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ABSTRACT

Polymerase chain reaction (PCR) was realized on the surface of gold nanoparticles (NPs) as a tool for self-organization at nanoscale and as
a step toward programmable production of sufficient quantities of functional metallic superstructures. The assembly is controlled by varying
the density of the primer on the surface of gold NPs and the number of PCR cycles generating a mixture of dimers, trimers, tetramers, etc.,
with gradually increasing complexity. This process leads to strong chirality of the assemblies arising from the three-dimensional positioning
of NPs in space which had never been observed before. A circular dichroism band of the superstructures coincides with the plasmon oscillations
of the multi-NP systems of Au colloids. This new collective optical property of NPs embracing the diversity of shapes and diameters in the
starting dispersions opens unique opportunities for the development of negative index materials.

The construction of (metal) materials through self-assembly
(SA) is an attractive alternative to lithography and traditional
chemical synthesis of complex compounds. It requires,
however, the extensive development of a synthetic toolbox
making possible control over feature size and geometry of
the assemblies in one-,1-3 two-,4-6 and three-dimensional
systems.7-14 Although many synthetic routes to nanoparticles
(NPs), nanowires, nanoprisms, nanopyramids, and other
nanocolloids with special shapes and compositions have been
established, their controlled spatial arrangement remains a
fascinating challenge in nanotechnology.1-11 A variety of SA
schemes have been developed on the basis of DNA, proteins,
small organic molecules, and synthetic polymers as particle
linkers.1,3,15-17 Besides the ability to control interparticle
distances,18,19 NP periodicities,10,11 and components of SA
systems,4,6,16 biological macromolecules have important
advantage against the other structure-directing agents because

(a) the geometry of the resulting assemblies can be very
complex potentially competing with the organization of some
cellular organelles, and (b) the synthesis of biological
macromolecules is so well-developed that can potentially be
computerized for the cases when NPs are also involved. The
last point becomes very essential for making multi-NP
systems available in sufficient quantities for research needs
and applications.

Considering the utility of NP superstructures, we want to
point out that besides the challenge of “how” one should
assemble three-dimensional (3D) systems from NPs, there
is also a major question of “what” needs to be assembled.
Au fond, the functionality of the resulting assemblies, needs
to originate from the collective properties of NPs rather than
from the properties of individual components. In this respect,
plasmonic interactions of metal NPs leading to the change
of the dispersion color and enhancement of Raman scattering
in the gaps between NPs for sensing application dominate
the pool of background ideas at the moment.1-18 Some
attention was also given to the multiparticle superstructures
for electronics involving charge transport phenomena at
nanoscale.8,20-22 In all these cases, however, the requirements
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to the 3D systems from the functional standpoint are fairly
simple and, except for some cases of surface-enhanced
Raman spectroscopy, the distance control is more important
than the actual geometry of the superstructure.

Thus, in this study, we wanted to achieve the following
goals: (1) to make a step toward realization of standard
computerized assembly of the NPs; (2) to demonstrate a new
type of 3D superstructure from NPs with a different principle
behind their organization than those used previously, the
positioning of NPs in space rather than the distance between
them is the source of new properties of the multiparticle
superstructures. Such systems can be exceptionally useful
for negative index materials (NIMs)23-25 as well as for
sensors based on birefringence of optical media.

Among biomacromolecules, DNA-NP conjugates can be
especially convenient for accomplishing these tasks because
of extensive amount of structural information available for
them. DNA-gold NP conjugates and their subsequent SA
reactions have been studied extensively since 1996.1,3 They
are typically made by ligand exchange reaction between
DNA carrying a thiol or amino moiety and citrate- or
phosphine-coated gold NPs. The direct hybridization of the
two single-stranded DNAs or their hybridization through a
duplex bridge DNA are the two basic approaches of
controlled attachment of one NP to another.1-8,26 In order to
achieve software control SA process, these methods need to
be augmented by the polymerase chain reaction (PCR) on
the surface of the gold NPs.

PCR is one of the most popular techniques in modern
biological and medical sciences. It has revolutionized mo-
lecular genetics and other branches of biology/medicine.
Owing to the exponential amplification of product in the
enzyme-catalyzed DNA polymerization reaction, one could
start from a single copy of target DNA and produce large
amounts of it.27-29 PCR is typically carried out in a liquid
phase system, although recently it was extended to solid
surfaces such as: nylon, glass, and microtiter well.30 To date,
the junction between PCR and nanocolloids was limited to
the improvement of the efficiency/specificity of polymeri-
zation process by NPs and their use as probes for process
completion.31,32 While the technological feasibility of the
PCR on the surface of NPs was recently demonstrated by

some of us,33 the use of PCR as a tool for controlled SA of
NPs and, moreover, the new optical functionality of the
resulting materials have not been demonstrated before and
represents the primary scientific contents of this report.

