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Using a simple mean-field model, we analyze the surface and bulk dissolution properties of
DNA-linked nanoparticle assemblies. We find that the dissolution temperature and the sharpness of
the dissolution profiles increase with the grafting density of the single-stranded DNA “probes” on
the surface of colloids. The surface grafting density is controlled by the linker occupation number,
in analogy with quantum particles obeying fractional statistics. The dissolution temperature
increases logarithmically with the salt concentration. This is in agreement with the experimental
findings fR. Jin, G. Wu, Z. Li, C. A. Mirkin, and G. C. Schatz, J. Am. Chem. Soc.125, 1643
s2003dg. By exploiting the unique phase behavior of DNA-coated colloids, it should be possible to
detect multiple “targets” in a single experiment by essentially mapping the DNA base-pair sequence
onto the phase behavior of DNA-linked nanoparticle solution. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1906210g

I. INTRODUCTION

DNA-linked and protein-linked nanoparticle
solutions1–16 represent a novel class of complex liquids.
These novel, multicomponent, self-assembling materials are
being used for DNAsRefs. 2 and 17d and protein4,6 detection.
Controlled, DNA-assisted self-assembly is a promising strat-
egy in the bottom-up approach to nonmaterial design.7,8,18,19

Both the detection and design applications require the under-
standing and prediction of the fundamental properties of
these complex systems.

In DNA-linked nanoparticle solutions, first introduced
experimentally by Mirkinet al.,1–3 single-stranded DNAsss-
DNAd “probe” molecules are grafted onto the surface of gold
nanoparticles. There are several species of nanoparticles cov-
ered with different, specific sequence ssDNA. These probe
ssDNA can specifically bind to the “target,” linker ssDNA
molecules. The target has a sequence complementary to the
probe ssDNA on twosor mored different colloidal species
ssee Fig. 1d. In the experiments of Refs. 1–3, 10, and 11,
small gold colloidss,10–50 nmd and short DNAs,20–30
base pairsd were used. The addition of the target ssDNA
strands induces a sharp demixing transition20 that leads to the
aggregation of the nanoparticles coated with the probe ss-
DNA strands. The aggregates were detected using plasmon-
resonance optical spectroscopy.3

The principal experimental finding2,3,10,11was that these
systems consisting of DNA-linked nanoparticles have sharp
dissolution profilessthe fraction of dissolved colloids as a
function of temperatured.20 The sharpness of the profiles
makes it possible to design the DNA-nanoparticle detection
assays with extraordinary selectivity and sensitivity com-
pared to other hybridization-basedse.g., fluorophore-basedd
assays.2 In particular, a single-base mismatch in a 27 base
ssDNA sequence was detected with high selectivity in Ref. 2

by monitoring the difference in the DNA-nanoparticles dis-
solution profiles between the perfectly complementary and
mismatched DNA sequences, respectively.

In order to elucidate what controls the properties of
DNA-linked nanoparticles, Jinet al.3 analyzed the depen-
dence of the dissolution temperature, and the sharpness of
the dissolution profiles on the DNA surface coverage, the

FIG. 1. Schematic representation of DNA-linked colloids in the surfacesad
and bulk sbd formats. Insad the colloids and the surface are covered with
ssDNA moleculessthese ssDNAs are termed “probes”d of specific sequences
A and B, respectively. In the presence of complementary, linker ssDNA
moleculesA8B8 sthese ssDNAs are termed “targets”d, the colloids are ad-
sorbed on the surface. The targetsA8B8 have part of the sequenceA8
complementary to the sequenceA, and another partB8 complementary toB.
In sbd we sketch the bulk format with two colloidal species covered with
ssDNA of the sequencesA andB, respectively, and in the presence of target
ssDNA linkers A8B8. Below the dissolution temperatureT* , the colloids
aggregate.
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particle size, and the salt concentration. Jinet al.3 observed
that sid the higher the ssDNA surface coverage of the col-
loids, the sharper the dissolution profiles and the higher the
dissolution temperature, andsii d the dissolutiontemperature
increases logarithmically with salt concentration, analo-
gously to the case of a double-stranded DNAsdsDNAd melt-
ing temperature. These principal experimental results were
obtained both in the case of surface and bulk DNA-
nanoparticle formats.

We note that there exist similar systems based on phos-
pholipid vesiclessor metal particlesd covered with biotin and
linked by streptavidin21–28 smodeled in Ref. 23d; microemul-
sions linked by polymers with hydrophobic ends29 smodeled
in Ref. 30d; and metal particles linked by metal ions.31–35The
principal advantage of the DNA-linked nanoparticles is the
ability to control the interactions in amulticomponentcolloi-
dal system with an extraordinary selectivity. The selectivity
is controlled by the DNA sequences, which makes it possible
to tune the strength and the connectivity of the interactions
between different species.

In this paper, we use a simple lattice model of reversible
gelation in the presence of a solvent to predict the surface
and bulk dissolution properties of DNA-linked nanoparticle
assemblies. Part of our results were published in the recent
paper.36 Our results are in qualitative agreement with the
experimental findings of Ref. 3. In the present paper we ex-
tend our analysis to the case of multiple DNA targets. The
main advantage of the proposed detection method is the abil-
ity to detect multiple DNA targets in a single experiment.

The paper is organized as follows: In Sec. II we intro-
duce the model and predict the surface and bulk dissolution
properties of DNA-linked nanoparticle assemblies; in Sec. III
we study the effect of added salt; in Sec. IV we investigate in
detail the effects of competitive linker binding; in Sec. V we
propose a novel method for DNA detection with multiple
“targets;” and we summarize our results in Sec. VI.

II. PHASE BEHAVIOR OF DNA-LINKED
NANOPARTICLE ASSEMBLIES

A. Surface hybridization of DNA-linked nanoparticles

In this section we discuss the process of the target-
induced adsorption of colloids on the surface, Fig. 1sad. Con-
sider a two-dimensional lattice withN lattice sites. The col-
loids on the surface are in chemical equilibrium with the
colloids in the bulk, withmA

c being the chemical potential of
colloids in the bulk. The partition function of the system has
the form,

Z = o
NA=0

N
N!

NA!sN − NAd!
QNAemA

cNA/T = s1 + emA
c /TQdN, s1d

whereNA is the number of colloidsreversiblyabsorbed on
the surface at a given realization of the grand canonical en-
semble, and the combinatorial factor is the number of ways
to distributeNA colloids amongN lattice sites. In what fol-
lows we use the notationT;kBT, wherekB is the Boltzmann
constant. In Eq.s1d we neglected for simplicity the possibil-
ity of partial and competitive binding of linkers; we shall

discuss this issue below.Q is the linker partition function per
colloid on a surface site on the lattice,

Q = o
L=0

M
M!

