J. Phys. Chem. B006,110,16393-16396 16393

Defects Can Increase the Melting Temperature of DNA-Nanoparticle Assemblies
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DNA—gold nanoparticle assemblies have shown promise as an alternative technology to DNA microarrays
for DNA detection and RNA profiling. Understanding the effect of DNA sequences on the melting temperature

of the system is central to developing reliable detection technology. We studied the effects of DNA base-
pairing defects, such as mismatches and deletions, on the melting temperature-ehBX\jarticle assemblies.

We found that, contrary to the general assumption that defects lower the melting temperature of DNA, some
defects increase the melting temperature of DNA-linked nanoparticle assemblies. The effects of mismatches
and deletions were found to depend on the specific base pair, the sequence, and the location of the defects.
Our results demonstrate that the surface-bound DNA exhibit hybridization behavior different from that of
free DNA. Such findings indicate that a detailed understanding of BN#&noparticle assembly phase behavior

is required for quantitative interpretation of DNAanopatrticle aggregation.

Introduction multiple targets in one solution by examining the phase behavior
of the systen#:*16 These technologies assume that introducing
defects results in assemblies with lowgy than their fully
complementary counterparts!® While this assumption holds
true for free DNA, it is not directly applicable to surface-bound
DNA. An anomaly inTp, trend has been observed in the DNA
nanoparticle systefmhich indicates that the details of DNA
base pairing play an important role in the phase behavior of
these nanoparticle systems. Therefore, it is crucial to understand
exactly how the microscopic binding behavior of DNA se-
guences is mapped onto the macroscopic phase behavior of
DNA—nanopatrticle solutions for proper quantification of data.
Here, we report experimental observations of unusual phase
behavior in the DNA-nanoparticle system. Sequence-dependent
defects, such as base pair mismatches and deletions, were
introduced, and, trend of the assemblies different from that
%f the free DNA has been frequently observed.

DNA-capped nanoparticle solutions, which self-assemble to
form disordered aggregates, have been shown to exhibit
interesting phase behavibr® In these systems, the cluster
networks are held together by noncovalent interactions, there-
fore, the aggregation process is reversible. Unlike free DNA
duplexes, which show a broad transition from double- to single-
stranded DNA, the DNA-nanopatrticle assemblies formed here
exhibit a sharp transition from aggregated to dispersed gHése,
indicating that melting of the assembly is not simply a DNA
duplex melting process. In addition, these surface-bound DNA
exhibit unusual phase behavior that deviates from that of the
free DNA.

Because of the color change induced by aggregation, BNA
nanoparticle assemblies have been proposed for use in DNA
detection in medical research, diagnosis of genetic disease, an
biodefens& ! as well as an alternative technology to DNA
microarrays (gene chip¥)and single-molecule sequencity.
This nanoparticle technology relies on differentiation in DNA
hybridization efficiency. In this system, single strands of DNA DNA-capped gold nanoparticles were synthesized and ana-
are functionalized with an alkanethiol group to bind with gold lyzed using methods described in refs 2 and 5. Briefly, two
nanoparticles. Introducing a specific linker DNA results in noncomplementary, single-stranded DNA were functionalized
aggregation and a visible color change. The aggregation andwith alkanethiol groups at their ends to be used as probes. Probe
melting of these assemblies are influenced by many parametersPNA were purified by HPLC (Invitrogen) and prepared in 0.3
including nanoparticle sizEDNA sequence’ and length. 614 M NaCl, 0.01 M phosphate buffer (pH 7). DNAnanoparticle
interparticle distancé}* and electrolyte concentratidn. probes were synthesized by saturating the surface of colloidal

