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Using a simple mean-field model, we analyze the surface and bulk dissolution properties of
DNA-linked nanopatrticle 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[R. Jin, G. Wu, Z. Li, C. A. Mirkin, and G. C. Schatz, J. Am. Chem. S&&5 1643
(2003)]. 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 solution2@5 American Institute of
Physics [DOI: 10.1063/1.190621)0

I. INTRODUCTION by monitoring the difference in the DNA-nanoparticles dis-
solution profiles between the perfectly complementary and
DNA-linked and protein-linked nanoparticle mismatched DNA sequences, respectively.
solutiond™® represent a novel class of complex liquids. In order to elucidate what controls the properties of
These novel, multicomponent, self-assembling materials arBNA-linked nanoparticles, Jiret al3 analyzed the depen-
being used for DNARefs. 2 and 1¥and proteift® detection. ~ dence of the dissolution temperature, and the sharpness of
Controlled, DNA-assisted self-assembly is a promising stratthe dissolution profiles on the DNA surface coverage, the
egy in the bottom-up approach to nonmaterial desiyH*°
Both the detection and design applications require the under-
standing and prediction of the fundamental properties of i 7(1% o .
these complex systems. B --olloal probes
In DNA-linked nanoparticle solutions, first introduced
experimentally by Mirkinet al,' single-stranded DNAss-
DNA) “probe” molecules are grafted onto the surface of gold
nanoparticles. There are several species of hanoparticles 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

\ssDNA "target”

surface "probes”

probe ssDNA on twalor more different colloidal species b

(see Fig. L In the experiments of Refs. 1-3, 10, and 11,

small gold colloids(~10—50 nn and short DNA(~20-30 SEONG el
base pairs were used. The addition of the target ssDNA ),

strands induces a sharp demixing transftighat leads to the /ﬁ ’i\
aggregation of the nanoparticles coated with the probe ss-

DNA strands. The aggregates were detected using plasmon- Colloidal "probes”

resonance optical spectrosc&py.

The prInCI.pa'l EXpe”ment_al fmdlﬁ Was that these FIG. 1. Schematic representation of DNA-linked colloids in the surfage
systems consisting of DNA-linked nanoparticles have shar@nd bulk(b) formats. In(a) the colloids and the surface are covered with

dissolution profiles(the fraction of dissolved colloids as a ssDNA moleculesthese ssDNAs are termed “probgst specific sequences

: 0 : A and B, respectively. In the presence of complementary, linker ssSDNA
function of temperatun)ez The sharpness of the proflles moleculesA’B’ (these ssDNAs are termed “targetsthe colloids are ad-

makes it possible to design the DNA-nanoparticle detectioRorbed on the surface. The targeiéB’ have part of the sequencd
assays with extraordinary selectivity and sensitivity com-complementary to the sequengeand another pai’ complementary td®.

FR R _ In (b) we sketch the bulk format with two colloidal species covered with
pared to other hybridization baséd'g" fluorophore based ssDNA of the sequencésandB, respectively, and in the presence of target

assayg- In particular, a single-bas_,e m_ismatCh i_n_a _27 basespna linkersA'B'. Below the dissolution temperatureT’, the colloids
ssDNA sequence was detected with high selectivity in Ref. 2ggregate.
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particle size, and the salt concentration. diral> observed  discuss this issue below is the linker partition function per

that (i) the higher the ssDNA surface coverage of the col-colloid on a surface site on the lattice,

loids, the sharper the dissolution profiles and the higher the M

dissolution temperature, ar(d) the dissolutiontemperature - M! L(p=e)IT — M

\ erat : . Q=2 e (1+2™, (2

increases logarithmically with salt concentration, analo- o LI(M-L)!

gously to the case of a double-stranded D{dADNA) melt- ) ) ) )

ing temperature. These principal experimental results werd/herez=exp(u—€)/T] is the fugacity of linkers, withu

obtained both in the case of surface and bulk DNA-Peing the chemical potential of linkers andT) is the

nanoparticle formats. temperature-dependent free energy of a single dsDNA mol-
We note that there exist similar systems based on pho@__cule conngcti_ng a given Colloida_ll particle vyith the SL_Jrface

pholipid vesiclesor metal particlescovered with biotin and ~ Siteé (DNA binding free energy M is the maximal possible

linked by streptavidiﬁ“zs(modeled in Ref. 28 microemul- number of dsDNA links that can be formed between a col-

sions linked by polymers with hydrophobic eftigmodeled loid and a surface site. The higher the grafting density of
in Ref. 30; and metal particles linked by metal iois®The SSDNA molecules on the colloids and on the surface, the

principal advantage of the DNA-linked nanoparticles is theigher is the value oM. If there is only one pair of probe
ability to control the interactions in multicomponentolloi- ~ Strands per contact, then this pair can accommodate at most
dal system with an extraordinary selectivity. The selectivityOne linker and the bound linkers obey Fermi-Dirac statistics.
is controlled by the DNA sequences, which makes it possiblén general, the maximum number of linkers per contact is a
to tune the strength and the connectivity of the interactionQ“mberM?p-35°r°°> M>1, the bound linkers obejyac-
between different species. t!onal statistics.” We empha_S|ze that at thl_s level Qf descrip-
In this paper, we use a simple lattice model of reversibld!on, We ignore the |nteract|0n_ben{v§en different Imke_rs. We
gelation in the presence of a solvent to predict the surfac8!SC ignore, for the sake of simplicity, the effect jpdrtial
and bulk dissolution properties of DNA-linked nanoparticle Pinding of linkers to colloids in solution and to nonbound
assemblies. Part of our results were published in the recestirface sites. We show below that this effect is |nS|gq|f|cant.
paper® Our results are in qualitative agreement with the !N @ more general case, a colloiand a surface sit8
experimental findings of Ref. 3. In the present paper we ex(Or tWo nearest-neighbor colloids andB considered in the
tend our analysis to the case of multiple DNA targets. Thefollowing section might have different surface grafting den-
main advantage of the proposed detection method is the abiities (or patchepof probe ssDNA. In this case the numbers
ity to detect multiple DNA targets in a single experiment. Ma andMg of probe sSDNA molecules are not equal, aid
The paper is organized as follows: In Sec. Il we intro-€Ntéring Eq.(2) is the minimum of M, and Mg, M
duce the model and predict the surface and bulk dissolutiof m'”(MA’M_B)-
properties of DNA-linked nanoparticle assemblies; in Sec. il In practice, the local coverage of probe molecules may
we study the effect of added salt; in Sec. IV we investigate irfluctuate. This variation of the ssDNA surface coverage on
detail the effects of competitive linker binding; in Sec. V we colloids is the inevitable consequence of the experimental