L!sM − Ld!
eLsm−ed/T = s1 + zdM , s2d

where z;expfsm−ed /Tg is the fugacity of linkers, withm
being the chemical potential of linkers andesTd is the
temperature-dependent free energy of a single dsDNA mol-
ecule connecting a given colloidal particle with the surface
site sDNA binding free energyd. M is the maximal possible
number of dsDNA links that can be formed between a col-
loid and a surface site. The higher the grafting density of
ssDNA molecules on the colloids and on the surface, the
higher is the value ofM. If there is only one pair of probe
strands per contact, then this pair can accommodate at most
one linker and the bound linkers obey Fermi–Dirac statistics.
In general, the maximum number of linkers per contact is a
numberM ù0. For `.M .1, the bound linkers obeyfrac-
tional statistics.37 We emphasize that at this level of descrip-
tion, we ignore the interaction between different linkers. We
also ignore, for the sake of simplicity, the effect ofpartial
binding of linkers to colloids in solution and to nonbound
surface sites. We show below that this effect is insignificant.

In a more general case, a colloidA and a surface siteB
sor two nearest-neighbor colloidsA andB considered in the
following sectiond might have different surface grafting den-
sitiessor patchesd of probe ssDNA. In this case the numbers
MA andMB of probe ssDNA molecules are not equal, andM
entering Eq. s2d is the minimum of MA and MB, M
=minsMA,MBd.

In practice, the local coverage of probe molecules may
fluctuate. This variation of the ssDNA surface coverage on
colloids is the inevitable consequence of the experimental
preparation procedure. We assume that the maximum num-
ber of linkers per bond obeys Poisson statistics. Moreover,
we assume that the values ofM for different colloid-surface-
site pairs are uncorrelated. If we average over all possible
values of M, we obtain the following expression for the
grand partition function of linkerssfor a given colloid at the
surface sited,

Q̄ = o
M=0

`

psMdo
L=0

M
M!

L!sM − Ld!
zL = eM̄z, s3d

whereM̄ is the average value ofM, and

psMd = e−M̄ M̄M

M!
s4d

is the Poisson probability distribution. This probability dis-
tribution is applicable even in the case when the number of
linkers on colloids varies significantly.38 Other types of prob-
ability distributionssin particular, the binomial distribution,
see the Appendixd can be used for the averaging in Eq.s3d, as

well. By tuning M̄, we change the effective fractional statis-
tics of the linkers. The Fermi–Dirac limit is only recovered
whenM is fixed, and equal to one.

The average surface fraction of the absorbed colloids,s,
is found using the partition function, Eq.s1d:
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s =
T

N

] ln Z

]mA
c =

QemA
c /T

1 + QemA
c /T

. s5d

We stress again that the fraction of thereversiblyabsorbed
colloids,s, is controlled not only by the dsDNA binding free
energyesTd, but also by the chemical potentials of the col-
loids smA

c /T=lnff / s1−fdg, wheref is the bulk fraction of
colloidsd, and the linkerssm /T;m0= lnfcb/ s1−cbdg, where
cb is the bulk fraction of linkers in the reservoir solutiond.
These are simply the chemical potentials of the ideal lattice
gas of colloids and linkers, respectively, in the bulk reservoir
solution.39,40

The configurational entropy of linkerson the surface
acts as an additional external field, driving the surface ab-
sorption. The higher the fraction of the reversibly absorbed
colloids, the higher the configurational entropy of linkers on
the surface. This is because the colloids on the surface pro-
vide the binding sites for the linkers. The linkers can “hop”
between different binding sites, increasing their configura-
tional entropy, and gaining the binding free energyesTd per
bond. This is illustrated by the semigrand canonical free en-
ergy f scanonical with respect to colloids and grand canoni-
cal with respect to linkersd obtained from the partition func-
tion, Eq. s1d,

f = T s ln s + Ts1 − sdlns1 − sd − T s ln Q, s6d

where the last term represents an effective, linker-induced
surface field acting on colloids as an effective chemical po-
tential. We note that the problem of ssDNA linker-induced
colloid absorption is similar to the absorption of colloids
bearing specific ligands at their surface on the receptor-
coated fluid membrane.41 The physics of this effect is essen-
tially a generalization of the Langmuir absorptionssee also
the discussion of surfactant absorption on a liquid-liquid in-
terface, Ref. 42, and ssDNA hybridization on DNA chips,
Ref. 43d.

The simple analysis presented above, allows one to per-
form a comparison with the experimental results on the sur-
face dissolution of DNA-linked colloids.2,3 The free-energy
difference between the double-stranded and melted states of
a dsDNA molecule,eABsTd;esTd constitutes an input to the
problem. We adopt the simple formesTd=ssT−Tmd, where
Tm is the melting temperature of a dsDNA molecule.44 The
dissolution curves of DNA-linked colloidal aggregates are
shown in Fig. 2. The fractions of absorbed colloids is plot-
ted as a function of temperature. The maximal possible num-
ber of dsDNA links,M, between a colloid and a surface site
is assumed to befixed, and we thus usedQ given by Eq.s2d
to compute Fig. 2. The two curves on each plot, Figs. 2sad
and 2sbd, illustrate the effect of a mutation in the target
ssDNA: The dsDNA melting temperatureTm used to com-
pute the dashed curves is assumed to be 5%lower than Tm

for the perfectly matched linker, corresponding to the solid
curve. It is remarkable, that the only difference between Figs.
2sad and 2sbd is the value ofM: M =2 used in Fig. 2sad and
M =10 used in Fig. 2sbd. In accordance with the experimental
results of Refs. 2 and 3, the dissolution temperatureincreases
with increasingM, and so does the sharpness of the dissolu-
tion profiles.

We stress again that these effects are dominated by both
theenergeticandentropiccontributions of reversibly absorb-
ing colloids and linkers. The higher the surface fraction of
absorbed colloids, the higher the configurational entropy of
the ssDNA linker molecules on the surface, and thus the
higher the entropic cooperativity of the system. The notion of
entropic cooperativity means that ssDNA linkers participat-
ing in the formation ofreversiblebonds between colloids and
the surface, partially compensate the loss of their transla-
tional entropy in the bulk solution by exploring different
available binding sites on the surface.

The bottom plots in Fig. 2 show thedifferencein s be-
tween the solid and dashed curves, as a function of tempera-
ture. This quantity represents theselectivityof the system.
The higher the grafting coverage density of the probe ssDNA
molecules on the colloidssrepresented byMd, the higher the
selectivity with respect to a sequence mismatch detection.
This result is also in qualitative agreement with the
experiments.2,3 Qualitatively similar conclusions hold true if
the polydispersity in the ssDNA coverage density on colloids
is taken into account, Eq.s3d. One interesting observation is
that the fPoisson-distribution-obeying, Eq.s3dg polydisper-
sity in M leads to slightlysharperdissolution profiles than in
the case withfixed M, provided that all the other conditions
in the solution of colloids and linkers are the same. The
sharpness of the profiles in this case is weakly varying with

