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Theory of melting and the optical properties of goldDNA nanocomposites
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We describe a simple model for the melting and optical properties of a DNA/gold nanoparticle aggregate.
The optical properties at fixed wavelength change dramatically at the melting transition, which is found to be
higher and narrower in temperature for larger particles, and much sharper than that of an isolated DNA link. All
these features are in agreement with available experiments. The aggregate is modeled as a cluster of gold
nanoparticles on a periodic lattice connected by DNA bonds, and the extinction coefficient is computed using
the discrete dipole approximation. Melting takes place as an increasing number of these bonds break with
increasing temperature. The melting temperature corresponds approximately to the bond percolation threshold.
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The optical properties of metallic nanoparticles have beeiiThis choice still retains the essential features of the melt-
investigated intensively over the last decatié®Recently, ing.) The cluster exists at loW because a chemical reaction
this investigation has expanded to include so-called funceonverts two single strandsinto a double stran®. In this
tional metallic nanoparticlesAmong these, there is a par- Letter, we adopt a simplified two-state model for this
ticular interest in DNA-modified gold nanoparticles. Suchreactiom*?described by the relation
particles can form complex aggregates which may melt at
high temperatures. The particles and their aggregates may S+S=D. @

haye a variety of ap_plications,_ e.g., in bi(_)logical detecti_on,,:or short DNA strand€12—14 base paiysthis model de-
which may be possible by using the optical and electricakcripes melting welt® Each gold nanoparticle hasnearest
sensitivity of the aggregat_és. Numerical model calcula- neighbors ¢=6 for a simple cubic lattice Hence, there are
tions of the optical properties of DNA modified gold nano- N,2/2 bonds joining adjacent nanoparticles. We assume that
particle aggregates show general agreement _w_lth experl; (temperature-dependerftaction p(T) of the single DNA
ments, including such features as the followin@: for  gyands form double strands by the reactian In order to
isolated gold nanoparticles in suspension, there is a strongycylate the fractiomey(T) of bondswhich contain at least
surface plasmon” absorption in the visible; arld) this e gouble strand, we adopt the following model. First, we
absorp.tlon maximum broadens and red-shifts when the clusissyme that exactlil/z of the single strands on a given
ter radius becomes comparable to the wavelefi§tHow- nanoparticle are available to bond with amyeof its z near-
ever, some important physical details have not been exsgineighbors. Thus, we assume that the maximum number of
plained. For example, in the gold/DNA nanoparticle systemyinks that could be formed between any two particles is

the melting transition of a gold nanoparticle aggregate has g /; The probability thano link is formed is then taken to
much narrower temperature width and occurs at a high temgg

perature than that of a single DNA Iink Also, the depen-
dence of aggregate melting temperature on particle size has 1-pe(T)=[1—p(T)]Ns2. 2)
not yet been explained.
In this Letter, we model this novel “melting” transition of The criterion for the melting temperatur€é. is that
a gold/DNA nanoparticle aggregate. Our model accounts fopes(T.)=p., P. being the bond percolation threshtidor
most experimentally observed features, includifig the the lattice considered, at which an infinite connected path of
small temperature width of the aggregate melting transitiondouble DNA strands first formgFor examplep.~0.25 on a
compared to that of a single DNA linkii) the particle-size- very large simple cubic latticeThus, at percolation,
dependence of the melting temperatdrg; and (iii) the
temperature-dependence of the optical extinction coefficient [1-p(T)Ns"*=1~p. 3
Cex(\,T) at wavelengthh and temperaturg. This equation implicitly determine, in terms ofz, p.., and
We first describe our model for the low-temperature mor-y; 15
phology of the aggregate. In the simplest version of our °

model, the lowT cluster is taken simply as a collection of yeen ‘the single-strand and double-strand DNA molecules,

identical gold nanoparticleach of radius) which fill the — icpy are attached to the gold nanoparticles. The chemical
sites of a simple cubic lattice of lattice constahtd>2a). equilibrium condition corresponding 1d) is
The cluster is assumed to be a cube of elgeontaining

Nparz(L/d)3 gold nanoparticles. We have also investigated [1-p(T)]?> K(T)
the melting and the optical properties assuming that the low- oM C =K'(T), (4)
T cluster is a fractal aggregate.
To describe the melting of this aggregate, we assume thathereK(T) is a suitable chemical equilibrium constant, and
each nanoparticle carries exactly single DNA strands. Cy is the molar concentration of single DNA strands in the

p(T) itself is determined by a chemical equilibrium be-
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FIG. 1. Plot ofpx(T) versusT for several different choices of
particle radius, as indicated. Also plotted i8(T), the probability
that a given DNA strand is part of a double strandrat

sample(in our model all are attached to the nanoparticles
Since 0<p(T)<1, the physical solution to Ed4) is p(T)
—1+A(K VK2 +4K').

