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A simple and effective strategy for the directed and high-yield assembly of large-sized Au NPs has been
demonstrated by bithiol-modified complementary dsDNA architectures. The dsDNA architectures were
formed by mixing two complementary thiol-modified ssDNA (only 36 bases) and played an important
role in the high-yield self-assembly of the large-sized Au NPs. Compared with traditional methods, this

strategy was simple, effective, low-cost and enabled excellent self-assembly of large-sized Au NPs, while
obviating the conjugate of Au NPs to ssDNA and the use of long chain DNA. Therefore, this
straightforward and high efficiency methodology opens a new avenue of DNA-induced self-assembly of

large-sized metal NPs.

1 Introduction

DNA programmable self-assembly of metal nanostructures has
been attracting tremendous attention because it offers tailored
optical and electrical properties and exciting prospects of
generating new functional materials.'” The properties of metal
nanoassemblies (NAs) are known to be closely dependent on the
sizes, shapes and surface properties of metal nanoparticles (NPs),
self-assembly strategy and interparticle spacing and hierarchical
organization of metal NAs.>'" Of these elements, self-assembly
unit size and assembly strategy are of fundamental importance for
obtaining desirable metal NAs. Currently, metal NPs of relatively
small sizes (2-10 nm) have been expertly assembled by short-
chain thiol-modified DNA and four steps strategy, i.e., metal NPs
and DNA conjugating, gel electrophoresis separation, self-
assembling and the second gel electrophoresis separation.'!'
Generally, thiol-modified single-stranded DNA (ssDNA)
molecules are first conjugated to metal NPs, and the NPs with
well-defined DNA molecule numbers are separated by gel
electrophoresis; then two sorts of purified DNA-NPs with
complementary DNA chains begin to assemble by base pairing,
the resulting NAs are finally purified for obtaining metal NAs
with well-defined NPs numbers (e.g., dimers and trimers) by the
second gel electrophoresis. Additionally, more steps (>4 steps)
are required if the self-assembly strategy involves in templates or
polymers.'

The above-mentioned DNA self-assembly methodology is
relatively complex and time-consuming. Moreover, it is only
available to assemble small-sized metal NPs. If the strategy
needs to be extendable for assembling large-sized metal NPs that
have utility for plasmonic application, it is usually required to
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link additional long DNA strands (usually more than 100 bases)
for obtaining well-defined ssDNA-NPs assembly units. For
example, it has been demonstrated that the 18-nm Au NPs
containing different ssDNA numbers can be effectively separated
only through conjugating additional long ssDNA of = 100
bases.'* Busson’s group also revealed that the gel electrophoresis
separation of the 27 or 36 nm Au NPs coupled with different
numbers of ssDNA molecules required the additional use of 400
and 500 bases DNA, respectively.'” Thus, it remains a great
challenge to design a simple and effective strategy to assemble
large-sized metal NPs.

In this work, we reported a straightforward and effective
method for the directed and high-yield assembly of large-sized
Au NPs (ca. 22.6 and 48.0 nm), which involved bithiol-modified
complementary double-stranded DNA (dsDNA) architectures.
The dsDNA architectures were formed by mixing two
complementary thiol-modified ssDNA (only 36 bases). In the
self-assembly strategy, it was found that dsDNA architectures
and the concentration ratios of Au:dsDNA played a crucial role in
the formation of Au NAs. Only when the concentration ratio of
Au:dsDNA was lower than 1:20, high-yield Au NAs with well-
defined Au NPs numbers could be acquired. Compared with
traditional methods, this strategy was simple, effective and low-
cost and enabled excellent self-assembly of large-sized Au NPs,
while obviating the conjugate of Au NPs to ssDNA and the use of
long chain DNA. Given this superiority, we believe that our
method will provide a preferable alternative for large-sized NPs
and DNA conjugating, as far as the self-assembly of other large-
scale metal NPs.