M̄. This suggests that not only the ssDNA coverage density

FIG. 2. Top: Surface dissolution profiles of the DNA-linked nanoparticle
system. Computed temperature dependence of the fractions of the absorbed
ssDNA-coated colloids. The plots were computed usingm0=−4.5, s=10,
f=0.001. The value ofM sassumed to be fixedd is the only difference in
computing the plotssad and sbd: M =2 was used to computesad and M
=10 was used to computesbd, respectively. The temperatureT is relative to
the melting temperatureTm of the perfectly complementary linkerssolid
curvesd. The dashed curvesfin each plotsad and sbdg illustrate the effect of
a mismatch in the target DNA. The dsDNA melting temperature for the
dashed curve in each plotscorresponding to a mismatchd is 5% lower than
Tm for the perfectly matched linker. Bottom: Selectivity plots. The algebraic
difference between the solidsperfectly matched linkerd and dashedsmis-
matched linkerd curve in each casesad and sbd. The vertical lines and the
circles indicate the optimal stringency temperatures. The results presented in
this figure agree qualitatively with the experimental measurements of Ref. 2
ssee Fig. 2 of Ref. 2d.
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but also the degree of its polydispersity is a controlsstrin-
gencyd parameter that governs the selectivity of the DNA-
linked nanoparticle system, as far as the DNA detection ap-
plications are concerned. In particular, this suggests that in
order to achieve higher selectivity, the nanoparticles should
be manufactured with as high ssDNA coverage density as
possible, even if polydispersity of grafting is large.

B. Bulk hybridization of DNA-linked nanoparticles

In this section we consider a lattice model for a binary
mixture of DNA-coated colloids in solution. Each colloidal
species is covered with specific ssDNA molecules, in such a
way that all possible pairs of colloids can be bound by three
types of complementary ssDNA linkers: viz,AA, BB, and
AB.

Colloids of typeA and B occupy the nodes of a three-
dimensional lattice with coordination numberq. The system
is grand canonical with respect to all the components:mA

c and
mB

c are the chemical potentials in the bulk of colloids of
speciesA andB, respectively; andmAA, mBB, andmAB are the
corresponding chemical potentials of linkers. The grand ca-
nonical partition function is

Z = o gsNA,NB,nAB,nAA,nBBdQAB
nABQAA

nAAQBB
nBBemA

cNA+mB
cNB/T,

s7d

whereNA and NB are the number of colloidsA and B, re-
spectively,nab is the number of nearest-neighborab colloi-
dal pairs for a given realization of the grand canonical en-
semble, andgsNA,NB,nAB,nAA,nBBd is the total number of
possible configurations withnAB nearest-neighborAB colloid
pairs, nAA nearest-neighborAA pairs, and nBB nearest-
neighborBB pairs, respectively, for given values ofNA and
NB. The sum with respect tonab extends over all possible
values consistent with the fact that there areNA andNB col-
loids A andB present.

The expression for the grand partition function of linkers
sfor a givenAB colloidal paird is analogous to the one ob-
tained in the surface case, Eq.s2d,

QAB = s1 + zABdM , s8d

where zAB;expfsmAB−eABd /Tg. eabsTd is the temperature-
dependent binding free energy of a dsDNA molecule con-
necting a given pair ofab colloidal particles.M in Eq. s8d is
the maximal possible number of dsDNA bonds that can be
formed between a nearest-neighborAB colloid pair. Similar
to the surface case,M represents the surface grafting density
of the probe ssDNA molecules on colloids. The linker parti-
tion functionsQAA and QBB are defined analogously to Eq.
s8d. We emphasize that in our analysis we assumesas we did
in the surface cased that the chemical potentials of linkers in
solution are fixed: e.g.,mAB/T;m0= lnfcAB/ s1−cABdg,
wherecAB is the fraction ofA8B8 ssDNA linker molecules in
the reservoir solution. This is a reasonable assumption when
there is an excess of linkers in the DNA-colloid solution,
which appears to be the case in the experiments of Ref. 3. In
particular, the experiments3 were performed in the regime
with 40 ssDNA linkersson averaged for eachA andB colloid
pair in solution.

The expression given by Eqs.s7d and s8d can be inter-
preted as the partition function of a three-state spin model
with Hamiltonian,

H =
1

2o
ki j l

ŝiĴŝ j − o
i

ĥŝi . s9d

ŝi =s1,0d, s0, 1d, or s0, 0d if A, B, or a vacancyssolventd
occupies sitei; and ĥ=smA

c ,mB
cd. The square, symmetric in-

teraction matrix is given byJab=−T ln Qab. We note again
that the effective attraction between the colloids induced by
linkers is dominated by the energy of DNA binding and the
entropyassociated with the number of different ways of dis-
tributing L linkers overM bonds: in a dense phase, there are
simply more bonds. Similar mechanisms are responsible for
phase separation in the models of binary hard-core
mixtures,45 polymer microemulsions,30 network-forming
microemulsions,46,47 and in general, in models of reversible
gelation by mobile linkers in a solvent.48

The Hamiltonian for a three -component lattice gas
model fEq. s9dg has been studied extensively.49 The mean-
field expression for the free energy is

f = TfA ln fA + TfB ln fB + Ts1 − fA − fBdlns1 − fA

− fBd +
qJAA

2
fA

2 +
qJBB

2
fB

2 + qJABfAfB, s10d

wherefA andfB are the average volume fractions ofA and
B colloids. The equilibrium phase behavior of the system in
the mean-field approximation follows from the analysis of
this free energy:49 depending on the strength of the interac-
tion between the colloidal species, the system can be in a
homogeneous state, or separate into two, or even three, co-
existing phases. The model can be generalized to any number
of colloidal species and corresponding linkers.

The dissolution curves of the DNA-linked colloidal ag-
gregates are shown in Fig. 3, where we treat the case of only
A8B8 linkers added in solution ofA andB colloids. Thetotal
fraction of colloids in solution,X se.g., XA is the ratio be-
tween the amount of colloidsA in dilute phase and thetotal
amount of colloidsA in solutiond, is plotted as a function of
temperature for different values ofM scomputing Fig. 3, we
assumed the case without polydispersity inMd. Qualitatively
consistent with the measurements of Ref. 3, the dissolution
temperatureT* of the aggregatesfdefined byXsT*d=1/2g
increases with increasing surface coverage of ssDNA mol-
eculessrepresented by the linker occupation numberMd on
the colloids, and the sharpness of the profile increases with
M, as well. The sharpness of the dissolution profiles is the
crucial factor in achieving a high selectivity of the DNA
mutation analysis.2 We thus predict that the selectivity of the
system is dominated by the surface grafting density of ss-
DNA probes on colloids. This is our central result, as far as
the applications of this system to the DNA detection are
concerned. The critical temperature of the phase separation,
Tc, is determinedffrom Eq. s10d, using standard stability
analysisg in the case of symmetric composition ofA and B
colloids byqM lns1+zAB

c d=8, wherezAB
c is the critical value

of the linker fugacity. This leads to the following scaling
form of the DNA binding free energy at the critical point:
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eABsTcd /Tc, ln cb+lnsqMd. This scaling form is valid in the
limit qM@1, which is always satisfied in an experiment.
Therefore,Tc increases with the linker chemical potential,
and with the probe DNA coverage density on colloids, rep-
resented byM.