Figure 1 illustrates the approach used here to the SA of
NPs by PCR. The polymerization reaction takes place directly
on the surface of Au NPs. The complexity of the SA material
and the average number of nearest neighbors in it is
controlled by the number of PCR cycles, N, and hence, by
corresponding synthetic programs and PCR software. One
should also expect that, the complexity of the formed SA
materials is correlated with the density of the primers on
the surface of Au NPs. We used here two densities of primer
on Au NPsslow and high (Supporting Information). One
can indeed see the some dependence of the resulting
assemblies on this parameter, but no drastic changes in
assembly patterns were observed, only the number of
particles involved.

As expected, at early stages of the PCR, the structure of
SA materials is comparatively simple (Figure 2A-C).
Besides N, the number of particles in PCR products depends
on the number of primers participated in the polymerization
reactions. For high primer conditions, for N ) 1, we see not
only dimers, although they dominate, but also some amount
of trimers as well. Panels M and N of Figure 2 are
particularly representative of this point. In addition to
monomers, SA aggregates with two, three, four, and five NPs
are present in the mixture.

Under the condition of low primers on the Au NPs surface
(Figure 2), SA structures after N ) 2 are also predominantly
dimers and monomers. When N ) 5, trimers are the main
products, when N ) 10, there are both dimers and trimers
and even tetramers in the products (Figure S1 in Supporting
Information), and when N ) 40, the complex agglomerates
appear in the products similarly to the case with high primer
coverage (Figure S1 in Supporting Information). Obviously
the greater the number of primers coating NPs, the greater
the number of NPs in the SA system, which conforms very
well to expectations from PCR schematics (Figure 1). The
selective preparation of a particular multimer (dimer, trimer,
tetramer, etc.) can be obtained only after the stage of
separation of different products. This is common for all

Figure 1. Schematics of SA through the PCR on Au NPs. The DNA polymerization process is analogous to traditional PCR and includes
all the typical steps, such as denaturation, annealing, and extension.
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nanoparticle assemblies. Recently a new method of NP
separation, field-flow electrophoresis (FFE), was estab-
lished,34 which can be particularly well applied to the
separation of the NP multimers.

Note that assignment of the NPs to a specific multimer
was done based on visual proximity of particles in transmis-
sion electron microscopy (TEM) images. We attempted a
less subjective assignment of SA structures by using ImageJ
(NIH) image processing software, but the algorithm for such
an assignment has to include a step of arbitrary separation
one aggregate from another. Also, there is always some
amount of monomers that may accidently be in proximity
of another aggregate, causing an error in assignment of the
SA structure. This issue cannot be accounted for by the image
processing software. It is an intrinsic problem of TEM images
that cannot visualize DNA bridges between the NPs. Hence,
we decided to present the actual TEM images, such as Figure
2M,N and Figure S1 (Supporting Information), rather than
the misleading results of software processing. Although not
without a degree of subjectivity, this way to assign NP
assemblies to different multimer suits well for general
description of the trend, which is important here, but it is
probably not suitable for quantitative evaluation of the
multimer distribution.

Regardless of this issue, the general tendency established
by TEM imaging is quite clear: as the number of PCR cycles
increases, the number of NPs in SA structures also increases.
Two points need to be made regarding the structure of
resulting assemblies. First, as expected, the reduction of the
concentration of the primer on the surface of NPs reduces
the average number of NPs in agglomerates (Figure 2O,P).
As such, we can hardly assign any combination of NPs in
Figure 2O to tetramers and pentamers for low concentration
of the primer but there are a lot of dimers and trimers.
Second, the size distribution of NPs in the dispersion used
is relatively wide. There is also some variety of shapes of

NPs when they noticeably deviate from the geometry of
perfect spheres. Consequently, the SA structures after PCR
are likely to contain NPs of different diameters and some
variety of shapes. For the specific optical characteristics of
the assemblies being considered below (Figure 5), this is
not only a problem as for some other applications requiring
NP monodispersity but also a desirable and necessary feature.

