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Oligonucleotide functionalized gold nanoparticles, or nanoparticle Scheme 1

probes, have become the basis for an increasing number ofEq1 . - sequences

diagnostic applications that compete with molecular fluorophores 77 1<t 2 e s

in certain settingd-? For these types of systems, detection relies W = A4 5ATCCTTTACAATATTQ3

upon the binding events between a DNA target sequence and the g T, gt 8 SATCCTITACAATATTS

probe sequence. For such an associative equilibrium process, & ! 2 N 8 5'HS-A,-ATCCTTTAC AATATT'3 ,
q2 T<T, \/_  95HS-A,ATCCTTTAC AATATTTAACAA'3

)
decrease in target concentration will decrease the amount of duplex ;‘,9 _\;TLL‘:» g\‘ 10 3 TAGGAAATGTTATAAATTGTT-F'S
formed and, therefore, the melting temperatdg,for the system. T, . T F=F?uﬁI§§J;ZACA’aT=’gEm‘Ce’jA'Q3
Thus, the equilibrium binding constant between the target and probe
can be a fundamental limiting factor for a high sensitivity detection \ith data from analogous molecular quencher/fluorophore systems
system that does not involve target amplification. Several studies with identical recognition sequences.
have qualitatively determined that the presence of gold nanoparticle  Binding of nanoparticle probes to a complementary target
probes results in cooperative melting properties of the probe/targetsequence modified with a molecular fluorophore resulted in
complex, which both sharpen and increase the melting transition quenching and decreased fluorescence intef&igubsequent
of DNA-linked nanoparticle aggregaté$®14 Surprisingly, there heating resulted in dissociation of the probe/target complex and an
have been no thermodynamic studies of such systems aimed aincrease in fluorescence intensity, providing a way to spectroscopi-
quantifying the differences between the binding properties of cally monitor the melting transition (Figure 1A). Melting temper-
molecular fluorophore probes and gold nanoparticle probes. Herein,atures, T, were determined by taking the maximum of the first
we report the first study which compares, on a sequence-for- derivative of a melting transition measured by fluorescence
sequence basis, the melting properties of nanoparticle probes andgpectroscopy (Figure 1A). As the concentration of probe and target
molecular fluorophore probes. These are the first analytical increased, a corresponding increasd inwas observed.
benchmarks for understanding the fundamental and technological Comparison of the 4-15-base nanoparticle/fluorophore and 15-
differences between gold nanoparticle probes and molecular base molecular quencher/fluorophore melting experiments revealed
fluorophores. that the nanoparticles typically melted approximateRCshigher
Thermodynamic properties were derived through concentration- than the corresponding molecular system. Melting data were
dependent melting studiés:?” In a typical experiment, 13 nm  analyzed according to literature proceddfeS for molecular

4 2

diameter Au nanoparticles functionalized with ‘atfiol-modified systems by graphing T4 as a function of concentration according
15-base DNA recognition sequence, containing ap bacer1, to the following equation:
were allowed to hybridize to one equivalent of ‘affdorescein- _
8 1_ R, AS — RIn4
modified 15-base complementary DNA sequerizgeq 1). The T - AH°'n Cr+ ARC

concentrations of the nanoparticle probe and complementary m

fluorophore sequences were varied while maintaining a 1:1 ratio. \yhereT,, is the melting temperatur® is the gas constant, ar@t
To obtain comparable melting data for a molecular quencher/ s the total concentration of nanoparticles plus fluorophore or
molecular fluorophore system, similar experiments were performed quencher plus fluorophore (Figure 1B and Table 1).

with 2, now acting as the probe, and a complementary 15-base DNA
sequence modified with d-8labcyl molecular quenchet,(eq 2). A B