propose a novel method for DNA detection with multiple Préparation procedure. We assume that the maximum num-
“targets;” and we summarize our results in Sec. VI. ber of linkers per bond obeys Poisson statistics. Moreover,

we assume that the values Mffor different colloid-surface-
site pairs are uncorrelated. If we average over all possible
II. PHASE BEHAVIOR OF DNA-LINKED values of M, we obtain the following expression for the
NANOPARTICLE ASSEMBLIES grand partition function of linkergfor a given colloid at the
A. Surface hybridization of DNA-linked nanoparticles surface sitg "
. In this secti'on we dis.cuss the process qf the target- 6: > M) LZL:eﬁz, (3)
induced adsorption of colloids on the surface, Fig).1Con- M=0 o LI(M-L)!
sider a two-dimensional lattice witN lattice sites. The col- _
loids on the surface are in chemical equilibrium with thewhereM is the average value d¥l, and
colloids in the bulk, withu} being the chemical potential of _=M
colloids in the bulk. The partition function of the system has  p(uv) = e—MM_ (4)
the form, M!

N I . . is the Poisson probability distribution. This probability dis-
z= 2 mQNAe“ANA’T: (1+e4TQN, (1)  tribution is applicable even in the case when the number of
Na=0 NA' : linkers on colloids varies significantf§.Other types of prob-

where N is the number of C0||oid$eversib|yabsorbed on ablllty diStributionS(in particular, the binomial distribution,
the surface at a given realization of the grand canonical erse€ the Appendixcan be used for the averaging in £8), as
semble, and the combinatorial factor is the number of waysvell. By tuning M, we change the effective fractional statis-
to distributeN, colloids amongN lattice sites. In what fol- tics of the linkers. The Fermi-Dirac limit is only recovered
lows we use the notatioh=kgT, wherekg is the Boltzmann whenM is fixed, and equal to one.

constant. In Eq(1) we neglected for simplicity the possibil- The average surface fraction of the absorbed collaids,
ity of partial and competitive binding of linkers; we shall is found using the partition function, E¢l):
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c
Tolnz  QeT
g=— c = c .
N dua  1+QeaT

©)

We stress again that the fraction of treversiblyabsorbed :

colloids, a, is controlled not only by the dsDNA binding free
energye(T), but also by the chemical potentials of the col-
loids (ua/T=In[¢/(1-¢)], where ¢ is the bulk fraction of
colloids), and the linkerdu/T= ug=In[ i/ (1—i,)], where
i, is the bulk fraction of linkers in the reservoir solutjon
These are simply the chemical potentials of the ideal lattice
gas of colloids and linkers, respectively, in the bulk reservoir
solution*#°

The configurational entropy of linkersn 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” FIG. 2. Top: Surface dissolution profiles of the DNA-Ii_nked nanoparticle
system. Computed temperature dependence of the fragtidrthe absorbed

between different binding sites, increasing their conﬂgura-ssD,\lA_Coated colloids. The plots were computed using —4.5, s=10,

tional entropy, and gaining the binding free eneedy) per  4=0.001. The value oM (assumed to be fixeds the only difference in
bond. This is illustrated by the semigrand canonical free eneomputing the plot{a) and (b): M=2 was used to comput&) and M

ergyf (canonical with respect to colloids and grand canoni-=10 was used to computb), respectively. The temperatufeis relative to

. . . L the melting temperaturd,, of the perfectly complementary linkesolid
cal with respect to linkejsobtained from the partition func- curves. The dashed curvdsn each plot(a) and (b)] illustrate the effect of

tion, Eq. (1), a mismatch in the target DNA. The dsDNA melting temperature for the

_ dashed curve in each pléatorresponding to a mismatcis 5% lower than
f=Tolno+T(1-0)In(1-0)-TanQ, (6) T, for the perfectly matched linker. Bottom: Selectivity plots. The algebraic

h the last t ¢ ffecti linker-ind ifference between the soligherfectly matched linkerand dashedmis-
where the last term represents an ernective, linker-inauce atched linker curve in each caséa) and (b). The vertical lines and the

surface field acting on colloids as an effective chemical po<ircles indicate the optimal stringency temperatures. The results presented in
tential. We note that the problem of ssDNA linker-inducedthis figure agree qualitatively with the experimental measurements of Ref. 2
colloid absorption is similar to the absorption of colloids (Se€ Fig. 2 of Ref. 2

bearing specific ligands at their surface on the receptor-

coated fluid membran®.The physics of this effect is essen-
tially a generalization of the Langmuir absorpti(see also
the discussion of surfactant absorption on a liquid-liquid in-

tsrffac;e, Ref. 42, and ssDNA hybridization on DNA chips, absorbed colloids, the higher the configurational entropy of
ef. 43. the ssDNA linker molecules on the surface, and thus the