We note that similar to the surface case described in the
preceding section, the Poisson-obeying fluctuations inM re-
sult in sharperdissolution profiles as compared with the case
of fixed M sprovided that all the other parameters are the
samed. The dissolution temperatureT* is slightly higher as
compared with the case with fixedM.

For the sake of simplicity we neglected the effect of
partial ssDNA linker binding to isolated colloids in solution
in the above analysis. Moreover, we only considered the
dominant effect of the binding between colloids. The effect
of partial binding is qualitatively and quantitatively of little
significance. We shall address the question of partial and
competitive binding in more detail in Sec. IV.

III. EFFECT OF SALT ON DNA-LINKED
NANOPARTICLE ASSEMBLIES

Let us next consider the effect of the varying of salt
concentration on the melting of the DNA-linked colloids. We
incorporate the effect of salt only through the salt depen-
dence of the melting temperature of DNA linker molecules.
We neglect the electrostatic effects on the strength of the
direct colloid-colloid and DNA-colloid interactions. In the
experiments of Ref. 3, the salt concentration varied in the
ranges0.05–1d M. This corresponds to a Debye screening
radius rD of about 1.5–0.3 nm. The typical colloid size
s,13–50 nmd, and the linker DNA lengths,10 nmd in Ref.
3 are thus about one order of magnitudelarger thanrD. The
direct electrostatic interaction between the colloids in solu-
tion is thus effectively screened. Even with these approxima-

tions, we can reproduce the dominant effect of added salt on
the nano-colloid-ssDNA system.3

To predict the effect of the salt concentration on the free
energy of the DNA and on its melting temperature, we make
use of the relevant theories for polyelectrolytes.50–53Both the
theories that focus on Manning condensation50,53 and those
that use a Poisson–Boltzmann approach,51,52 predict that the
melting temperature of the DNA melting transition,Tm, is
proportional to the logarithm of the salt concentration,I. This
result has been verified experimentallyssee, e.g., Ref.
54–56d. This holds true for both cases of a very short DNA
sRef. 55d sthat is, the case relevant for experiments3d, and for
very long stens of thousands of base pairsd DNA.54 The
mechanism of the effect of salt on the DNA melting transi-
tion is mainly entropic: Upon the melting transition, part of
the counterions condensed on the highly charged dsDNA
molecule get released, reducing the free energy of the sys-
tem. The higher the salt concentration, the smaller the en-
tropic gain upon the counterion release.

The specific form of the dependence ofesTd andTm on
the salt concentration depends on the fraction ofGC andAT
base pairs in the DNA sequence.57,54,55For a specific DNA
sequence,Tm can be practically determined using available
experimental data.54–56Here we simply use the correct func-
tional form

Tm = Tm
0 f1 + a log cg, s11d

whereTm
0 is the DNA melting temperature at a reference state

swith a salt concentrationI0=0.1 Md, a<0.05, andc= I / I0.
We assume that the addition of salt affectsesTd only through
Tm sthis is experimentally verified to be an accurate
approximation57d.

The dissolution temperatureT* is plotted in Fig. 4, as a
function of logc for different values ofM. In accordance
with the measurements of Ref. 3,T* scaleslinearly with
log c. It is also straightforward to see analyticallysusing the
analysis outlined in Sec. IId that the critical temperature of
the phase separationTc, log c. We emphasize that this
agreement with experimental observations justifiesa poste-
riori the assumption of the insignificance of the direct
colloid-colloid electrostatic interactions within the experi-
mentally relevant range of salt concentrations.

FIG. 3. Bulk dissolution profiles of the binary, symmetric mixturesspecies
A and B of equal average concentrationsd of ssDNA-coated colloids and
added ssDNA complementary linkers that can form links betweenA andB
colloids, but not betweenA andA, or B, andB. The total fraction of colloids
in the dilute phase,XA is plotted as a function of temperature. Above the
demixing temperature, the volume fraction of both theA andB colloids is
0.1%. The three curves illustrate the effect of varying of the ssDNA surface
grafting density on colloidssM is assumed to be fixed in each case, i.e., no
polydispersity inMd. The solid curve is obtained withM =6, the dashed
curve with M =3, and the dashed-dotted curve withM =2. The chemical
potential of ssDNA linkers ism0=−4.5, ands=10. Inset: The slopes of the
dissolution profiles are plotted as a function of the total fraction of dissolved
colloids. The higher the surface grafting density of ssDNA on colloidssrep-
resented byMd, the higher the slope of the dissolution profiles, and the
higher the dissolution temperature. This is consistent with the experimental
observations of Ref. 3.

FIG. 4. Effect of added salt on the dissolution temperatureT* of the binary
mixture of A andB colloids andA8B8 linkers.T* is plotted as a function of
lnsI / I0d, where I0 is the salt concentration in the reference statesI0

=0.1 Md. The parameters used to compute this figure arem0=−4.5, s=10,
q=6, a=0.05, M =5 sdotted lined, M =10 sdashed lined, and M =20 ssolid
lined. Above the dissolution temperature,fA=fB=0.001.T* is in the units of
the A8B8 linker melting temperature,Tm;Tm

0 , in the reference state,I0

=0.1M.
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In the surface case, all the same conclusions hold true.
There, the dissolution temperature scales linearly with logc
as well.

IV. EFFECT OF COMPETITIVE BINDING
OF DNA LINKERS

A. Competitive binding of linkers
to complementary probes

An interesting situation arises when there is more than
one type of ssDNA linkers thatcompetefor binding to the
spartiallyd complementary probes. This applies both in the
case of surface and bulk binding. Specifically, consider the
linker partition function in the bulk casesthe linkers bind to
two colloidsA andBd discussed in Sec. II B. The difference
with respect to the previously considered cases is that now
there are two types of linkersA8B8 andA9B9. Both of these
linkers bind to the complementary probes, but with different
affinity. For example, we assume that theA8B8 linker is per-
fectly complementary andA9B9 linker is mismatched with
respect to the probe ssDNA grafted onA andB colloids. In
this case of two competing linker types, the linker partition
function Q per colloid pair is

Q = o
L=0

M

z1
L o

L1=0

M−L

z2
L1

M!

L!L1!sM − L − L1d!
, s12d

where

z1 = expSmA8B8 − eA8B8

T
D ,

z2 = expSmA9B9 − eA9B9

T
D , s13d

with mA8B8 andmA9B9 being the chemical potentials, andeA8B8
andeA9B9 being the binding free energies of linkersA8B8 and
A9B9, respectively.

