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Scheme 1. Schematic representation of structure and color changes 
of nanoparticle/DNA binding molecule assemblies at specific times. 
t1 represents time
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Figure 1. Kinetics for aggregates of NP-1 and NP-2 with different con-
centrations of DAPI in 10 mM SPB solution (pH 7.0, NaCl 0.15 M).

Chemotherapy is a crucial anticancer strategy. Numerous 
compounds have been developed as potential candidates for 
anticancer drug, and many of these compounds, including FDA- 
approved anti-cancer drugs such as doxorubicin, daunorubicin 
and amsacrine, are known to reversibly interact with DNA to 
form drug/DNA complexes.1 Large libraries of compounds of 
DNA-binding molecules have been synthesized by combina-
torial chemistry.2 However, the selection of viable candidates 
among the many compounds contained in these libraries is one 
of the major bottlenecks in drug discovery.3 To overcome this 
problem, high-throughput screening (HTS) methods are used to 
screen large libraries of potential drug candidates for biological 
activity.4 Generally, the anticancer drug’s biological activity is 
correlated with its binding affinities to DNA.5 In the past, typical 
screening processes have included mass spectroscopy, nuclear 
magnetic resonance, light scattering, and electrochemistry.6 Un-
fortunately, these methods are not applicable to HTS. Only re-
cently have high-throughput compatible fluorescence screening 
protocols been developed.7 Despite being useful tools, fluore-
scent intercalator displacement (FID) assays have some weak-
nesses. The FID is an on-off system and the fluorescent signal of 
the reference intercalator (thiazole orange or ethidium bromide 
(EB)) often interferes with that of the DNA binding molecule 
of interest.8

Recently, Mirkin et al. reported high-throughput compatible 
colorimetric detection of the relative binding affinities of bind-
ing molecules to DNA using DNA-functionalized gold nano-
particles.9 This method is more practical and simpler than con-
ventional methods except for the requirement of raising the 
temperature during the detection process. This makes the sys-
tem relatively costly and somewhat impractical for HTS. 

In this paper, we describe a simple new colorimetric assay 
for determining the relative binding affinities of DNA binding 
molecules to duplex DNA. It incorporates DNA-functionalized 

gold nanoparticles without the need for instrumentation such 
as temperature controllers. This new method relies on the ki-
netics of polymeric aggregates of DNA-functionalized gold 
nanoparticles (DNA-AuNPs) in the presence of DNA binding 
molecules. The kinetics is very sensitive to factors such as salt 
concentration and buffer pH. The density of DNA on gold nano-
particles caused by the aggregation of DNA-AuNPs is de-
pendent on the binding affinities between each complementary 
DNA on those nanoparticles.10 Therefore, we assumed that the 
kinetics of aggregation of DNA-AuNPs were dependent on the 
species and concentration of DNA binding molecules because 
such molecules enhance the stability of duplex DNA.

Gold nanoparticles were prepared by functionalizing two 
separate batches of 13 nm gold particles with two different 
thiol-modified oligonucleotide strands: DNA-1 and DNA-2. 
When DNA-binding molecules such as 4',6-diamidino-2-phe-
nylindone (DAPI) are added to solutions containing AuNP-1 
and AuNP-2 (1.5 nM each, 3.0 nM total Au NP), they bind to 
the duplex DNA interconnects linking the nanoparticles and 
stabilize the duplex DNA. Fig. 1 demonstrates that these addi-
tional binding interactions decrease the time required for the 
AuNPs to aggregate. This suggests that the kinetics of poly-
meric aggregates of AuNPs is very sensitive to the interactions 
between DNA binding molecules.

Next, we determined the relative affinities of various DNA 
binding molecules to duplex DNA by evaluating the kinetics of 
AuNP aggregation in the presence of the molecules. In a typical 
assay, a DNA binding molecule such as amsacrine (AMSA), 
anthraquinone-2-carboxylic acid (AQ2A), 9-aminoacridine (9- 
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Figure 2. The kinetics of the AuNP aggregation process in the absence
and presence of DNA binding molecules at different concentrations 
of NaCl; (a) 0.2 M. (b) 0.15 M. The changes in extinction were moni-
tored at 680 nm.

Figure 3. Color changes in gold nanoparticle substrates 45 minutes 
after the addition of DNA binding molecules.

AA), ellipticine (EIPT), daunorubicin (DNR), ethidium bromide 
(EB) or 4',6-diamidedino-2-phenylindole (DAPI), 5 µM is added 
to mixture solutions of AuNP-1 (1.5 nM) and AuNP-2 (1.5 nM) 
in SPB buffer with 0.2 M NaCl. The absorbance change of the 
mixture is monitored at 620 nm as a function of time (sample 
scan rate: 30 s‒1). The DNA binding molecules stabilize the 
duplex DNA interconnects linking the nanoparticles and decrea-
se the time required for polymeric aggregates of DNA-AuNPs 
to form, i.e, the time it takes for the solution to change color. 
Thus, we can determine the relative binding affinities of DNA 
binding molecules by measuring the color-change time. Fig. 2 
demonstrates the relationships between aggregation times such 
that DAPI < EB ~ DNR < 9-AA, EIPT, AQ2A, and AMSA, 
which is almost consistent with the relative binding affinities of 
these molecules to DNA.9 However, without UV-Vis spectro-
metry, it is very hard to discriminate between the relative binding 
affinities of DNA molecules. Because the stability of DNA du-
plexes is increased by salt, we expected that the time required 

for AuNPs to aggregate would be more sensitive to the relative 
binding affinities of DNA molecules at lower salt concentra-
tions. At decreased salt concentrations (0.15 M NaCl), despite 
the effects of EB on the time required for AuNPs to aggregate, 
the assay proved to be specific for identifying the strongest 
DNA binder in these molecules. DAPI can be identified by a 
color change of AuNP solution from red to blue. Although the 
method with a temperature controller can more precisely discri-
minate the relative binding affinities of DNA binding molecules 
to DNA than our method, the method need an incubation time to 
form an aggregate of DNA-AuNPs for determining the relative 
binding affinities.9 While, our method doesn’t need any incuba-
tion time to determine the relative binding affinities because of 
monitoring the color change of DNA-AuNPs, exposed to the 
DNA binders, over time intervals.

HTS is now widely used for identification of hit compounds 
from combinatorial libraries.4 We have examined the application 
of gold nanoparticles for HTS of DNA binding molecules th-
rough visual inspection. DNA binding molecules possessing 
strong binding affinities cause the color of AuNP solutions to 
change rapidly from purple to red. An absent or slow color chan-
ge indicates weak binding affinities. Thus, we can use color 
change as a function of time to determine the relative binding 
affinities of DNA molecules. Figure 3 shows that DAPI in the 
DNA binding molecules is strongest, which allows the identifi-
cation of the strongest binder in various DNA binding molecules.

In summary, we have developed a colorimetric assay for de-
termining the relative binding affinities of molecules to duplex 
DNA by monitoring color changes in DNA-AuNPs exposed to 
DNA binders over various intervals of time. Although the assay 
cannot precisely determine the binding affinities of molecules 
to duplex DNA, it is simpler to apply than conventional systems 
that monitor molecule-DNA interactions directly or AuNP pro-
bes based upon temperature control. In addition, this assay can 
be easily adapted to HTS methods, which can then be used to 
identify potential anti-cancer agents within large combinatorial 
libraries, based on their duplex DNA binding affinities.
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