The S|mple. analy§|s presenteq above, allows one to pe'ﬁigher the entropic cooperativity of the system. The notion of
form a comparison with the experimental results on the sur-

face dissolution of DNA-linked colloid® The free-energy entropic cooperativity means that ssDNA linkers participat-

difference between the double-stranded and melted states I(ﬂg n thfe formatpnlIofeverS|bIebondshbe|tweenfco:]IO}ds andl
a dsDNA moleculegag(T) = €(T) constitutes an input to the t. € surlace, pa}rtla y compensa.te the loss o! t elr transia-
problem. We adopt the simple fora(T)=s(T-T,), where thI’l?J entrqpy_ in the bulk solution by exploring different
T, is the melting temperature of a dsDNA molecffferhe ~ 2vailable binding sites on the surface.

dissolution curves of DNA-linked colloidal aggregates aret Th(tahbottolg pl%tzm r[]:'% 2 show tf@ff]?renfeln ‘;tbe'
shown in Fig. 2. The fractiowr of absorbed colloids is plot- ween he Solid and dashed curves, as a function ot tempera-

ted as a function of temperature. The maximal possible nume: This quantity represents tiselectivityof the system.

ber of dsDNA links,M, between a colloid and a surface site | '€ Nigher the grafting coverage density of the probe sSDNA
is assumed to bixed and we thus use® given by Eq.(2) molecules on the colloidgepresented bi), the higher the

to compute Fig. 2. The two curves on each plot, Figs) 2 selectivity with respect to a sequence mismatch detection.
and 2b), illustrate the effect of a mutation in the target 1HiS result s also in qualitative agreement with the
ssDNA: The dsDNA melting temperatufg, used to com- experlment§: Qualitatively similar conclusions hold true if
pute the dashed curves is assumed to bel@®er thanT,, ~ the polydispersity in the sSSDNA coverage density on colloids
for the perfectly matched linker, corresponding to the solidiS taken into account, E¢3). One interesting observation is
curve. It is remarkable, that the only difference between Figsthat the[Poisson-distribution-obeying, E¢3)] polydisper-

2(a) and 2b) is the value ofM: M=2 used in Fig. 2) and sity in M leads to slightlysharperdissolution profiles than in

M =10 used in Fig. (). In accordance with the experimental the case withfixed M, provided that all the other conditions
results of Refs. 2 and 3, the dissolution temperaituceeases in the solution of colloids and linkers are the same. The
with increasingM, and so does the sharpness of the dissolusharpness of the profiles in this case is weakly varying with
tion profiles. M. This suggests that not only the ssDNA coverage density

0.2 N

Fraction of absorbed colloids

o
o)

Selectivity
o
>

(@ ®)

0.5 0.6 /T, 0.7

We stress again that these effects are dominated by both
the energeticandentropiccontributions of reversibly absorb-
ing colloids and linkers. The higher the surface fraction of
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but also the degree of its polydispersity is a contiitin- The expression given by Eqgé7) and (8) can be inter-
gency parameter that governs the selectivity of the DNA- preted as the partition function of a three-state spin model
linked nanoparticle system, as far as the DNA detection apwith Hamiltonian,

plications are concerned. In particular, this suggests that in

order to achieve higher selectivity, the nanoparticles should H= —2 (}ij(}j - 2 00, 9

be manufactured with as high ssDNA coverage density as (i) [

possible, even if polydispersity of grafting is large. 5=(1,0, (0, 1, or (0, O) if A, B, or a vacancysolven)

occupies sitd; and 7=(uy, 1g). The square, symmetric in-
teraction matrix is given byl,;=-TIn Qs We note again

In this section we consider a lattice model for a binarythat the effective attraction between the colloids induced by
mixture of DNA-coated colloids in solution. Each colloidal linkers is dominated by the energy of DNA binding and the
species is covered with specific sSDNA molecules, in such g&ntropyassociated with the number of different ways of dis-
way that all possible pairs of colloids can be bound by thredributing L linkers overM bonds: in a dense phase, there are
types of complementary ssDNA linkers: ViAA, BB, and  simply more bonds. Similar mechanisms are responsible for
AB. phase separation in the models of binary hard-core

Colloids of typeA and B occupy the nodes of a three- Mixtures;> polymer microemulsions] network-forming
dimensional lattice with coordination numbgrThe system microemulsions>*’ and in general, in models of reversible
is grand canonical with respect to all the componepnfsand ~ gelation by mobile linkers in a solvefit.
us are the chemical potentials in the bulk of colloids of ~ The Hamiltonian for a three -component lattice gas
speciesA andB, respectively; angiaa, tgs andu,g are the model [Eq. (9)] has been studied extensivé?y?l’he mean-
corresponding chemical potentials of linkers. The grand cafield expression for the free energy is