PCR products were further investigated by agarose gel
electrophoresis (Figure 3). Overall, multimers with large
numbers of particles are virtually completely retained at the
start line. We did not observe bands attributable to specific
multimer geometry for N ) 1-5.35 This is likely to be
associated with a greater length of DNA used here than in
previous studies. Well-formed bands were only observed for
high N > 10 (Figure 3,E,F). TEM images indicate that the
front band is primary formed by the monomers and poten-
tially dimers (Figure 3G). The second band contains pre-
dominantly trimers and dimers (Figure 3H). Importantly, the
electroporetic results clearly confirmed the trends identified
after TEM examination (Figure 2): the increase of number
PCR cycles results in the increase of the average number of
NPs in the SA aggregate. The primer density was determined
according the method from refs 36 and 37 to be 27.2 ( 1.4
and 108.8 ( 4.3 pmol/cm2 for the limited and exhaustive
primers, respectively. Similarly, the numbers of the primers
on every single Au NP are about 29 and 153 for limited and
exhaustive, respectively. The data for low (Figure 3 A,B,F)
and high concentration of primer (Figure 3C,D,E) also
coincide very well with TEM data (Figure 2O,P) indicating
that a lower number of NPs is included in SA agglomerates
when the density of primer on NPs is reduced. All together,
the TEM and gel electrophoresis data are in agreement with
expected results of PCR being carried out directly on the
NP surface (Figure 1).

To further establish the nature of SA structures obtained
after PCR and exclude the possibility of nonspecific ag-

Figure 2. TEM images of PCR products. (A-L) Some characteristic SA aggregates of NPs observed after the number of PCR cycles
indicated in the top left corner of the image with high primer concentration. (M, N) Representative TEM images describing the variety of
SA products after five PCR cycles with high (exhaustive) concentration of the primer on Au NPs. (O, P) Representative TEM images
describing the variety of SA products after five PCR cycles with low concentration of the primer on Au NPs. Approximately assigned
dimers, trimers, and multimers are marked by red, yellow, and purple rectangles, respectively.
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glomeration of NPs without DNA hybridization, products
after N ) 5 were collected and resuspended in 1 M aqueous
NaCl buffered at pH 7. The temperature/time dissociation
experiment was performed by monitoring the optical absorp-
tion dependent on hybridization of DNA at 260 nm and on
the degree of colloid aggregation at 700 nm due to coupling
of plasmonic bands of individual NPs (Figure 4). As the
temperature is cycled between 0 and t ) 94 °C, which is 39
°C above the dissociation temperature (Tm) for the PCR-
made DNA-duplex (Tm ) 55 °C), we see the concomitant
increase of adsorption at 260 nm and reduction of adsorption
at 700 nm when t ) 90-94 °C. The effect is reversed when
t ) 0 °C. The heating-cooling cycle can be repeated as many
times as necessary (Figure 4), which indicates the revers-
ibility of the SA phenomena and the fact that indeed the
PCR products are made as a result of DNA hybridization.

Considering the relative rigidity of duplex DNA strands,
the oligonucleotide bridges connecting the NPs together also

determine (with a certain dynamic component) their preferred
distribution in space. This property of the SA systems
represents the primary area of interest for us in this work.
As demonstrated in Figure 5A,B, the 3D structures of NP
can be chiral when the particles are not identical to each
other. They may vary by size (predominantly) as well as
shape. In this case, the fact that the dispersions used here
have a noticeable size distribution comes quite handy.
Statistically, it is more probable than not that all the
constituent NPs in the PCR-made superstructures, such as
trimers, tetramers, or pentamers (Figure 2), shall be different.
Consequently, such organization can give rise to chirality
of NP assemblies manifesting in the circular dichroism (CD)
signal. Some of the possible arrangements of NPs (Figure
5C) have strong resemblance with well-known chirality of
organic molecules with four different ligands in tetrahedral
spatial organization. Indeed, PCR products for 1 < N < 10
reveal strong CD signals at 650 nm (Figure 5D), while none

Figure 3. Gel electrophoresis data for SA products by PCR. (A-D) Optical images of gel electrophoretic plates for a low number of PCR
cycles. (A, B) Low and (C, D) high concentrations of primers on the surface of Au NPs. The number of PCR cycles, N, is given on the top
of the bands. The aquamarine line below denotes the position of the front. (E, F) Electrophoretic bands for a high number of PCR cycles
for high (E) and low (F) concentrations of primers on the surface of Au NPs with EB stain. The number of PCR cycles, N, is given at the
top of the bands. The center band marked (*) is the standard reference ladder. (G, H) TEM image of the recovered materials from the front
band (G) and the second band (H) after electrophoretic separation in (E).