The result of the summation in Eq.s12d is

Q = s1 + z1 + z2dM . s14d

In the case of the Fermi–Dirac linker statistics,M =1, the
partition function of linkers takes the simple form:Q=1
+z1+z2. We can take easily into account the polydispersity in
the grafting density of ssDNA grafted on colloids. The aver-
aging of Eq.s14d with respect to the Poisson distribution,

psMd=exps−M̄dM̄M /M! gives the result:Q̄=expfM̄sz1+z2dg.
The overall effect of the competitive binding is thus the

renormalization of the effective, linker-induced surface field
in the surface case, Eq.s1d, or the effective intercolloid po-
tential in the bulk case:

JAB = − T ln Q. s15d

This analysis suggests a possible method to enhance the
sensitivity of DNA mutation detection systems. Suppose one
has only a limited amount of the targetsthis is especially
important in the case when the target is a protein and not a
DNA due to the difficulty in replicating a proteind. One can
add first a known amount of a specificsknown sequenced
ssDNA target. At a specific temperature, just below the dis-

solution temperature of the system withoutunknowntarget,
one thus needs very little amount of the target to induce
demixing of the colloids. The dissolution curves can then be
analyzed and compared with the dissolution curves obtained
with the target ssDNA of a known sequence. The sequence of
the unknown target can thus be derived.

B. Partial binding of DNA linkers

Thus far, we ignored the possibility of partial binding of
ssDNA linkers to dissolved colloids. In the case ofA andB
colloids, andA8B8 linkers, the linkers can partially bind to
dissolved colloids, without establishing a bond between
them. This turns out to be a minor effect, as we shall show
below.

In the bulk case, the partition function is

Z = o gsNA,NB,ndQAB
n CA

KsNA−ndCB
KsNB−nd

3 esNAmA
c+NBmB

c d/T, s16d

where CA;1+zA with zA;expfsm−eAd /Tg, and with m
;mAB; and CB is defined analogously toCA. eAsTd is the
DNA binding energy of a linker bound to a colloidA sbut not
bound toBd, and K is the number of ssDNA probes on a
colloid sin experiments,3 about 100 ssDNA probe strands
were grafted on a single 13 nm Au particle—one strand per
5 nm2d. The linker partition functionQAB per nearest-
neighborAB colloid pair takes now into account the partial
binding of linkers to the probes not occupied by the linkers
fully bound to the colloids,

QAB = o
L=0

M
M!

L!sM − Ld!
zAB

L o
L1=0

K−L

o
L2=0

K−L
sK − Ld!

L1!sK − L − L1d!

3zA
L1

sK − Ld!
L2!sK − L − L2d!

zB
L2. s17d

The first sum in Eq.s17d counts the total number of ways to
distribute linkers amongM possible bondsbetween a
nearest-neighbor pair of colloidsA and B. The second and
third sums count the total number of ways to distribute link-
ers among the availablepartial bonds on colloidsA and B,
respectively. The result is

QAB = s1 + zAdK−Ms1 + zBdK−M 3 s1 + zAB + zA + zB

+ zAzBdM . s18d

We assumed here that the coverage densitysrepresented
by Kd is the same for both colloidal species. TheCA

KsNA−nd,
CB

KsNB−nd terms in Eq.s16d count all possible ways to distrib-
ute linkers amongKsNA−nd and KsNB−nd possible,partial
probes on theisolated si.e., not boundd A and B colloids,
respectively, in the grand canonical ensemble.

The mean-field free energy resulting from the partition
function, Eq.s16d, is

f = TfA ln fA + TfB ln fB + Ts1 − fA − fBdlns1 − fA

− fBd + qJABfAfB − TfAK ln CA − TfBK ln CB,

s19d

where
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JAB = − TM lnF1 + zAB + zA + zB + zAzB

CACB
G . s20d

Therefore, taking into account the effect of partial ssDNA
target binding leads to the renormalization of the effective,
linker-induced, colloid-colloid interaction potential, and to a
shift of the chemical potentials of the colloids. Practically,
we predict that the effect of the partial binding is insignifi-
cant, as far as the phase behavior of DNA-nanoparticle solu-
tions is concerned. This is because within the experimentally
relevant range of the parameters,zAB@zA,B andzAB@zAzB. In
particular, assuming thateAsTd=eBsTd.eABsTd /2, s=10, m0

=−4.5, fA=fB=0.001, M =10 sassuming fixedMd, and K
=100, one obtainsfby analyzing the free energy, Eq.s19dg,
that the dissolution temperature,T* , is only differentslowerd
by about 1% if the effect of partial binding is taken into
account. This example provides ana posterioriconfirmation
that the effect of partial linker binding to isolated colloids in
solution is negligible. Moreover, we stress that the predicted
small effect due to partial linker binding might be in practice
sensitive to the DNA excluded volume effects, and these
effects should be taken into account in order to compute
accurate corrections to the results presented in this section.

C. Nanoparticle self-assembly with long and flexible
DNA linkers

Thus far, we assumed that the linkers were effectively
rigid objects that could connect only one pair of probes. It is
interesting to consider how flexibility of the linker affects the
phase behavior of the nanoparticles. In practice, this situation
could be experimentally realized by a longsdouble-strandedd
spacer in the single-stranded linker.9

We now consider a lattice model where we take into
account two principal effects of flexibility:sid enhanced en-
tropic cooperativity of flexible linkers andsii d the possibility
of binding to the next-nearest neighbors.

sid Due to its flexibility, the linker DNA can bind be-
tween different bonds within the nearest-neighbor colloid-
colloid pair. In particular, the total number of waysL linkers
si.e., A8B8 linkersd can bind betweenM1 probeA ssDNA on
one colloid andM2 probeB ssDNA on the nearest-neighbor
colloid is now

M1!

L!sM1 − Ld!
M2!

sM2 − Ld!
. s21d

In the limit L!M1, L!M2, this expression can be simplified
as follows:

M1!

L!sM1 − Ld!
M2!

sM2 − Ld!
.

M1
LM2

L

L!
. s22d

The partition function of linkers can now be computed in a
simple, closed form,

Q = o
L=0

M1 M1
LM2

L

L!
zL =

expsM1M2zdGs1 + M1,M1M2zd
M1!

,

s23d

wherez is the fugacity of DNA linkers,G is the incomplete
gamma function, and we assumed thatM1,M2. The fugac-
ity z=exphfm−esTd−3R2/2RG

2 g /Tj, whereR is the nearest-
neighbor lattice spacing, andRG is the linker DNA radius of
gyration.39,58 We assumed that the linker DNA represents an
ideal polymer coil with the free energyFL=F0+3R2/2RG

2

ssee Refs. 39 and 58d, where the reference free energyF0 is
incorporated in the definition of the chemical potentialm.
The assumption of the ideal polymer coil is a reasonable
approximation if the contour length of DNA linkers signifi-
cantly exceeds the dsDNA persistence length of 50 nmsthis
is the case, e.g.,l DNA with a contour length of 16mmd. We
also assumed, as we did above, that linker DNA molecules
do not interact mutually.