B. Bulk hybridization of DNA-linked nanoparticles

nonical partition function is f=Thaln dp+ T I g+ T(L = da— dp)IN(L — s
Z =2 9g(Na,Ng,Nag, Naa Np) QRAPQR EBBBG”’C*NAW gNe/T, qJ qJ
— )+ N BA+T P e+ Adnedads, (10)
(7) 2 2
where N, and Ng are the number of colloidé and B, re-  where¢, and ¢ are the average volume fractionsAfand
spectively,n,z is the number of nearest-neighbeg colloi- B colloids. The equilibrium phase behavior of the system in

dal pairs for a given realization of the grand canonical enthe mean-field approximation follows from the analysis of
semble, andy(Na,Ng,Nag,Naa,Neg) IS the total number of this free energﬂ.9 depending on the strength of the interac-
possible configurations with,g nearest-neighbokB colloid  tion between the colloidal species, the system can be in a
pairs, nya nearest-neighborAA pairs, and ngg nearest- homogeneous state, or separate into two, or even three, co-
neighborBB pairs, respectively, for given values by and  existing phases. The model can be generalized to any number
Ng. The sum with respect ta,; extends over all possible of colloidal species and corresponding linkers.
values consistent with the fact that there AieandNg col- The dissolution curves of the DNA-linked colloidal ag-
loids A andB present. gregates are shown in Fig. 3, where we treat the case of only
The expression for the grand partition function of linkers A’B’ linkers added in solution oA andB colloids. Thetotal
(for a givenAB colloidal paipy is analogous to the one ob- fraction of colloids in solutionX (e.g., X, is the ratio be-
tained in the surface case, H@), tween the amount of colloid& in dilute phase and thital
Qng= (1 + )M G amount of coIIoid_sA in solution), is plotted as a fu_nction of
AB ABT temperature for different values & (computing Fig. 3, we
where zag=exf (uag—€ap)/ T]. €,4(T) is the temperature- assumed the case without polydispersityn Qualitatively
dependent binding free energy of a dsDNA molecule con<consistent with the measurements of Ref. 3, the dissolution
necting a given pair of3 colloidal particlesM in Eq.(8) is  temperatureT” of the aggregategdefined byX(T")=1/2]
the maximal possible number of dsDNA bonds that can beéncreases with increasing surface coverage of ssSDNA mol-
formed between a nearest-neight#® colloid pair. Similar  ecules(represented by the linker occupation numibgr on
to the surface casd) represents the surface grafting densitythe colloids, and the sharpness of the profile increases with
of the probe ssDNA molecules on colloids. The linker parti-M, as well. The sharpness of the dissolution profiles is the
tion functionsQaa and Qgg are defined analogously to Eqg. crucial factor in achieving a high selectivity of the DNA
(8). We emphasize that in our analysis we assuasewe did  mutation analysié.We thus predict that the selectivity of the
in the surface casahat the chemical potentials of linkers in system is dominated by the surface grafting density of ss-
solution are fixed: e.g.,uap/ T=puo=In[¢ag/(1-ng)],  DNA probes on colloids. This is our central result, as far as
where g is the fraction ofA’B’ ssDNA linker molecules in  the applications of this system to the DNA detection are
the reservoir solution. This is a reasonable assumption wheeconcerned. The critical temperature of the phase separation,
there is an excess of linkers in the DNA-colloid solution, T, is determinedfrom Eg. (10), using standard stability
which appears to be the case in the experiments of Ref. 3. lanalysig in the case of symmetric composition Afand B
particular, the experimenitsvere performed in the regime colloids bygM In(1+2z:5)=8, wherez, is the critical value
with 40 ssDNA linkerqon averaggfor eachA andB colloid  of the linker fugacity. This leads to the following scaling
pair in solution. form of the DNA binding free energy at the critical point:
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FIG. 4. Effect of added salt on the dissolution temperafref the binary

FIG. 3. Bulk dissolution profiles of the binary, symmetric mixtdspecies  mixture of A andB colloids andA’B’ linkers. T" is plotted as a function of
A and B of equal average concentrationsf ssDNA-coated colloids and In(1/1g), where I, is the salt concentration in the reference stélg
added ssDNA complementary linkers that can form links betweamnd B =0.1 M). The parameters used to compute this figureaye-4.5,s=10,
colloids, but not betweeA andA, or B, andB. The total fraction of colloids  g=6, «=0.05,M=5 (dotted ling, M=10 (dashed ling and M =20 (solid
in the dilute phaseX, is plotted as a function of temperature. Above the line). Above the dissolution temperatuig,= ¢z=0.001.T" is in the units of
demixing temperature, the volume fraction of both thend B colloids is the A'B’ linker melting temperatureT,,=T?, in the reference statdg
0.1%. The three curves illustrate the effect of varying of the ssDNA surface=0.1M.

grafting density on colloid$M is assumed to be fixed in each case, i.e., no

polydispersity inM). The solid curve is obtained witM=6, the dashed . .
curve with M=3, and the dashed-dotted curve with=2. The chemical  tiONS, we can reproduce the dominant effect of added salt on

potential of ssDNA linkers isu,=—4.5, ands=10. Inset: The slopes of the the nano-colloid-ssDNA syste?n.
dissolution profiles are plotted as a function of the total fraction of dissolved To predict the effect of the salt concentration on the free
colloids. The higher the surface grafting density of ssDNA on coll¢idp- energy of the DNA and on its meIting temperature, we make

resented byM), the higher the slope of the dissolution profiles, and the . 53
higher the dissolution temperature. This is consistent with the experimenta#S€ Of the relevant theories for polyelectroly?%sr’. Both the

observations of Ref. 3. theories that focus on Manning condensatfor and those
that use a Poisson—Boltzmann appro3icif predict that the