Figure 4. Absorbance change vs temperature/time profile for SA agglomerates after N ) 5 for (A) 260 nm and (B) 700 nm.
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of the components (Figure 5E) display any circular dichroism
in this part of spectrum. In fact, the CD signal for the single
NPs and solutions of other components in citrate buffer is
determined largely by citrate. CD signal corresponding to
DNA can be seen at 250-280 nm after subtraction of the
signal for citrate (Figure S2 in Supporting Information). A
fairly strong CD signal can be observed even for N ) 1 when
predominantly dimers and trimers are present. Besides
existence of tetramers and pentamers in small quantities
possible for N ) 1, the appearance of chirality for such
structures can be easily rationalized by taking into account
the variety of shapes and sizes as described in Figure 5A,
because the nonspherical particles of different diameters no
longer have a plane of symmetry passing through them. In
fact, even dimers from asymmetrical NPs can be chiral given
significant 3D character of the assembly. As the number of
PCR cycles increases and exceeds N ) 10, very complex
agglomerates are formed (Figure 2K,L) and CD signal
disappears. Although many of the SA agglomerates produced
by PCR satisfy the general schematics in Figure 5A-C, the
large and fairly disorganized structures forming for big N
values have approximately spherical or cylindrical symmetry
and certainly possess no chirality. When the Au NPs have
low density of primers, one could still observe some small
CD signals at 650 nm (Figure S3 in Supporting Information)
corresponding to the formation of some number of mutimers,
such as trimers and tetramers. However, it is much lower
compared to the case of a high density of primers especially
for low N. This corresponds very well with the observation
that there are, in general, a smaller number of particles in
PCR products made on Au NP with a low density of primers
(Figures 2 and 3). Note that statistically one would expect
that the mixture of SA structures from NP as described in
Figure 5A-C would be racemic; that is, no preference to

the assemblies of particular chirality will be given. However,
this is obviously not the case and there is a strong positive
CD signal. The reasons behind the preference of a particular
chirality in NP assemblies are currently unknown. One can
speculate that the multimer mixture can be enriched by
specific optical isomers due to the general preference of
certain chirality in biological structure-directing agents.

Discussing the optical properties of SA structures, one
significant aspect needs to be pointed out. The band where
circular dichroism occurs correlates very well with the band
of collective plasmonic resonances of Au NP assemblies.
Moreover, the position of CD peak shifts to the red part of
the spectrum as the number of PCR cycles and, hence,
particles in the superstructure increases. The analogous red
shift is typical for UV-vis adsorption spectra of NPs for
increasing number of metal centers in the assemblies, which
confirms the plasmonic nature of the CD band. This is a
fundamentally different CD signal compared to that observed
before in Au and other NPs.38-41 Previously, the circular
dichroism peak was attributed to the chiral defect sites on
the surface of NPs caused by chiral stabilizers.42-44 No
observations have been made to date about chirality as a
result of collectiVe behavior of NPs. This is a new phenom-
enon for NP assemblies, which is dependent primarily on
the 3D arrangement of NPs and to a lesser extent on the
distance between them.

Finally, one should briefly address the utility of this optical
property of SA assemblies. The practical aspects of the chiral
SA systems can be understood considering the chiral effects
on refractive index, n. According to the theory developed in
refs 45–49, when n becomes smaller than the chirality
parameter κ, the material may display negative index of
refraction (NIM). There are no experimental observations
yet of NIM properties stemming from chirality45,46,48,50 due

Figure 5. (A-C) Schematics of chiral NP superstructures. (D, E) Circular dichroism spectra of (D) products of PCR for increasing number
of cycles, and (E) solutions of assembly components. Notice the difference in scales for vertical axes in (D) and (E).
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to the lack of convenient experimental models and sufficient
amounts of the material, which can be resolved by PCR on
a NP surface. Although, there is no clear answer yet how n
and κ for the described assemblies compare, the chiral
properties of these structures and the position of the CD
signal in the near-infrared region of the spectrum, which is
very convenient for NIM devices, warrant further investiga-
tion in this area.

In conclusion, we have successfully prepared the SA
materials by the PCR based on the solid interface of the NPs.
The construction of the SA materials can be controlled by
altering the parameters of the PCR program. The prepared
SA materials possess novel optical properties resulting from
the chiral spatial organization of NPs in SA superstructures.
Better theoretical description of these optical properties based
on calculations of ideal 3D structures similar to those
presented in Figure 5A-C is much needed. Improvement
of the separation methods of different oligomers will also
be highly desirable for systematic studies of their chiral
properties.
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