Furthermore, self-assembly of DNA-capped gold nanopar- gold particles (Sigma), 10 nm in diameter, with functionalized
ticles has potential to be used for detecting single-base probe DNA. Salt was filtered using NAP-5 or NAP-10 columns
defectst415These experiments showed that certain single-baseto prevent the colloidal gold particles from irreversible aggrega-
defects, such as a one-base mismatch or deletion, result intion. After mixing the gold nanoparticles and DNA probes for
DNA—nanoparticle assemblies with lower melting temperatures 24 h, the solution was centrifuged at 13 200 rpm to remove
(Tm) than assemblies formed using a fully complementary linker. excess DNA. Approximately gL of linker DNA solution (7
Thus, by heating DNAnanoparticle aggregates formed with x 105 M in 0.3 M NaCl, 0.01 M PBS (pH 7)) was added to
various linkers to just below th&, of their fully complementary ~ 400 uL of mixed probe solution (4x 10" particles/L) and
counterpart, it is possible to differentiate solutions containing a allowed to aggregate for several days 4G4 The concentration
complementary linker (target) from those with a single-base was chosen such that tfig is independent of linker concentra-
mismatch. Theory also suggests that it is possible to detecttion.

Nanoparticle assemblies were formed using linkers with either
* Corresponding author. E-mail: chkiang@rice.edu. perfectly matched sequences or with various defects such as
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Figure 1. Linker and probe DNA sequences used in this study. Boxed : .
areas indicate base-pairing defects. 26 30 35 40 45 50 55 60 65
T(C)
mismatches and deletions. The base pairs found in the usuaFigure 2. Melting curves at 260 nm for (a) DNAnanoparticle
double-stranded DNA are the Watse@rick base pairs (AT assemblies and (b) free, unattached DNA duplexes, formed using linkers

. ; with defects of various composition, number, and location. The “s”
and GG) because their geometry allows any sequence of balseand “m” denote location of the defect on the surface and middle of the

pairs to fit into a nucleic acid sequence without distoridn. linker, respectively.

Defects in the current study include (i) mismatched base pairs

and (ii) deletions, on or near the surface, or near the midpoint TABLE 1: Melting Temperatures of DNA —Nanoparticle
between two particles (see Figure 1). Melting of corresponding Assemblies and Corresponding Free DNA Duplexes with
sequences of free DNA, which are not attached to gold Yarous Base-Pairing Defects

nanoparticles, were measured for comparison. Melting of BNA Tm (°C) ATm (°C)
nanoparticle aggregates was observed using optical absorption gefect type free  bound  free®  bound  deviatior
spectroscopy at 260 nm while solutions are heated at a constant, "y o 550 352

rate of 1°C/min. 1AA (9 543 361  —07 0.9 1.6
2AA 521 347 -29 -05 2.4

Results and Discussion 1A-A(m) 499 283 -51  -6.9 —-1.8
1deletion(s) 54.4 359 0.6 0.7 1.3

Representative melting curves for nanoparticle assemblies 2 deletion (s)  51.2 36.4 —3.8 1.2 5.0
using linkers with specific defects are shown in Figure 2a. 1CT(s) 52-43 353i°> *1%)-2 *1%)-? *%25
Melting curves for corresponding free DNA duplexes are given 1T (m) 289 74 _161 _o78 117

by Figure 2b. We found that, unlike the effect of defects on the
free DNA, where mismatches and deletions always lower the #Change in melting temperature of DNA duplex with defect
Tm, Some defects increashk, in the DNA—nanoparticle as- compared to corresponding perfectly matched DNA sequeXite =

: : Tm(defect) — Tm(no defect) Free DNA.¢ Particle-bound DNA ag-
semblies. For example, arrA mismatch on the surface has a gregatesY Deviation in ATy, of particle-bound DNA vs free DNA.

Tm of 36.1°C, which is higher than the perfectly complementary |, gicating defects located on surfaééndicating defects located near
Tm of 35.2°C, while the corresponding mismatch in a free DNA  midpoint between two particles.

lowers Tr, from 55.0°C to 54.3°C (see Table 1).