exs(To)/ To~In Y+ In(gM). This scaling form is valid in the melting temperature of the DNA melting transitioh,, is
limit gM>1, which is always satisfied in an experiment. Proportional to the logarithm of the salt concentratibrhis
Therefore, T, increases with the linker chemical potential, result has been verified experimental(gee, e.g., Ref.
and with the probe DNA coverage density on colloids, rep-54—56. This holds true for both cases of a very short DNA
resented byM. (Ref. 55 (that is, the case relevant for experimé)]tand for
We note that similar to the surface case described in th¥ery long (tens of thousands of base paiBNA.>* The
preceding section, the Poisson-obeying fluctuationslire- ~ mechanism of the effect of salt on the DNA melting transi-
sult in sharperdissolution profiles as compared with the casetion is mainly entropic: Upon the melting transition, part of
of fixed M (provided that all the other parameters are thethe counterions condensed on the highly charged dsDNA
samé. The dissolution temperatuf® is slightly higheras =~ molecule get released, reducing the free energy of the sys-
compared with the case with fixed. tem. The higher the salt concentration, the smaller the en-
For the sake of simplicity we neglected the effect oftropic gain upon the counterion release.
partial ssSDNA linker binding to isolated colloids in solution ~ The specific form of the dependence &) and T, on
in the above analysis. Moreover, we only considered théhe salt concentration depends on the fractioGafandAT
dominant effect of the binding between colloids. The effectbase pairs in the DNA sequente>***For a specific DNA
of partial binding is qualitatively and quantitatively of little SequenceT,, can be practically determined using available
significance. We shall address the question of partial an@xperimental dat&' *°Here we simply use the correct func-

competitive binding in more detail in Sec. IV. tional form
Tm=To[1+alogc], (11)
ll. EFFECT OF SALT ON_DNA-LINKED whereTﬂ1 is the DNA melting temperature at a reference state

NANOPARTICLE ASSEMBLIES (with a salt concentratioi,=0.1 M), @=0.05, andc=1/l,.
Let us next consider the effect of the varying of saltWe assume that the addition of salt affeef$) only through
concentration on the melting of the DNA-linked colloids. We T,,, (this is experimentally verified to be an accurate

incorporate the effect of salt only through the salt depenapproximatiori’).

dence of the melting temperature of DNA linker molecules.  The dissolution temperatufE is plotted in Fig. 4, as a
We neglect the electrostatic effects on the strength of théunction of logc for different values ofM. In accordance
direct colloid-colloid and DNA-colloid interactions. In the with the measurements of Ref. 3, scaleslinearly with
experiments of Ref. 3, the salt concentration varied in thdogc. It is also straightforward to see analyticallysing the
range(0.05—1 M. This corresponds to a Debye screeninganalysis outlined in Sec.)llthat the critical temperature of
radius rp of about 1.5-0.3 nm. The typical colloid size the phase separatiofi,~logc. We emphasize that this
(~13-50 nm, and the linker DNA lengtli~10 nm) in Ref.  agreement with experimental observations justifiggoste-

3 are thus about one order of magnitudeger thanrp. The  riori the assumption of the insignificance of the direct
direct electrostatic interaction between the colloids in solu-colloid-colloid electrostatic interactions within the experi-
tion is thus effectively screened. Even with these approximamentally relevant range of salt concentrations.

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



214904-6 D. B. Lukatsky and D. Frenkel J. Chem. Phys. 122, 214904 (2005)

In the surface case, all the same conclusions hold truesolution temperature of the system withautknowntarget,
There, the dissolution temperature scales linearly withclog one thus needs very little amount of the target to induce

as well. demixing of the colloids. The dissolution curves can then be

analyzed and compared with the dissolution curves obtained
IV. EFFECT OF COMPETITIVE BINDING with the target sSSDNA of a known sequence. The sequence of
OF DNA LINKERS the unknown target can thus be derived.

A. Competitive binding of linkers

to complementary probes B. Partial binding of DNA linkers

An interesting situation arises when there is more than _ 1hus far, we ignored the possibility of partial binding of
one type of ssDNA linkers thatompetefor binding to the ssDNA linkers to d_lssolved coII_0|ds. In the cas_eA)hr!dB
(partially) complementary probes. This applies both in thecpllmds, andA’B’ Ilnkgrs, the Ilnkers can partially bind to
case of surface and bulk binding. Specifically, consider th&lissolved colloids, without establishing a bond between
linker partition function in the bulk caséhe linkers bind to ~ theém. This turns out to be a minor effect, as we shall show
two colloidsA andB) discussed in Sec. Il B. The difference P&lOW: - o
with respect to the previously considered cases is that now N the bulk case, the partition function is

there are two types of linke&’B’ and A’B”. Both pf th.ese z=3 g(NA,NB,n)QRB\PE(NA_n)\I}g(NB_n)
linkers bind to the complementary probes, but with different
affinity. For example, we assume that th&B’ linker is per- X e(NAMZ’fNBﬂE)/T, (16)

fectly complementary and”’B” linker is mismatched with B ) B )
respect to the probe ssDNA grafted ArandB colloids. In ~ Where Wa=1+z, with zy=exd(u-€y)/T], and with
this case of two competing linker types, the linker partition = #as: and Vg is defined analogously t,. €x(T) is the

function Q per colloid pair is DNA binding energy of a linker bound to a collofl(but not
VML bound toB), andK is the number of sSSDNA probes on a
S A M! 12 colloid (in experiments°’, about 100 ssDNA probe strands
Q= = 21L1:0 2 LIL/(M=-L-Ly!’ (12) were grafted on a single 13 nm Au particle—one strand per
5 nn?). The linker partition functionQ,g per nearest-
where neighborAB colloid pair takes now into account the partial
- binding of linkers to the probes not occupied by the linkers
Marg! EpIB! .
= ex%f) fully bound to the colloids,
M K-L K-L
M! (K-L)!
_ Que= 2 T Ze X X
2= ex;( MA"B"T EA”B”) ’ (13) AT S LM -L)! ABleo Lo Li!(K-L-Ly)!
L (K-L)! L
. . . . 4 1l -2 (17)
with uargr @anduagr being the chemical potentials, aggg: AL (K-L—-Ly)! Z"
andepgr being the binding free energies of linkek$B’ and
A'B", respectively. The first sum in Eq(17) counts the total number of ways to
The result of the summation in E(L2) is distribute linkers amongM possible bondsbetween a
M nearest-neighbor pair of colloids and B. The second and
Q=(1+z+27)". (14)

third sums count the total number of ways to distribute link-

In the case of the Fermi-Dirac linker statistiéd=1, the  ers among the availabigartial bonds on colloidsA and B,

partition function of linkers takes the simple forrp=1  respectively. The result is

