy and entropy of duplex
formation are generated locally with UNAfold, including those for complexes that are partially
matched. Simulated binding versus temperature curves for portions of a commercial genome chip
demonstrate the extent to which cross-hybridization can complicate DNA detection. ChipCheckII is
expected to aid nucleic acid chemists in developing high fidelity DNA microarrays.
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INTRODUCTION

Nature evolved DNA as carrier of genetic information. Today’s
biomedicine frequently employs short DNA strands as hybridization probes,
however. Perhaps the most demanding application for DNA, in terms of
sequence-selective hybridization, is the massively parallel detection of com-
plementary strands in hybridization experiments involving microarrays.[1]

Microarrays are most commonly used for gene expression profiling,[2] but
also for cancer diagnosis[3] and SNP genotyping.[4,5] Hundreds of thousands
of duplexes have to form on high density DNA microarrays in the presence
of competing strands with very similar sequences. This pushes the selectivity
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Binding Curves for Small Microarrays 377

of molecular recognition to its physical limits, and there is little doubt that
processes happening on the surface during hybridization are complex,[6,7]

and that microarray experiments can suffer from substantial drawbacks.[8]

Among these are cross-hybridization,[9] caused by residual affinity of target
strands with partial complementarity, as well as false negative results, caused
by low stability of A/T-rich duplexes. Further, reproducibility is limited,
especially when different microarray systems are used.[10,11] Finally, differ-
ences in hybridization kinetics can bias results.[12,13]

So, while DNA microarrays are now widely used for biological and
biomedical applications,[14] obtaining reliable, quantitative results will re-
quire a careful correction for phenomena caused by competitive binding
equilibria and differences in duplex stability between different probe/target
duplexes.[15] Simple approaches for correction, such as subtracting sig-
nals for mismatched probes as background, have been described as
unsatisfactory.[16,17] The development of high fidelity microarrays, there-
fore, calls for computational tools that allow one to detect weaknesses of
possible microarray set-ups and to eventually correct computationally for
physical limitations of the molecular recognition process.

It has been reported that thermodynamic data for duplex stability
calculated via ‘nearest neighbor’ approaches correlate well with the ther-
modynamic data for duplexes formation on microarrays.[18] We developed
the program ChipCheck that computes the total hybridization matrices for
small DNA microarrays, using either experimental or calculated thermody-
namic data for the binding equilibria (Figure 1).[19] ChipCheck does not
use cutoffs to reduce the number of equilibria in the calculations, so that

FIGURE 1 The total hybridization matrix approach employed in ChipCheck calculations. Wavy lines in
different shades of gray represent DNA target strands of different sequence.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



378 K. Siegmund et al.

the full extent of aggregate low-level binding events is represented. Further,
ChipCheck can be freely accessed on our internet server. Other software
for simulation of binding phenomena on microarrays exists,[20–23] as well
as computer algorithms for quantitation and visualization,[24] statistical
analysis,[25–27] extraction of features,[28] the different sources of noise,[29,30]

detection of spot inhomogeneities and background,[31] and eliminating sat-
uration artifacts,[32] but these programs do not compute total hybridization
matrices, nor do they focus on competitive equilibria.

For our earlier version of ChipCheck, free enthalpies (�G) had to
be provided for every possible duplex of the virtual experiment. This
required lengthy retrieval of data from servers producing nearest neighbor
data, making the ChipCheck version 1.0 unattractive for users wishing
to avoid this effort. Further, the binding equilibria were calculated for a
single temperature only, making it necessary to perform many rounds of
calculations to generate binding curves and, thus, optimized conditions
for hybridization. Here, we present ChipCheckII, where the generation of
thermodynamic data for all duplexes involved occurs in fully automated
fashion. ChipCheckII accesses the program UNAFold,[33] and its advanced
algorithm for predicting folding and duplex thermodynamics, for the
required �H and �S values. As a result, no more than sequences and
concentrations (as well as hybridization conditions) have to be entered.
Further, ChipCheckII readily generates binding versus temperature data,
from which optimized incubation conditions may be gleaned.