In the limit of high surface grafting densityM1@1. Us-
ing the asymptotic form of the gamma function atM1M2z
@1,

Gs1 + M1,M1M2zd . e−M1M2zsM1M2zdM1, s24d

we obtain

Q . eM1sM2zdM1, s25d

and finally the effective, nearest-neighbor colloid-colloid in-
teraction potential:

JAB . − TM1f1 + lnsM2zdg. s26d

This formula constitutes our main result in this section. The
linker flexibility thus leads to enhanced entropic attraction
between the colloids. The experimental realization of the
system that provides the strongest entropic attraction could
thus involve colloidsdensely grafted with short ssDNA
probes. The linker ssDNA targets in this case are composed
of a long spacer with the recognition strandsscomplementary
to the probesd at the ends. We stress that, as follows from Eq.
s26d, in order to have the strong entropic attraction,both
colloidal species should have a high grafting density, since
the interaction potentialJAB is proportional to the number of
bonds,M1, of the patch with thelowestsurface grafting den-
sity, M1,M2, and only logarithmically scales withM2.

sii d The DNA linkers can bind not only between the
nearest-neighbor complementary colloids, but also between
the next-nearest neighbors. The partition function for the sys-
tem of A andB colloids andA8B8 long and flexible linkers
can be approximately written in the form:

Z = o gsNA,NB,n,mdQnVmesNAmA
c+NBmB

c d/T, s27d

wheren andm are the numbers ofAB nearest-neighbors and
next-nearest-neighbors colloidal pairs, respectively, for a
given configuration ofNA and NB colloids. The sum in Eq.
s27d extends over all possible values ofNA, NB, n, andm for
all possible realizations of the grand-canonical ensemble.
The linker grand-canonical partition function,V, per next-
nearest-neighborAB colloidal pair is given by Eq.s23d, pro-
vided that z is substituted with znext=exphfm−esTd
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−3a2R2/2RG
2 g /Tj, whereaR is next-nearest-neighbor lattice

spacing, and we assume thatM1, andM2 are the number of
bonds for the next-nearest-neighbor colloidal pairsas we did
for the nearest-neighbor paird.

The Hamiltonian of the spin model, corresponding to the
partition function, Eq.s27d, is

H =
1

2o
snnd

ŝiĴŝ j +
1

2 o
snnnd

ŝi Îŝ j − o
i

ŝiĥ, s28d

where the spin variables are defined analogously to Eq.s9d.
The first and the second sums in Eq.s28d are taken with
respect to the nearest-neighborsnnd and the next-nearest-
neighborsnnnd sites, respectively. In the present case where
only A8B8 linkers are present, the symmetric, quadratic ma-
tricesJab and Iab have only two nonzerosantidiagonald ele-
ments, where

IAB = − T ln V . − TM1f1 + lnsM2 znextdg. s29d

The principal conclusion is that the presence of long DNA
linkers leads to anenhancedeffective attraction between the
colloids. This is easy to understand intuitively: long and flex-
ible DNA linkers simply increase the range of the colloid-
colloid interactions, and also increase the configurational en-
tropy of the system, as compared with the shorter linkers.
The mean-field free energy of the system with long DNA
linkers has the form similar to Eq.s10d,

f = TfA ln fA + TfB ln fB + Ts1 − fA − fBdlns1 − fA

− fBd + sqJAB + tIABdfAfB, s30d

where q and t are the numbers of nearest neighbors and
next-nearest neighbors on the lattice, respectively. It is
straightforward to take into account more colloidal species
with more possible combinations of DNA linkers, simply by
increasing the number of components in Eq.s30d.

V. PHASE SEPARATION AND DNA
SEQUENCE ANALYSIS

As far as DNAsRef. 2d sor protein4d detection is con-
cerned, the principal experimental challenge is to distinguish
a specific target moleculesor moleculesd in the solution con-
taining many different species of similar molecules. The
presence of competing species obscures the measurements,
and thus constitutes the major experimental obstacle to
achieve a high selectivity and sensitivity of detection.

In Ref. 36 we proposed a possible scenario to distinguish
a specific target ssDNAA8B8 by monitoring the composition
of phases in a three-component system ofA, B, andC col-
loids. We noticed very generally that if the targetA8B8 binds
to AB sA8B8 /ABd andAC sA8B8 /ACd with slightly different
affinities si.e., AB andAC have similar sequences which are
only different by a mismatch, either a single base or multiple
based, one can distinguish the sequence of the target by
monitoring the composition difference ofB andC colloids in
a densesor diluted phase. The colloids can be, e.g., fluores-
cently labeled, and their compositions can thus be deter-
mined.

Even a small difference in theA8B8 binding free energy
with respect toAB andAC can induce a large difference in
the composition of phases.

Here we generalize the approach of Ref. 36 to the case
of multiple targets. We show that one can detectdifferent
targets in a single experiment. In particular, we consider a
three-component solution of colloids.A, B, andC, and two
linker speciesA8B8 and A8C8 ssee Fig. 5d. We assume that
linkers A8B8 are perfectly complimentary toAB, and A8C8
are perfectly complementary toAC. We stress thatA8B8
binds AC, and A8C8 binds AB, i.e., there is a competitive
binding of linkers.

The partition function of the solution of linkers and col-
loids has the following form:

Z = o gsNA,NB,NC,nAB,nACdQAB
nABQAC

nAC

3 emA
cNA+mB

cNB+mC
c NC/T, s31d

where the linker partition functionsQAB and QAC take into
account competitive linker bindingssee Sec. IV Ad:

QAB = s1 + zAB + yACdM s32d

and

QAC = s1 + zAC + yABdM , s33d

with the following definitions of fugacities of direct binding
szAB,zACd, and competitive bindingsyAB,yACd:

zAB = expSmAB − eAB

T
D ,

zAC = expSmAC − eAC

T
D ,

s34d

yAB = expSmAB − eAB
AC

T
D ,

yAC = expSmAC − eAC
AB

T
D .

FIG. 5. Schematic representation of the three-component system ofA, B,
and C colloidal species covered with ssDNA of three different probe se-
quences, respectively, and two species of ssDNA targetsA8B8 and A8C8.
A8B8 complementary bindsAB, and also bindsAC with slightly weaker
affinity. Similarly, A8C8 complementary bindsAC, and also bindsAB with
slightly weaker affinity.
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HeremAB andmAC are the chemical potentials of linkersA8B8
and A8C8, respectively;eAB and eAC are the corresponding
DNA binding free energiessA8B8 /AB andA8C8 /AC; eAB

AC is
the binding free energy of the linker of the typeA8B8 that
binds toAC sA8B8 /ACd; and eAC

AB is the DNA binding free
energy of the linkerA8C8 that binds toAB sA8C8 /ABd. The
latter two binding free energies take into account the com-
petitive binding of linkersA8B8 andA8C8. We assume that

eAB
AC < eAC

AB * eAC * eAB. s35d

This corresponds to the scenario where the two types of link-
ers have similar sequences, and are only different by asfewd
base-pair mismatches. We also assume here that linkerA8B8
binds slightly stronger toAB, compared withA8C8 to AC.