+2,+72,. We can tgke easily into account the pqudispersity in Que= (1 +Z)" ML +2)KkM X (1 +2p5+ 20+ 28

the grafting density of sSSDNA grafted on colloids. The aver-

aging of Eq.(14) with respect to the Poisson distribution, +225)". (18)

p(M)=exp(-M)MM/M! gives the resultQ=exgM(z;+2,)]. We assumed here that the coverage der{sipresented
The overall effect of the competitive binding is thus the py K) is the same for both colloidal species. Tﬂy.g(NA‘m,

renormalization of the effective, linker-induced surface field«yg(NB—“) terms in Eq.(16) count all possible ways to distrib-

in the surface case, E@L), or the effective intercolloid po- yte linkers amond<(N5—n) and K(Ng—n) possible,partial

tential in the bulk case: probes on thdsolated (i.e., not bounyi A and B colloids,
Je=-TINQ. (15)  respectively, in the grand canonical ensemble.

The mean-field free energy resulting from the partition
This analysis suggests a possible method to enhance thgnction, Eq.(16), is

sensitivity of DNA mutation detection systems. Suppose one

has only a limited amount of the targéhis is especially F=Thaln ¢a+ TdgIn dg+T(1 = da— dp)in(1 - ¢a
important in the case when the target is a protein and not a — ¢g) + QIagdads — ToaK IN Wp — TegK In W,
DNA due to the difficulty in replicating a proteinOne can

add first a known amount of a specifiknown sequenge

ssDNA target. At a specific temperature, just below the diswhere

(19
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1+2zpg+ 25+ 25+ 207 M1 nalpgl
Jae=-TMIn AB T Zat Zgt ZpZg _ (20) Q=3 MlezL:eXIiMlMZZ)F(]-"'Ml’MlMZZ)’
N T = LU M,!

Therefore, taking into account the effect of partial sSDNA (23)
target binding leads to the renormalization of the effectivewherez is the fugacity of DNA linkers] is the incomplete
linker-induced, colloid-colloid interaction potential, and to a gamma function, and we assumed tWat<M,. The fugac-
shift of the chemical potentials of the colloids. Practically, jty z:exp{[ﬂ—e(T)—SRZ/ZRé]/T}, whereR is the nearest-
we predict that the effect of the partial binding is insignifi- neighbor lattice spacing, ari; is the linker DNA radius of
cant, as far as the phase behavior of DNA-nanoparticle solugyration®*°®We assumed that the linker DNA represents an
tions is concerned. This is because within the experimentallideal polymer coil with the free energlf, =Fo+ 3R2/2Ré
relevant range of the parametezgg> 75 g andzag>2a2s. I (see Refs. 39 and 58where the reference free enery is
particular, assuming thata(T) = eg(T) = €ag(T)/2, s=10, uy  incorporated in the definition of the chemical potential
=-4.5, pp=¢5=0.001, M=10 (assuming fixedM), andK  The assumption of the ideal polymer coil is a reasonable
=100, one obtaingby analyzing the free energy, EQL9)],  approximation if the contour length of DNA linkers signifi-
that the dissolution temperatur'é*,, is only different(lower) cantly exceeds the dsDNA persistence length of 50(tinis

by about 1% if the effect of partial binding is taken into is the case, e.gh DNA with a contour length of 16zm). We
account. This example provides arposterioriconfirmation  also assumed, as we did above, that linker DNA molecules
that the effect of partial linker binding to isolated colloids in do not interact mutually.

solution is negligible. Moreover, we stress that the predicted  |n the limit of high surface grafting densityl;> 1. Us-

small effect due to partial linker binding might be in practice ing the asymptotic form of the gamma function MM,z
sensitive to the DNA excluded volume effects, and theses1,

effects should be taken into account in order to compute

— aM{M5z, M
accurate corrections to the results presented in this section. (1 *M1,MiMyz) = e™%4(M;Mp2) ™, (24)
we obtain
Q=e"y(Mz)"s, (25

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

JAB: _TM1[1+ |n(|\/|22)] (26)

C. Nanopatrticle 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 isThis formula constitutes our main result in this section. The
interesting to consider how flexibility of the linker affects the linker flexibility thus leads to enhanced entropic attraction
phase behavior of the nanoparticles. In practice, this situatiobetween the colloids. The experimental realization of the
could be experimentally realized by a lofdpuble-stranded  system that provides the strongest entropic attraction could
spacer in the single-stranded linRer. thus involve colloidsdensely grafted with short ssDNA

We now consider a lattice model where we take intoprobes. The linker ssDNA targets in this case are composed
account two principal effects of flexibilityii) enhanced en- of a long spacer with the recognition straidemplementary
tropic cooperativity of flexible linkers an@i) the possibility  to the probegat the ends. We stress that, as follows from Eg.
of binding to the next-nearest neighbors. (26), in order to have the strong entropic attractidipth

(i) Due to its flexibility, the linker DNA can bind be- colloidal species should have a high grafting density, since
tween different bonds within the nearest-neighbor colloid- the interaction potential,g is proportional to the number of
colloid pair. In particular, the total number of waldinkers  bonds,M,, of the patch with théowestsurface grafting den-
(i.e., A’B’ linkers) can bind betweeiM,; probeA ssDNA on  sity, M;<M,, and only logarithmically scales withl,.
one colloid andVl, probeB ssDNA on the nearest-neighbor (i) The DNA linkers can bind not only between the

colloid is now nearest-neighbor complementary colloids, but also between
the next-nearest neighbors. The partition function for the sys-
M,! M.,! tem of A andB colloids andA’B’ long and flexible linkers

LM~ (M= L)1 (21)  can be approximately written in the form:
. 1_ . 2_ .