RESULTS AND DISCUSSION

Simulating Binding of Target Strands at one Temperature

To start a calculation of the DNA distribution on a microarray, the
sequences of target strands (in solution) and the probe strands (on the spots
of the microarray) must be entered in two text boxes of the data entry mask
of ChipCheckII. The sequences must be entered in a FASTA format,[34] in
which the concentration of each strand is given in the FASTA comment
next to a short name describing that sequence. Additionally, temperature,
the volume of the solution, and the salt concentrations have to be entered.
For the given experimental conditions, �H and �S are calculated for a
specific temperature using the program UNAFold.[33] So, while the first
version of ChipCheck required �G values to be entered for every binding
equilibrium and temperature as a user input to calculate the equilibrium
constant, ChipCheckII has been extended to generate value pairs of �H
and �S and to then accept these in the input file. The thermodynamic
data is stored in a local file, whose content is displayed on a separate
HTML page, where it may also be edited. From this, �G is calculated via
the Gibbs-Helmholtz equation (�G = �H−T �S) for every temperature
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Binding Curves for Small Microarrays 379

FIGURE 2 ChipCheckII output display for a minimal microarray, consisting of two spots, incubated
with two target sequences at a temperature of 35◦C. Each row represents a single spot on the chip, while
each column corresponds to one sequence in solution. The last column (� = total signal) shows the
sum of all hybridization to the DNA of a spot, corresponding to signal intensity observed in a microarray
experiment. The lighter the spot, the greater the extent to which binding occurred.

chosen. The concept of an input file containing the thermodynamic data
was retained to enable the use of experimental enthalpies and entropies,
for example, from solution experiments instead of the ones calculated by
a nearest-neighbor approximation. With all necessary data generated, the
main algorithm then calculates the distribution of all target strands on the
respective spots. This algorithm arrives at the final distribution through
iterations employing the multidimensional Newton method.[19] Figure 2
shows an output for a very small model microarray, consisting of only two
spots and two different sequences in solution.

Simulation of Target Strand Binding for a Subset of Spots

on an Affymetrix Microarray

We previously employed ChipCheck to calculate DNA distributions on
oligonucleotide arrays with target strands of equal length.[19] Arrays with
100 spots were shown to require no more than a few seconds computational
time. To demonstrate that other setups, more common in the biomedical
community, can be treated successfully, a calculation was run with a subset
of the sequences of a commercial microarray (Arabidopsis ATH1 Genome
Array, Affymetrix, Inc., Santa Clara, CA, USA),[35] featuring 25mer probe
sequences for the detection of a total of 25,000 target sequences. From
the probe sequences of this chip, one set of sequences with significant
similarity were chosen for a ChipCheckII simulation. Figure 3 shows the
result of this calculation involving 385 spots and 17 target sequences in
solution. The sequences and conditions employed are detailed in the Sup-
porting Information. (The supporting information can be obtained online
at http://chip.chemie.uni-karlsruhe.de/sup-inf/ or from the authors.) The
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380 K. Siegmund et al.

FIGURE 3 ChipCheckII output showing the binding of target DNA to the spots of a Affymetrix ATH1
genome array. Spots for the (multiple) detection of 17 transcripts of several hundred nucleotides each
are shown. The probes detecting different regions of the same target are indicated by a bracket on the
right-hand side. Perfect match probes are on light-blue lines, and mismatched probes are on red lines.
The simulation was performed with a 5 pM concentration of target strands, a value typical for spike-in
strands. For an ideal chip, one would expect a repetitive pattern of light and dark spots similar to the
one observed for the area labeled by the second bracket. This pattern should “move” from the left-most
bracketed column (first target sequence) to the next one, and so on.

computational time on the current ChipCheck server was under 10 seconds
for calculating the distribution at a single temperature. Generating the data
for the binding curves in the temperature range of 0◦C to 100◦C required
less than 5 minutes (time for generating graphs not included).