The mean-field free energy is

f = TfA ln fA + TfB ln fB + TfC ln fC + Ts1 − fA − fB

− fCdlns1 − fA − fB − fCd + qJABfAfB + qJACfAfC,

s36d

whereJAB=−T ln QAB andJAC=−T ln QAC.
The addition of the targetsA8B8 and A8C8 induces a

two-phase separation in the system. Our principal observa-
tion is that the composition of the dense phasesand, by im-
plication, the composition of the remaining solutiond de-
pends on the nature of the target ssDNAs. In particular, even
in the case of similar-sequence targetsfthe DNA binding free
energies of the targetseAB andeAC are similar in magnitude,
Eq. s35dg, we generically observe a large concentration dif-
ference betweenB andC colloids in the phase-separated sys-
tem.

The characteristic mean-field phase diagram for this case
is shown in Fig. 6 in terms of the concentration differences
sselectivity plotd betweenB andC colloids. The initial con-
centrations ofA, B, andC colloids are chosen to be equal.
Our main prediction is that the multiple targets can be de-

tected simply by monitoring the concentrationdifferencesof
the speciesB andC in either a dense or dilute phase. In the
case shown in Fig. 6 the melting temperatureTm of A8B8 /AB
DNA is assumed to be only 2% higher thanTm

AC of A8C8 /AC.
The principal observation is that even in the case of strong
competitive bindingsTm

comp.0.96Tm, see the caption of Fig.
6d, the selectivity of the system is as large as 50%. The
higher the strength of the competitive binding, the lower the
selectivity of the system, Fig. 6.

The method can be generalized to discriminate between
a larger number of possible ssDNA targets, simply by in-
creasing the number of colloidal probe species. In essence,
the method allows us to map themicroscopicbase-pair se-
quence of multiple targets ssDNA onto themacroscopic
phase behavior of the DNA-linked nanoparticle solution. We
emphasize finally that the proposed method is not limited to
only ssDNA targets. It can be applied also to detect protein
targets. In this case the probe molecules grafted on colloids
are protein receptors—the molecules that specifically bind a
protein target of interest. For example, this system has been
recently realized experimentally4 using magnetic micropar-
ticle probes grafted with antibodies that bind specifically an
antigen.

VI. SUMMARY AND CONCLUSIONS

In summary, we investigated the dissolution properties
of DNA-linked nanoparticle assemblies using a simple
model of colloidal phase separation induced by ssDNA link-
ers. We predict that the experimentally observed dissolution
properties of these assemblies in the surface2,3 and bulk3,10

formats can be explained by surface absorption and phase
separation, respectively. In particular, in the bulk, the ob-
served aggregated phase3 corresponds to a dense phase of a
phase-separated system of colloids and ssDNA linkers. In
agreement with experimental findings,3 we predict that the
dissolution temperature and the sharpness of the dissolution
profiles increasewith the surface grafting density of ssDNA
“probes” on the surface of colloids. Within the framework of
our model, the grafting density is controlled by the linker
occupation numberM. As far as applications of this system
to DNA detection analysis are concerned, we predict that the
surface grafting density of the probes is the dominant factor
that governs the selectivity of the system. We predict that the
dissolution temperature of the assemblies increases logarith-
mically with the salt concentration. This is also in agreement
with experimental findings.3

Most importantly for the applications, we propose a
novel method for DNA detection analysis. The method al-
lows one to map themicroscopicDNA sequence onto the
macroscopicphase behavior of a DNA-nanoparticle system.
We noticed very generally, that in the multicomponent sys-
tem of colloidal probes and multiple linkers that bind differ-
ent pairs of the probe species, a small difference in the bind-
ing affinity of linkers translates into a large difference in the
phase composition of the phase-separated colloidal probes.
By labeling the colloidsse.g., fluorescentlyd, one can distin-
guish between different ssDNA “targets” in asingle experi-

FIG. 6. Selectivity plot. Selectivity of the phase behavior of a ternary sus-
pension consisting ofA, B, andC colloidal species and two types of ssDNA
linkers A8B8 and A8C8 ssee textd. The binding free energies of linkers are
assumed to have the formeAB=ssT−Tmd, eAC=ssT−Tm

ACd, eAB
AC=eAC

AB=ssT
−Tm

compd, whereTm andTm
AC are the melting temperatures ofA8B8 andA8C8

linkers, respectively, andTm
comp is the melting temperature of the competitive

binding. The curves show that the presence of the linkers induces a large
relative concentration differencessfB−fCd / sfB+fCd of B andC colloidal
species in the dense phase. Above the demixing temperature, the concentra-
tion of all colloidal species is the same,fA=fB=fC=0.001. The parameters
used in to compute this figure aremAB/T=mAC/T;m0=−4.5, s=10, q=6,
M =10, and Tm

AC=0.98Tm. The three curves illustrate the effect of the
strength of the competitive binding:Tm

comp=0.9Tm ssolid lined, Tm
comp

=0.94Tm sdotted lined, andTm
comp=0.96Tm sdashed lined. T is expressed in the

units of Tm of the linkerA8B8 that bindsAB.
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ment by simply monitoring the composition of colloids in
different phases.
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APPENDIX

In this appendix we give the expression for the partition

function Q̄ of the linkers per colloid-surface sitesor colloid-
colloid nearest-neighbor paird in the case when the number
of DNA bonds,M, obeys the binomial probability distribu-
tion,

PsMuM̄d =
M̄!

M!sM̄ − Md!
pMs1 − pdM̄−M , sA1d

whereM̄ is the maximum possible value ofM, andpø1 is
the probability of success in a given trial. The averaging of

Q, Eq. s2d with PsM uM̄d results:

Q̄ = s1 + pzdM̄ . sA2d

Of course, in the limitp=1, Q̄ is equal toQ, given by Eq.s2d
with M =M̄.

The sharpness of the dissolution profiles is practically

independent ofM̄ for the binomially distributed fluctuations
of M, and the dissolution temperature, obviously, decreases
with decreasingp.

1C. A. Mirkin, R. L. Letsinger, R. C. Mucic, and J. J. Storhoff, Nature
sLondond 382, 607 s1996d.

2T. A. Taton, C. A. Mirkin, and R. L. Letsinger, Science289, 1757s2000d.
3R. Jin, G. Wu, Z. Li, C. A. Mirkin, and G. C. Schatz, J. Am. Chem. Soc.
125, 1643s2003d.

4J.-M. Nam, C. S. Thaxton, and C. A. Mirkin, Science301, 1884s2003d.
5S.-J. Park, A. A. Lazarides, J. J. Storhoff, L. Pesce, and C. A. Mirkin, J.
Phys. Chem. B108, 12375s2004d.

6K. B. Lee, E. Y. Kim, C. A. Mirkin, and S. M. Wolinsky, Nano Lett.4,
1869 s2004d.

7R. C. Mucic, J. J. Storhoff, C. A. Mirkin, and R. L. Letsinger, J. Am.
Chem. Soc.120, 12674s1998d.

8C. M. Soto, A. Srinivasan, and B. R. Ratna, J. Am. Chem. Soc.124, 8508
s2002d.

9V. T. Milam, A. L. Hiddessen, J. C. Crocker, D. J. Graves, and D. A.
Hammer, Langmuir19, 10317s2003d.