Z=, g(Ns,Ng,n,m)Q Qe NaaNesp) T, (27)
In the limit L< M4, L<M,, this expression can be simplified .
as follows: wheren andm are the numbers o&B nearest-neighbors and

next-nearest-neighbors colloidal pairs, respectively, for a
M. M. MEME given configuration ofN, and Ny colloids. The sum in Eq.
r z__ 172 (22)  (27) extends over all possible values £, Ng, n, andm for
LIMy=L)! (M- L)! L! all possible realizations of the grand-canonical ensemble.
The linker grand-canonical partition functiorf), per next-
The partition function of linkers can now be computed in anearest-neighboAB colloidal pair is given by Eq(23), pro-
simple, closed form, vided that z is substituted with z,c.=exp[u—e(T)
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-3a?R?/2R%]/ T}, whereaR is next-nearest-neighbor lattice [
spacing, and we assume thdi, andM, are the number of A’ B!
bonds for the next-nearest-neighbor colloidal gas we did —~— @

for the nearest-neighbor pair
The Hamiltonian of the spin model, corresponding to the

partition function, Eq(27), is —
N | SR R
H:EE i‘]o-j+§2 O'il(Tj_EO'ﬂ], (28) A,C, p
(nn) (hnn) i —— G

where the spin variables are defined analogously to(#q.

The first and the second sums in E@8) are taken with

respect to the nearest-neighbem) and the next-nearest- FIG. 5. Schematic representation of the three-component systeln Bf
neighbor(nnn) sites, respectively. In the present case whereand C colloidal species covered with ssDNA of three different probe se-

RY i ; ; quences, respectively, and two species of ssDNA targ&Bs and A'C’.
Only A’B' linkers are present, the symmetric, quadratlc maA’B’ complementary bind#\B, and also bindsAC with slightly weaker

tricesJ,z andl,z have only two nonzergantidiagonal ele- affinity. Similarly, A’C’ complementary bind&C, and also bindAB with
ments, where slightly weaker affinity.

Iag=—TINQ ==TM[1+In(M3 Zexd 1. (29
Even a small difference in th&'B’ binding free energy

The principal conclusion is that the presence of long DNAiih respect toAB and AC can induce a large difference in
linkers leads to aenhanceceffective attraction between the iho composition of phases.

colloids. This is easy to understand intuitively: long and flex-  fare we generalize the approach of Ref. 36 to the case
ible DNA linkers simply increase the range of the colloid- ¢ multiple targets. We show that one can detdifferent
colloid interactions, and also increase the configurational eMargets in a single experiment. In particular, we consider a

tropy of the_ system, as compared with the s_horter "nkersthree-component solution of colloids, B, andC, and two
The mean-field free energy of the system with long DNA i ker speciesA’B’ andA'C’ (see Fig. 5 We assume that

linkers has the form similar to E¢10), linkers A'B’ are perfectly complimentary t8B, and A'C’

f=Thaln pa+ ThgIn P+ T(1 = pp— dp)IN(1 = are perfectly complementary t&C. We stress that\'B’
binds AC, and A’'C’ binds AB, i.e., there is a competitive
— ¢p) + (4dag + 7l ap) Padds, (30) binding of linkers.

where q and 7 are the numbers of nearest neighbors and The partition function of the solution of linkers and col-
next-nearest neighbors on the lattice, respectively. It idids has the following form:

straightforward to take into account more colloidal species 7= g(N,,Ng,N¢,Nag, Nac) QRABQRC

with more possible combinations of DNA linkers, simply by

increasing the number of components in E2). X etaNa*ugNg+ucNe/T) (31)

where the linker partition function®sg and Q¢ take into

account competitive linker bindingsee Sec. IV A
V. PHASE SEPARATION AND DNA

SEQUENCE ANALYSIS Qae= (1L +2zag+yadM (32

As far as DNA(Ref. 2 (or proteiﬁ‘) detection is con- gnd
cerned, the principal experimental challenge is to distinguish
a specific target molecul@r moleculegin the solution con- Qac= (1 +2Zac+yap™, (33
taining many different species of similar molecules. The . o . . o
presence of competing species obscures the measuremerWét,h the following defl_n_ltlons_ of_ fugacities of direct binding
and thus constitutes the major experimental obstacle t&B:Zac), and competitive bindingyag, yac):

achieve a high selectivity and sensitivity of detection.
9 y Y - ex;{ MAB ™ 6AB>
-AB — ’

In Ref. 36 we proposed a possible scenario to distinguish T

a specific target ssDNA’B’ by monitoring the composition
of phases in a three-component systemApB, andC col-
loids. We noticed very generally that if the targ€B’ binds - exp( Mac™ EAc)
to AB (A’B’/AB) andAC (A’B’/AC) with slightly different AC T :

affinities (i.e., AB and AC have similar sequences which are (34)
only different by a mismatch, either a single base or multiple p(MAB - é;\g)

basg, one can distinguish the sequence of the target by Yas=€X T )

monitoring the composition difference BfandC colloids in

a densdor dilute) phase. The colloids can be, e.g., fluores- 8

cently labeled, and their compositions can thus be deter- YAc=eXr< MAc‘éc)

mined. T
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tected simply by monitoring the concentratidifferencesof

the specie8 andC in either a dense or dilute phase. In the

case shown in Fig. 6 the melting temperattlizgof A'B’/AB

DNA is assumed to be only 2% higher th&)" of A’C’/AC.