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Binding Curves for Small Microarrays 381

It can be discerned that the pattern of light (mostly covered) and dark
(poorly covered) spots is not as regular as one could wish for a microarray
detecting an equimolar mixture of transcripts via multiple probe spots. Also,
the extent of cross-hybridization observed is as worrisome as the number
of false negative results (spots that fail to bind the target sequence, even
though they are fully complementary to the target). This suggests that for
problematic sequences, it may be difficult to achieve reliable detection on
high density microarrays. We would like to emphasize that the results are
not representative, as the sequences chosen include similar and in some
cases identical sequences on different spots that are used on this microarray.
General conclusions on the expected fidelity of this microarray will require
simulation on the entire sequence space for this chip.

Binding versus Temperature Curves

Optimization of microarray experiments requires judicious choice of se-
quences and experimental conditions. Perhaps the most difficult-to-choose
parameter is the exact temperature of incubation. While the dependence of
duplex stability on ionic strength, G/C content, and oligonucleotide length
is generally known, it is not as clear what the best temperature for the
most universally stringent incubation is that does not lead to massive false
negative results. Identifying such a temperature based on simulations with
the earlier version of ChipCheck required manually entering many different
sets of �G values and starting a long series of individual calculations,
together with manually managing the results. The same is true for binding
curves generated to calibrate simulation parameters, based on experimental
data from calibration experiments.

ChipCheckII can automatically perform calculations at different tem-
peratures for a given set of sequences and experimental conditions. The
fully automated generation of entire binding curves for each possible
duplex formed on a given spot leads to binding/melting curves such as
those shown in Figure 4a. In addition, ChipCheckII generates a graph
showing the overlay of the binding curves for all spots and target sequences
of a given example. An example for this type of graph, again for the simplest
case possible, is shown in Figure 4b.

The results of calculations for a more complex example are shown
in Figure 5. Here, the hybridization onto a microarray consisting of 100
spots with 25mer probe strands was simulated. Between one and six
target strands of several hundred nucleotides in length were employed at
different concentrations. The sequences are a subset of those employed in
a microarray study on gene expression in Drosophila.[36]

In the simplest case, where slightly above one equivalent of one target
strand was employed, so that full coverage of all complementary probes
at low temperature could be expected, very little cross-hybridization was
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382 K. Siegmund et al.

FIGURE 4 Binding versus temperature curves for a minimal microarray consisting of two spots, each fea-
turing 4· × 10−15 mol of an undecamer probe oligonucleotide (GCAGTCAACCA or ACAGTCAACCA)
and two target strands in solution at an initial concentration of 1.33 × 10−10 M (TGGTTGACTGC, black
asterisks, and TGGTTGACTGT, gray diagonal crosses) in 30 µL buffer containing 1 M NaCl. a) Binding
curves for an individual spot. The extent to which different target strands bind is shown, together with
the total signal to be expected for a non-sequence-specific detection method (total hybridization, black
crosses). Note that the extent to which the mismatched strand contributes to binding (gray diagonal
crosses) reaches a maximum at approx. 25◦C. b) Overview of binding curves for both spots of the
microarray (total signal).

FIGURE 5 Binding versus temperature curves for a microarray consisting of 100 spots with 4 × 10−15