10C.-H. Kiang, Physica A321, 164 s2003d.
11Y. Sun, N. C. Harris, and C.-H. Kiang, Physica Asin pressd.
12N. C. Harris and C.-H. Kiangsunpublishedd.
13P. L. Biancaniello, A. J. Kim, and J. C. Crocker, Phys. Rev. Lett.94,

058302s2005d.

14M.-P. Valignat, O. Theodoly, J. C. Crocker, W. B. Russel, and P. M.
Chaikin, Proc. Natl. Acad. Sci. U.S.A.102, 4225s2005d.

15A. V. Tkachenko, Phys. Rev. Lett.89, 148303s2002d.
16G. P. Goodrich, M. R. Helfrich, J. J. Overberg, and C. D. Keating, Lang-

muir 20, 10246s2004d.
17T. G. Drummond, M. G. Hill, and J. K. Barton, Nat. Biotechnol.21, 1192

s2003d.
18N. C. Seeman, NaturesLondond 421, 427 s2003d.
19E. Katz and I. Willner, Angew. Chem., Int. Ed.43, 6042s2004d.
20In Refs. 2 and 3, the word “melting” is used to describe the process of

dissolution of the DNA-linked colloidal aggregates. In the present work,
we avoid the use of terms “melting” and “freezing” for this transition and
use instead “dissolution” and “demixing,” as we argue that it is, in fact,
more closely related to a liquid-liquid phase separation. This phase tran-
sition should also be distinguished from the melting of ssDNA linker
molecules bound to complementary ssDNA grafted to colloids.

21S. Chiruvolu, S. Walker, J. Israelachvili, F.-J. Schmitt, D. Leckband, and J.
A. Zasadzinski, Science264, 1753s1994d.

22E. T. Kisak, M. T. Kennedy, D. Trommeshauser, and J. A. Zasadzinski,
Langmuir 16, 2825s2000d.

23I. Farbman-Yogev, Y. Bohbot-Raviv, and A. Ben-Shaul, J. Phys. Chem. A
102, 9586s1998d.

24S. Cobbe, S. Connolly, D. Ryan, L. Nagle, R. Eritja, and D. Fitzmaurice,
J. Phys. Chem. B107, 470 s2003d.

25S. Connolly, S. Cobbe, and D. Fitzmaurice, J. Phys. Chem. B105, 2222
s2001d.

26P. Vermette, S. Taylor, D. Dunstan, and L. Meagher, Langmuir18, 505
s2002d.

27W. Shenton, S. A. Davis, and S. Mann, Adv. Mater.sWeinheim, Ger.d 11,
449 s1999d.

28N. T. Kim Thanh and Z. Rosenzweig, Anal. Chem.74, 1624s2002d.
29M. Filali, M. J. Ouazzani, E. Michel, R. Aznar, G. Porte, and J. Appell, J.

Phys. Chem. B105, 10528s2001d.
30A. Zilman, J. Kieffer, F. Molino, G. Porte, and S. A. Safran, Phys. Rev.

Lett. 91, 015901s2003d.
31A. N. Shipway, M. Lahav, R. Gabai, and I. Willner, Langmuir16, 8789

s2000d.
32I. Willner and B. Willner, Pure Appl. Chem.74, 1773s2002d.
33S.-Y. Lin, S.-W. Liu, C.-M. Lin, and C.-H. Chen, Anal. Chem.74, 330

s2002d.
34E. C. Constable, W. Meier, C. Nardin, and S. Mundwiler, Chem. Com-

mun. sCambridged 16, 1483s1999d.
35Y. Kim, R. C. Johnson, and J. T. Hupp, Nano Lett.1, 165 s2001d.
36D. B. Lukatsky and D. Frenkel, Phys. Rev. Lett.92, 068302s2004d.
37In our previous worksRef. 36d, we considered a special case of linker

statistics when the DNA “probe” molecules are indistinguishable.
38L. D. Landau and E. M. Lifshitz,Statistical Physics, 3rd ed.sPergamon,

London, 1980d.
39P.-G. de Gennes,Scaling Concepts in Polymer PhysicssCornell University

Press, Ithaca, 1988d.
40S. A. Safran,Statistical Thermodynamics of Surfaces, Interfaces, and

MembranessAddison-Wesley, Reading, MA, 1994d.
41D. van Effenterre and D. Roux, Europhys. Lett.64, 543 s2003d.
42H. Diamand and D. Andelman, Europhys. Lett.34, 575 s1996d.
43A. Halperin, A. Buhot, and E. B. Zhulina, Biophys. J.86, 718 s2004d.
44The expression for the free energy difference that we employfesTd=ssT

−Tmd, wheres,NuDSug, represents the first term in the expansion of the
exact free energy,esTd,NsDH−TDSd, whereN is the number of base
pairs in a DNA molecule,DH andDS are, respectively, the enthalpy and
entropy difference between the helix and coil states at a given temperature
per base pairssee, e.g., chapter 41 of Refs. 58 and 57d.

45D. Frenkel and A. A. Louis, Phys. Rev. Lett.68, 3363s1992d.
46T. Drye and M. E. Cates, J. Chem. Phys.96, 1367s1992d.
47T. Tlusty, S. A. Safran, and R. Strey, Phys. Rev. Lett.84, 1244s2000d.
48A. Coniglio, H. E. Stanley, and W. Klein, Phys. Rev. Lett.42, 518s1979d;

Phys. Rev. B25, 6805s1982d.
49S. Krinsky and D. Mukamel, Phys. Rev. B11, 399s1975d; D. Furman, S.

Dattagupta, and R. B. Griffiths,ibid. 15, 441 s1977d; T. Schilling and G.
Gompper, J. Chem. Phys.117, 7284s2002d.

50G. C. Manning, Biopolymers15, 1333s1975d.

214904-10 D. B. Lukatsky and D. Frenkel J. Chem. Phys. 122, 214904 ~2005!

Downloaded 01 Jun 2005 to 192.87.153.144. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



51M. D. Frank-Kamenetskii, V. V. Anshelevich, and A. V. Lukashin, Sov.
Phys. Usp.151, 595 s1987d.

52J. Bond, C. Anderson, and M. T. Record, Biophys. J.67, 825 s1994d.
53C. R. Cantor and P. R. Schimmel,Biophysical Chemistry, Part IIIsFree-

man, New York, 2002d, Chap. 22.
54R. D. Blake and S. G. Delcourt, Nucleic Acids Res.26, 3323s1998d.

55R. Owczarzy, P. M. Vallone, F. J. Gallo, T. M. Paner, M. J. Lane, and A.
S. Benight, Biopolymers44, 217 s1997d.

56J. SantaLucia, Jr., Proc. Natl. Acad. Sci. U.S.A.95, 1460s1998d.
57I. Rouzina and V. A. Bloomfield, Biophys. J.77, 3242s1999d.
58A. Yu. Grosberg and A. R. Khokhlov,Statistical Physics of Macromol-

eculessAIP, New York, 1994d.

214904-11 DNA-linked nanoparticle assemblies J. Chem. Phys. 122, 214904 ~2005!

Downloaded 01 Jun 2005 to 192.87.153.144. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