The principal observation is that even in the case of strong

competitive binding(Ti>"P=0.96T,,, see the caption of Fig.

6), the selectivity of the system is as large as 50%. The

higher the strength of the competitive binding, the lower the
/T selectivity of the system, Fig. 6.

FIG. 6. Selectivity plot. Selectivity of the phase behavior of a ternary sus The method can be generalized to discriminate between

pen.sio.n consistin)glj Il()>4\ B andC co%loidal s;?ecies and two types of ssDyNAu a Iarg,er number of possible ,SSDNA targets’, simply by in-

linkers A’B’ and A'C’ (see text The binding free energies of linkers are Creasing the number of colloidal probe species. In essence,

assumed to have the formue=s(T-T,), exc=S(T-Tao), exs=€ao=s(T  the method allows us to map thmicroscopicbase-pair se-

-TEM), whereT,, and TAC are the melting temperatures AfB’ andA’C’ quence of multiple targets ssDNA onto tfmeacroscopic

linkers, respectively, an@;’"is the melting temperature of the competitive . - - -
binding. The curves show that the presence of the linkers induces a Iargghase behavior of the DNA-linked nanOpamCIe solution. We

relative concentration differencégg— ¢c)/ (¢g+ ¢bc) of B and C colloidal emphasize finally that the proposed method is not limited to
species in the dense phase. Above the demixing temperature, the concentaﬁly ssDNA targets. It can be applied also to detect protein
tion of all colloidal species is the sam@, = 5= c=0.001. The parameters  targets. In this case the probe molecules grafted on colloids
used in to compute this figure aexg/ T=pac/ T= po=-4.5,5=10, q=6, . i .
M=10, and TA°=0.98T,, The three curves illustrate the effect of the are protem receptors—the molecules that_ specifically bind a
strength of the competitive bindingTs<®™=0.9T,, (solid ling, T™  protein target of interest. For example, this system has been
=0.94T,,, (dotted ling, andT™=0.96T,, (dashed ling Tis expressed inthe  recently realized experimentaflyising magnetic micropar-
units of Tr, of the linker A’B" that bindsAB. ticle probes grafted with antibodies that bind specifically an

antigen.

Selectivity

Here uag anduac are the chemical potentials of linkeA$B’
and A’C’, respectively;epg and enc are the corresponding
DNA binding free energie$A’'B’/AB andA'C'/AC; éxg is
the binding free energy of the linker of the typeéB’ that
binds toAC (A'B'/AC); and €,¢ is the DNA binding free In summary, we investigated the dissolution properties
energy of the linkeA’C’ that binds toAB (A’C'/AB). The  of DNA-linked nanoparticle assemblies using a simple
latter two binding free energies take into account the commodel of colloidal phase separation induced by ssDNA link-
petitive binding of linkersA’B” and A’C’. We assume that  ers. We predict that the experimentally observed dissolution
properties of these assemblies in the sufdand bul*®
formats can be explained by surface absorption and phase
This corresponds to the scenario where the two types of linkseparation, respectively. In particular, in the bulk, the ob-
ers have similar sequences, and are only different fgw)  served aggregated phﬁsmrresponds to a dense phase of a
base-pair mismatches. We also assume here that I&NE&r  phase-separated system of colloids and ssDNA linkers. In

VI. SUMMARY AND CONCLUSIONS

€A =~ €rc = €ac = €np. (35

binds slightly stronger té\B, compared withA’C’ to AC. agreement with experimental findinﬁ:we predict that the
The mean-field free energy is dissolution temperature and the sharpness of the dissolution
_ o profilesincreasewith the surface grafting density of SSDNA
F=Tealn ga+Tdgln dg+ T In b+ T(1 = ha = g “probes” on the surface of colloids. Within the framework of

= )Nl = dpp— g — Pc) + QIasdPadhs + QdacPdadc, our model, the grafting density is controlled by the linker
(36) occupation numbeM. As far as applications of this system
to DNA detection analysis are concerned, we predict that the
whereJag=-T In Qag andJpc=-T In Qpc. surface grafting density of the probes is the dominant factor
The addition of the target&’B’ and A’C’ induces a that governs the selectivity of the system. We predict that the
two-phase separation in the system. Our principal observadissolution temperature of the assemblies increases logarith-
tion is that the composition of the dense phéed, by im-  mically with the salt concentration. This is also in agreement
plication, the composition of the remaining solutiode-  with experimental findingg.
pends on the nature of the target sSDNAs. In particular, even Most importantly for the applications, we propose a
in the case of similar-sequence targel®e DNA binding free  novel method for DNA detection analysis. The method al-
energies of the targets,g and exc are similar in magnitude, lows one to map themicroscopicDNA sequence onto the
Eqg. (35], we generically observe a large concentration dif-macroscopigphase behavior of a DNA-nanoparticle system.
ference betweeB andC colloids in the phase-separated sys-We noticed very generally, that in the multicomponent sys-
tem. tem of colloidal probes and multiple linkers that bind differ-
The characteristic mean-field phase diagram for this casent pairs of the probe species, a small difference in the bind-
is shown in Fig. 6 in terms of the concentration differencesing affinity of linkers translates into a large difference in the
(selectivity plo} betweenB and C colloids. The initial con- phase composition of the phase-separated colloidal probes.
centrations ofA, B, andC colloids are chosen to be equal. By labeling the colloidge.g., fluorescently one can distin-
Our main prediction is that the multiple targets can be deguish between different SSDNA “targets” insingle experi-
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