mol 25mer probe oligonucleotides covering potential 8 target transcripts of the Drosophila genome.
The volume of the hybridization solution was set to 30 µL. The curves are the total binding occurring
on a given spot, irrespective of what targets bind to what extent. This is the equivalent of the total signal
one can expect via fluorescence intensity, if the same fluorophore is used for labeling all targets. a) One
target in solution at an initial concentration of 1.87 × 10−9 M, that is, approximately 1.03 equivalents to
the fully complementary probe sequences on the surface. b) Six targets, again at an initial concentration
of 1.87 × 10−9 M each. c) Six targets at an initial concentration of 1.87 × 10−10 M, that is, approximately
0.1 equivalents to the complementary probes. d) Six targets at an initial concentration of 1.87 × 10−8 M,
that is, 10 equivalents to the complementary probes.
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observed (Figure 5a). The midpoints of the binding curves are spread over
a range of approximately 10◦C, so that reasonably selective detection can be
expected, assuming that a single mismatch in the interior of the duplex
will cause 10–20◦C melting point depression. When six of the potential
eight target strands were employed at 1.03 equivalents (Figure 5b), modest
cross-hybridization was again observed, even at low temperatures. The
binding curves for the complementary probes was spread over a significantly
larger temperature interval, though, (approximately 20 ◦C), so that it
would seem more difficult to find universally stringent conditions without
risking significant cross-hybridization. When substoichiometric amounts of
six targets were used, so that the probe strands competed for a limited
supply of target in solution, the different spots attracted vastly differ-
ent amounts of their respective target, and cross-hybridization became
significant (Figure 5c). In the most challenging case in terms of cross-
hybridization, namely a 10-fold excess of the six target strands, all probe-
displaying spots attracted target strands, including the 14 spots that lack a
target they were designed for (Figure 5d). In fact, at room temperature,
all spots on the microarray are fully saturated, due to cross-hybridization.
Coverage versus temperature curves, such as the one shown in Figure 5d
may be particularly useful for identifying problematic probe sequences that
one might want to change prior to fabrication of a microarray. These give
binding curves close to those for the fully complementary probes. The
data also shows how much cross-hybridization depends on the experimental
conditions.

An interesting observation was made for some experimental conditions.
In simulations where the target strands were present at a large excess, the
extent to which partially mismatched target strands bound to the probe
sequences on the surface depended on the temperature. In a number
of cases, the selectivity increased when the temperature dropped well
below the melting point of the duplex, that is, the fully matched target
sequence bound more strongly relative to the mismatched competitors than
at what would usually be considered more stringent conditions (higher
temperature). The resulting maxima in the binding of mismatched targets
(compare Figure 5c) appear to be the result of the subtle changes in
enthalpy/entropy compensation for duplexes with PM and MM sequences,
affecting the �G values. A particularly striking example is given in Fig-
ure S1 of the Supporting Information. It displays curves with multiple
maxima, obtained with a minute amount of incubation solution and ten
target strands, for two of which no probe strands were present. It is
interesting to ask whether this phenomenon is a computational artifact
or whether it can also be observed experimentally. If it is real, it might
have practical consequences, as the selectivity of affinity-selections, not just
on microarrays, should increase with decreasing temperature in certain
cases.
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384 K. Siegmund et al.

DISCUSSION

Simulating the results of hybridization experiments involving microar-
rays is important to identify physical limits of sequence-selective detec-
tion. These can lead to substantial limitations. The number of spots on
commercial microarrays continues to increase,[37] and so does the density
of spots. Increasingly demanding applications come into focus for the
experimentalist,[38] such as genotyping single nucleotide polymorphisms,
where a single nucleobase has to be detected unambiguously in a lengthy
sequence. Selective, quantitative detection is severely complicated by ho-
mologies between genes, and biases introduced during amplification. The
difficulties of achieving high fidelity results under these circumstances are
substantial, even for the most advanced commercial platforms.[39] The
use of decorated nucleic acids as probes may lead to higher fidelity.
Their binding to target strands has been predicted successfully, using
ChipCheckII.[40]

ChipCheckII, despite the added capabilities, does not allow for the
simulation of high density microarrays with very high spot number, as
it relies on the most rigorous approach of considering every binding
equilibrium, including those with very weak binding, whose aggregate effect
ever so often produces the high “noise” levels well known to practitioners in
the field. This approach necessarily limits the size of the system that can be
treated. ChipCheckII is expected to be useful for those who wish to develop
(or check) focused microarrays of moderate size, as well as those who wish to
study fundamental phenomena underlying the limited fidelity of molecular
recognition on microarrays. Examples, such as the one shown in Figure 3,
show that even for seemingly optimized platforms, severe false positives and
false negatives may result from unchecked gene chip experiments.