The unusual trend iMm may be explained by a crowding results showed that such a defect lowers Tae(—1.9 °C)
effect on the particle surfaces. Replacing a paired base with arelative to perfectly complementary particle assemblies, which
mismatched base allows flexibility in the dangling base (*A” is similar to the effect observed in free DNA-{.7 °C). This
in this case) to adjust its position and form nonspecific binding base-dependence effect (difference betweghand GT) may
with the particle surface, which increases Theof the system,  be understood in terms of recent experimental results of the
as observed. In fact, Coulomb blockage is responsible for muchbinding energy of single DNA bases on gold surfa®e?.|t
of the deviation in DNA hybridization thermodynamics on was discovered that DNA bases interact with gold surfaces with
surfaceg? To further investigate this effect, we obtaingg of increasing strength as 8 C < A < G, with the T base
a system with a “T” base deleted from the linker sequence while interacting much more weakly than the others. Thus, for an A
keeping the interparticle distance constant (see Figure 1). WeA mismatch near the particle surface, the nonspecific binding
found that such a deletion results irTa change of 0.7C in between the mismatched A base and the surface is stronger than
the nanoparticle system versu$).6 °C for free DNA, which that between the T base of the complementary Base pair
is consistent with our explanation that deletion of a DNA base and the surface. On the other hand, the energy contribution from
at the end (surface) reduces electrostatic repulsion and, thereforethe binding of a mismatched T base to the particle surface is
increases th&,. known to be much weaker and thus does not create more

To examine if these effects are base-dependent, we measureéfficient hybridization compared with a complementary linker.
the Ty, of a system with one @ mismatch on the surface. Our In addition, the energy loss of a disruption of aGCpair is
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O T T 717 T T T T 1% of these defects. Again, we found th&} may be higher or
B ] = ] lower relative to the complementary system, depending on the
s-& & 3 * ) 728 specific defect, and that changesTipare not always predictable
i A a i} from the free DNA system (see Figure 3). Among all defect
5 i E ] % types studied, the system with two deletions on the surfaces
G sk 5 dx5 has the highest, as well as the largest deviation T, from
= L 1 - its free DNA counterpart. While two mismatchedAbases
Eaol e £ near the particle surfaces create a system with I_ow_er
N 4 compared to the complementary one0(5 °C), the deviation
35 |- <«— A Free DNA (measured) 15 from its free DNA counterpart is significant (2.4C). This
5 <— O Free DNA (calculated) - observation indicates that even two-base defects may contribute
a0 ® Surface-bound DNA —> — 10 significantly to the signal, which should be taken into account
CC 0 L L 4 4y ? 7 for quant_itative anglys_is c_)f Rl_\lA or DNA profiling. The physical
25 e Dol 1AM 1COT 2AA 2Dsl 1AA 20T 1oT explanation for this finding is similar to that of the one-base
Defect {s} (s} (s) & m (m) defect, with the magnitude relying on the detailed composition
Detect of the bases involved in the process.
Figure 3. Melting temperatures with respect to DNA defect for free, Mismatches at or near the midpoint of the DNA connection,

unattached DNA and surface-bound DNA. Data were taken for 10 nm .
DNA—nanoparticle probes and averaged over three separate experi-however’ produce very different effects from those near the

ments. The error bars indicate one standard error. Calculated dataSurface. We found that an-A or a GT mismatch in the middle
represents predictefl, values using empirically determined nearest-  Of a linker lowers thel, for both free and bound DNA. Because
neighbor thermodynamic parameters for DNA hybridization from refs both the free and surface-bound DNA have the same terminal
23-26. effect, the stronger effect of bound DNA indicates that the effect
is amplified in this system. For example, aTCmismatch in

likely result in an overall decreasdd. It is also possible that, the middle significantly lowers th& for both free and particle-

because of the nonspecific binding of the end base to the particlebounol DNA, with the bound DNA taking several days to form

i etectable aggregates at@ (see Figure 3). Part of the effect
surface, the DNA bases near the surface are partially denatureogan be attributed to the fact that the mismatched base does not

and do not fprm base pairs even when'the bases are CornlOle'result in nonspecific binding to the particle surface due to its
mentary. This may explain the small increaseTin when