Note that, according to Eq3), p(T.) decreases with in-
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FIG. 2. Schematic of the melting of a gold—DNA cluster, for
two different models discussed in the present paper. In the first

model, (a) at low T the cluster is described as &L XL simple
cubic aggregate of lattice constaait[here L/d=10]. (b) As the
temperaturel increases, some of the bonds break. The fraction of
bonds present ipg(T). In (b), peg=0.5>pc(L), wherep, is the
weakly L-dependent percolation threshold. A percolation cluster of
linear dimension~L still exists. At a still higherfT [shown in(c)],
Per(T)=0.2<p(L), and only small clusters remain. In our calcu-
lation, the clusters are positioned and oriented at random in the
bounding box, taken as a cube of edge d.0@) Alternate model

creasingNs and, hence, with increasing particle radius. Sincefor jow-T sample p(T)=1): fractal cluster formed by reaction-

p(T) decreases monotonically withh T, should thus be an
increasingfunction of a, as reported in experiment3.

In Fig. 1, we plotpey(T) for severala. We assumeNg
«a?, setz=6 and use the experimental result thag=160

limited cluster—cluster aggregatipRLCA], with fractal dimension
df -~ 21

which have complex frequency-dependent dielectric constant

whena=8 nm1® We have also assumed the simple van'te(w), and polarizability «(w) related to e(w) by the

Hoff behaviorK(T) =exd —AG/kgT], with a Gibbs free en-
ergy of formation AG(T)=cy(T—Ty)+cs(T—Ty)3,
choosing the values af;, c;, andT), to be consistent with
experiments on these DNA molecules.

Clausius—Mossotti equatidn, e(w)=1+4mnal[l
—(47n/3)a], wheren=(d/L)3. The resulting expressions
for the induced dipole momem; of theith sphere, and the
corresponding expression for the extinction coefficient

To calculate theT-dependent optical properties, we have Cex(K) at wave numbek, are given in Ref. 7.

considered the melting of two slightly different low-

In our case, each cluster consists of a number of DNA-

temperature aggregates. In the first, we assume that, &k, low linked individual gold nanoparticles. In our calculations, we

the aggregate consists of a simple cubic collectiorNgf;

do not include the optical properties of the DNA molecules,

=(L/d)® gold nanoparticles on a simple cubic lattice, assince these absorb primarily in the ultravidteyve gseatabu-
described above, with all bonds occupied by DNA double-ated values of the gold complex index of refractidri’then

strand links. To generate a specific sample with a giver¢alculateCe,; for each cluster using the DDA. To improve
Pe(T), we randomly remove links with probability 1 the statistics, we average,, for each cluster over possible
—pe(T), then identify the separate clusters, using a simpledrientations. We then sum the averaged extinction coeffi-
computer algorithnt? We neglect gravitational forces, which cients of all the individual clusters to get the total extinction
may be important in some experimental circumstances. If theoefficient of the suspension. This method is justified when
aggregate consists of two or more clusters, we simply placéhe suspension is dilute.
these aggregates in random positions and orientations within In Fig. 3, we showC,(\,T) vs \ for the gold—DNA
a larger bounding boxusually of edge 10d), taking care cCluster at several values qfe(T), assuminga=20 nm.
that the individual clusters do not overlap. The resulting gePe=0 represents a dispersion df,,=(L/d)* individual
ometry is shown schematically in Fig. 2. We have also carnanoparticles, whilg.s=1 represents a simple cubic lattice
ried out the same procedure to simulate the melting of @f connected nanoparticles. The calcula@g(\,T) at each
sample formed by reaction-limited cluster—cluster aggregax changes strikingly fopeqs(T) ~p.. For smallpe, there is
tion (RLCA).Y” A typical RLCA cluster is shown in Fig.(@), a clear extinction peak near 520 nm. This peak corresponds
and represents a possible fractal aggregate which might de the wavelength of the surface plasmon resond8&&) in
produced by certain random growth processes atTd® individual Au nanoparticles. Apy increases, this peak first
We calculate the optical properties of this sample usingedshifts, then greatly broadens, as the aggregate melts. The
the Discrete Dipole ApproximatiofDDA).2%?° The sample calculated peak is, however, shifted much more and is much
is modeled as a collection of separate aggregates whose dxoader than experiment. However, as shown in inset, if we
tinction coefficients are computed individually, then added.assume that the lowW- aggregate is an RLCA fractal, the
Each aggregate consists of many identical nanoparticlesalculated peak shift is consistent with experimént.
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In the inset of Fig. 4, we compaf@,,{\,T) for a regular
and a RLCA cluster of particles of 20 nm radius st
=520 nm, both foN=1000 patrticles. Although the RLCA
cluster has a slightly broader melting transition, as mani-
fested inCqy (N, T), than does the regular lattice, both sets of
data show a much sharper melting transition than that of a
single DNA link. Also, although our normalize@,(\,T) is
calculated for the aggregates at 520 nm, we expect similar
behavior at 260 nm(We have not carried out calculations at
this A mainly because we have not included the DNA ab-
sorption propertie$.In any case, the experimental melting
500 600 200 curves at 260 and 520 nm are very simifar.
Anm) Our calculated extinction coefficients are strikingly simi-
lar to recent experimental resut&°In particular, both ex-
periment and calculation give a sharp increas€in(\,T)
at fixed\, asT increases past a critical temperature, which