Of course, any simulation is only as good as the thermodynamic
parameters it uses. New approaches for treating the thermodynamics of
duplex formation of microarray continue to appear,[41] and future versions
of ChipCheck may benefit from these advances. Currently, ChipCheckII
assumes that a target strand will form only one duplex and that every
additional strand that can hybridize to it will do so in a competing
equilibrium. While this is a reasonable assumption for typical microarrays,
more complicated scenarios, involving (partial) duplex formation between
target strands that do not interfere with binding of one of these strands are
conceivable and may be accommodated in future versions of the program.
This will necessarily increase the CPU time for simulations, an effect that
might be compensated by advances in computer technology. Currently, the
UNAFold calculations are the limiting factor in the simulations. We estimate
that in its current form, microarray settings featuring ≤3000 spots and
the same number of target strands are the upper limit for ChipCheckII
calculations that our server, operating with an AMD 2000+ chip set, may
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Binding Curves for Small Microarrays 385

compute in less than 1 day. Whether the calculations will run stably for the
resulting approximately 10′000′000 equilibria has not been tested thus far.

The use of ChipCheckII is not limited to oligonucleotide microarrays.
Other forms of competing equilibria for which the thermodynamics of
complex formation are known, may also be simulated, possibly including
oligosaccharide[42] or protein microarrays.[43] Further, the program also
may be eventually used to calculate the complexes formed when binding
processes compete in solution only, without immobilization of either of
the complex-forming partners. We have performed exploratory work in this
direction, the results of which suggest that such calculations are feasible.

In summary, the web-based program ChipCheckII simulates small to
medium size DNA microarray experiments based on sequence data, con-
centrations, and hybridization parameters. The program treats competitive
binding equilibria occurring on the surface of DNA microarrays. It can
calculate entire on-chip melting profiles for hybridization. ChipCheckII
has been set up to retrieve thermodynamic parameters for binding equi-
libria locally from the program UNAfold.[33] It is not necessary for the
sequences to be fully complementary or to have the same length. The
results of ChipCheckII simulations are made available as text files and
in graphic form. For equilibria at a single temperature, the results are
displayed in form of a HTML table. The binding curves are made available
as PNG graphics or PDF. The program ChipCheckII can be accessed at
http://chipcheck.chemie.uni-karlsruhe.de/ and can be made available for
download upon request.

MATERIALS AND METHODS

General

ChipCheckII utilizes algorithms described for the earlier version.[19]

Briefly, the equation for the law of mass action is used, together with
the equations for the conservation of mass. For every individual spot of a
microarray (index i), the mole fractions of bound DNA and unbound, single
stranded DNA in solution (index j) are compared to the initial amounts of
DNA, resulting in the following equations:

Ki j = x̃ i j

xi c j
law of mass action on a single spot

∑
j

x̃ i j + x j = 1 definition of mole fraction on a single spot

∑
i

(ni x̃i j ) + Vc j = V co j starting concentration
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386 K. Siegmund et al.

Here, V is the volume, ni is the molar amount of strands on spot i, Kij
is the equilibrium constant for a binding event, cj is the concentration of
single stranded DNA in solution, xij is the mole fraction of bound DNA (j)
on spot i, xi is the mole fraction of single stranded DNA on spot i, and coj
is the initial concentration of DNA in the sample. These equations can be
combined into a single equation:

x̃ i j = Ki j
[
co j − (

V −1 ∑
i ni x̃i j

)]

1 +
[∑

j Ki j
(
Co j − V −1

∑
i ni x̃i j

)]

This combined equation calculates the mole fraction of each possible DNA
duplex between a target strand (index j) in solution and an immobilized
probe strand (index i) on the microarray.

Software Used

ChipCheckII itself, as well as algorithms producing whole binding
curves via ChipCheckII were written in the scripting language Perl 5 under
i386 Debian GNU/LINUX. User interactions are accomplished by running
ChipCheckII via ASCII input files and the cgi-bin interface of an Apache
web server. Thermodynamic data for DNA duplexes are calculated locally
using UNAFold.[33] Other software producing thermodynamic data may be
used and the �H and �S values entered directly, as described for the earlier
version of ChipCheck.
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