All experiments were allowed to equilibrate for over 24 h in 0.3 %‘1.0 . 0.00321

M NaCl 10 mM PBS buffer. To investigate the effects of the poly-A ‘6 0.8 %:j:

spacer and the length of the recognition sequence on the binding% 780.6 P el g i

properties of nanoparticle probes, melting experiments were carried g 0.4 E 0.00315

out with multiple types of probes. Poly-A spacers are commonly 3 0.2 A S

used to stabilize gold nanoparticle probes and increase their go.o o el B2, Prebeuor
hybridization efficiency by moving the target recognition sequence & 30 40 50 60 21 20 19 18 -17

further from the particle surface. To test the influence of spacers Temperature (°C) InCt
on hybridization thermodynamics, 15-base probes were designedFigure 1. (A) Melting curves of (red) 3 nM Ao 15mer nanoparticle probe
with and without Ao spacersy and8. To investigate the effects ~ hybridized to 3 nM 15mer fluorophord, = 46 °C, and (black) 3 nM
of DNA recoghnition strand length on such properties, nanoparticle X2Mer quencher hybridized to 3 "M 15mer fluorophdiig,= 40 °C. (B)

) . " Thermodynamic analysis of concentration-dependent melting data;for A
probes were designed with an¢#spacer and a 21-base recognition  15mer nanoparticle/fluorophore and 15mer molecular quencher/fluorophore
sequence. Finally, all of these systems were studied and compared experiments.
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Table 1. Thermodynamic Values of Nanoparticle/Fluorophore and Molecular Quencher/Fluorophore Systems

Ag 15mer Ay 15mer Ag 21mer
15mer Q/F probe/F probe/F 21mer Q/F probe/F
AH? (kcal/mol) —98+ 2.0 —117+ 3.9 —109+ 3.3 —136+9.7 —144+ 3.9
AS’ (kcal/mokK) —0.272+ 0.0056 —0.326+ 0.011 —0.301+ 0.0093 —0.377+ 0.027 —0.397+ 0.011
AG® (kcal/mol) —-16.7+ 2.0 —19.44+ 3.9 —19.2+3.3 —23.8+£9.7 —25.54+ 3.9
Keg(M~tcm™) at 298 K 1.8x 1012 1.8x 10 1.2x 101 2.8 x 107 4.9x 108

Analysis of the Ag-15-base probe melting data reveals that the properties of the nanoparticle and molecular fluorophore probes
nanoparticle probes have a binding constant ofx1 B3'4, 2 orders are not significantly affected (Supporting Information).
of magnitude higher than the binding constant for the molecular  In conclusion, we have quantitatively determined and compared
qguencher/fluorophore system under identical conditions. At room the thermodynamic values of oligonucleotide functionalized gold
temperature, this translates to binding of the nanoparticles atnanoparticle probes and molecular fluorophore probes of the same
concentrations as low as 20 fmol. For the equivalent fluorophore sequence. Nanoparticle probes have a higher binding constant,
probe, the concentration must be increased to at least 2 pmol beforavhich increases the sensitivity of assays based upon them, as
target binding will begin to occur. compared with their molecular counterparts. As the length of the

There are approximately 100 strands of DNA per gold particle recognition sequence increases, the enhancement of the binding
(30 pmol/cn?).*® To determine if the enhanced binding strength of strength diminishes. In designing an effective probe, a balance must
the nanoparticle probes was due to the additional DNA bound to be maintained between binding strength and selectivity. Moving
the nanoparticle surface or to some other property unique to theto a longer recognition sequence can increase the binding strength
nanoparticles, analogous experiments were performed using 100but at the cost of selectivity. Nanoparticle probes with a shorter
nm silica particles functionalized with the same sequence as DNA 15-base recognition sequence and the appropriate spacer provide a
1 (Supporting Informatiorn;-200 strands of DNA/particle, 1 pmol/  greater sensitivity than a molecular fluorophore, while maintaining
cn?). These particle/fluorophore complexes were found to melt at a high selectivity without additional amplification of target
the same temperature as that of the duplex structures in the case o$equence.
the molecular quencher/fluorophore experiments. This observation
is consistent with the conclusion that the increased binding strength
of the gold nanoparticle probes is due to the high density of DNA
bound to the gold surface and not the absolute amount of DNA on
a particle probe surface.

The presence of the poly-A spacer is important, as predicted Supporting Information Available: ~Experimental conditions,
earlier in qualitative analysé41® Removal of the A, spacer melting data, calculations, DNA functionalized 100 nm silica particles,
dramatically reduced the binding efficiency such that melting and effects of fluorophore/quencher modifications. This material is
transitions were indistinguishable from background fluorescence. available free of charge via the Internet at http://pubs.acs.org.

On the other hand, increasing the poly-A spacer frofgtd Az
had very little effect onTy,. This demonstrates that there is an
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