FIG. 3. Calculated extinction coefficie@,(\,T) as a function

of wavelength\, plotted for several values @y, particle radius
20 nm, as indicated in the legenuLy=1 corresponds to 1000 gold we interpret as the melting temperatdrg. We also find, in

nanoparticles on a simple cubic lattice of edge480 nm. The agreement with experimeﬁﬁ that melting occurs over a
sample is that shown schematically in Figs@22(c). Inset:  much narrower range &f in the aggregate than for a single
Cex(N,T) for the RLCA aggregate gies=1 (curve A), as well as  pond, and that the melting occurs at higlerfor larger
for simple cubic aggregate at=1 (curve B, and for individual particles%o The crucial point is thapx(T) is @ much sharper
gold nanoparticlepe=0 (curve Q. function of T than isp(T), and this feature would not be
affected by slight changes in the modsiich as considering
In Fig. 4, we showC,(\,T) at fixed\=520 nm(close  a body-centered-cubic rather than a simple cubic clusier
to the isolated-particle SHRversusT, for several particle the present model, the melting transition is in the universality
sizes, assuming that the loWw-aggregate is a simple cubic class of bond percolation. This universality class might
cluster withN=1000 particles, as shown in Fig. 2. For eachchange because of the constant dissolving and reforming of
a, the extinction increases sharply at a characteriticor-  the bonds of the aggregata possibility omitted from our
responding to the melting of the aggregate for #yaat this  mode). This possibility should be studied further theoreti-
T, the absorption due to the SPR increases sharply. cally and experimentally. However, the optical properties
may well be robust, in the sense i@t (T) would be little
- affected even if this feature were included, since the key
° - Aa= 5nm o ingredient is the multiple links per bond as described above.
a=10nm - | In summary, we have developed a simple model for the
a=20nm o melting of aggregates of gold nanoparticles and DNA, and
have calculated th@-dependenbptical properties of these
melting aggregates, using the DDA. We find that, at fixed
melting is accompanied by dramatic changes in the extinc-
tion coefficientC,,(\). These calculated changes occur over
a much narrowertemperature range than that over which
, interparticle links themselves melt, the temperature width is
o Ll smaller for particles with larger radius, and the melting oc-
f 30 40 50 60 curs athigher temperaturefor the larger nanoparticles than
40 50 6'0 7'0 80 for the smaller ones. All these effects are in good agreement
o with experimen®®° |t would be of great value if the pre-
TCC) dicted T-dependent structure of the clusters could be probed

FIG. 4. Normalized extinction coefficienCq((\,T) for »  €Xperimentally, e.g., by static light scattering, as has been
=520 nm, plotted versu3 for several particle radia, assuming done in other context%‘.FinalIy, we mention that the present
that the lowT aggregate is atN=1000 simple cubic cluster, as model can be applied to other similar nanocomposites.
shown in Fig. 2. Inset: Normalized extinction coeffici€@y,(\,T), After this manuscript was submitted for publication we
versusT for A=520 nm, plotted for a 1000-particle gold/DNA ag- became aware of a paper by R. @inal,?® which discusses a
gregate assuming that the low-temperature sample is a simple cub&imilar problem to ours using a somewhat different model.

cluster(open circleg or a RLCA cluster(open squares The solid )
This work has been supported by Grant No. NSF

curve is a plot of 1 p(T) for a single DNA duplex with the same 4 Y '
concentratiorCy as the above two curves. The dotted curve repre-DMR01-04987, by the U.S./Israel Binational Science Foun-

dation, and by an Ohio State University Postdoctoral Fellow-
ship awarded to S. Y. Park. We thank D. J. Bergman, C.-H.
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sents - p(T) for a single DNA duplex but with a much high€;
than for the other curves of the inset. The plots ef A(T) for a
single link closely resembl€.,(\,T) as measured at=260 nm

for a single duplexRef. 11).
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