. . . location, and thus the only effect is the weakening of the DNA
replacing a complementary base at the surface with a mis-

matched base. Sequence dependence effects can also be Senglex due to the defect, However, the chang&ircannot be

. e ; g . éxplained simply by the fact that there is no surface compensa-
in systems with single-base deletions. This is evidenced by tion of the binding energy because the second mismatches we
comparing the effects of delegra T base from the sequence g gy

used here with those seen when delg#nT base from a much 'r:g;oodnufﬁ: S'Er:(g(e:éw_?;glgggfhl !s! ysitsenrrastchhaiv;gf;f:ésaﬁﬁ; but
different sequence. It has previously been observed that a T :

base delelion may lead (0 & lowerng T4 In s sudy, U1 09%% 2 e secondCmiemat ¢ ocated o e,
however, a deletionfoa T base results in highef,. One :

difference is that the dangling base after the first deletion is an Tm trend similar 1o those with mismatches in _the .mlddle. The
A versus a T5 As mentioned above, the A base binds to the stronger than expected effect of theThase pair mismatch in

particle surface much more strongly than the T base, which maythe middle implies a strong cooperative e_ffect of the parncle_
contribute to theT, increase in the sequence used here. system that may stem from the same origin as the asymmetric
The T, for free DNA and DNA-nanoparticle assemblies for bond length disorder of the systéniVe believe that the location
m

all defects are shown in Figure 3, for free DNA were of the defect, which influences the local binding energy

calculated with methods detailed in ref 5, using thermodynamic d|str|but|ton, has an impact on the overall stability of the
parameters for base pairs that incorporate nearest-neighbongrega es.

more than that of an A" pair. Hence, a € mismatch will

interaction<3-26 Similar to our observations for DNAnanoparticle as-
semblies, discrepancy iR, trends between free and surface-
AHC + 3.4¢cal bound DNA has also been observed in DNA microarrays. DNA
" ‘'mol + microarrays exploit sequence-dependent DNA hybridization in
Tn= 1 +16.6log[Na’]) (1) order to quantitatively determine the level of gene expression
AS - R In([DNA]) in a sample. In some DNA microarrays, for every DNA probe
that is used, a sequence differing by a single-base mismatch is
whereH andSare the enthalpy and entropy, respectiv&lys also included in order to determine the amount of nonspecific
the gas constant, and [Npand [DNA] are Na and DNA binding that has occurréd However, experimental use of these

concentrations, respectively. Figure 3 shows that the experi- microarrays has uncovered that, in many instances, mismatched
mentally observed free DNA is well described by these probes result in more efficient hybridization than fully comple-
parameters. ThE, and errors given for the DNAnanoparticles ~ mentary probed’:28Our results indicate that, when differentiat-
system are calculated averages and one standard errors frori'd between a perfectly complementary linker and those with
repeated experiments. Comparing trend3;init is clear that, single- or double-base mismatches, careful characterization of
while T, decreases with defect for the free DNA system, it the behavior of the particle system is required for quantitative
increases for specific defects in the DNAanoparticle system. ~ analysis of the results.

To test if more than one mismatched or deleted base would The fact thatT,, may be higher or lower than the fully
contribute to the detection signal, we prepared systems with complementary counterpart when there is a base-pairing defect
two A-A or C-T mismatched bases, or two deleted bases (seein the DNA sequences implies that, while DNAanoparticle
Figure 1). The particle system formed aggregates in the presenceassemblies can distinguish fully complementary linkers from
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sequences with defects, quantification of single-base mismatches
or deletions may not be generalized without detailed charac-
terization of each specific defect. This unusual phase behavior
cannot be predicted by DNA hybridization energy alone because

surface and cooperative effects influerigeas well. Both the

type and the location of defects play an important role in the
macroscopic behavior of the system. Once fully characterized,
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