2 Experimental
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2.1 Reagents and materials

I1xTBE buffer: tris(hydroxymethyl)aminomethane (Tris, 89 mM),
boric acid (89 mM), and ethylenediaminetetraacetic acid (EDTA,
2 mM), pH 8.0. Tris, EDTA, boric acid, NaCl, Dithiothretol
(DTT), and Bis(p-sulfonatophenyl)phenylphosphine (BSPP) were
obtained from Strem Chemicals. NAP-5 columns Sephadex G-25
DNA grade was purchased from GE Healthcare. DNA
oligonucleotides used in this study were synthesized by Sangon
Biotech and the sequences are listed as below: DNAI1, 5’-HS-
(CH,)6 ATC CTG ACA TCG GCA CGA GTA TTT CTA CCA
TGT ATC-3’; ¢cDNAI1, 5’-HS-(CH,)s GAT ACA TGG TAG
AAA TAC TCG TGC CGA TGT CAG GAT-3".
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2.2 Synthesis of water-soluble 22.6-nm and 48.0-nm Au NPs

The Au NPs of about 22.6 nm were prepared according to the
15 previously reported method.'® Briefly, 40 mL 2.5 X 10* M
HAuCl, solution was heated to 120 ° C in an oil bath under
vigorous stirring for 30 min. Subsequently, 4 mL 1% Na;C4Hs0;
solution was added into the above solution quickly. After
continue stirring 20 min, the boiled solution turned ruby red,
indicating the formation of the Au NPs in the solution. Finally,
the growth of the Au NPs was quenched by cooled deionized
water (4 ° C).

To further investigate the bithiol-modified complementary
dsDNA strategy, Au NPs with the average diameter of
approximate 48.0 nm were synthesized by the seed-induced
growth method. Briefly, Au seeds (ca. 16 nm) were firstly
prepared according to the literature.'” 26.3 mL of the Au seed
solution (2 nM) was then added by 5 mL of sodium citrate (1%
w/v), 5 mL of HAuCl, solution (24.2 mM) and 5 mL of ascorbic
acid (1% w/v) separately over 1 h. Next, the mixture was heated
to boiling and kept stirring for 30 min. Finally, the 48.0-nm Au
NPs were obtained through centrifuging the cooled solution 2
times at 5000 rpm for 15 min.
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2.3 Phosphination and concentration of the Au NPs

35 Briefly, 6 mg BSPP was added into the 20 mL Au NPs solution
and stirred constantly overnight at low speed to replace the citrate
group capping the Au NPs and make the Au NPs have better
stability and not aggregate under the salted solution.'® Then,
NaCl (solid) was added slowly to the mixture until the color

40 change was observed from burgundy to purple. The resulting

mixture was centrifuged at 4000 rpm for 30 min and the

supernatant was carefully removed with a pipette. The
concentrated Au NPs were finally resuspended in BSPP solution

(2.5 mM), in which the Au NPs concentration (ca. 0.1 1 M) was

quantified by assaying its absorbency at 520 nm (the extinction

coefficient was estimated to about 7.2 X 10® L/(mol * cm))."
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2.4 Activation of thiolated single-stranded DNA molecules

The thiol-functionalized DNA molecules were activated by the
addition of 0.1 M dithiothretol (DTT) for at least 2 h in 4 ‘C
(typically, 2.5 OD DNA molecules need 100 uL 0.1 M DTT ).
The activated DNA solution was purified through using NAP-5
columns. The DNA concentrations (DNA1: 7.4 uM; cDNA1: 5.1
uM) were determined through UV-vis absorption at 260 nm.

2.5. Au NPs Self-Assemblies. First, equal molars of solutions of
ss DNA1 and cDNA1 were mixed in a buffer solution containing 5
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mg/mL BSPP and 50 mM NaCl. The mixture was incubated in a
water bath at 85 °C for 10 min and cooled down slowly to room
temperature overnight. Then the complementary double chain
DNA molecules were mixed with AuNPs with different molar

o ratios (e.g., Au:DNA = 1:5, 1:10, 1:15, 1:20, 1:40 and 1:60) in 1
X TBE buffer. Finally, the self-assemblies were incubated at
room temperature for 4-10 h.

2.5 Gel electrophoresis

The self-assemblies were first loaded on 3% agarose gels

s (1XTBE as running buffer) after adding a volume of 60% glycerol
equivalent to one fifth of the self-assemblies. Then the gels were
performed at 5 V/em for 1.5 h to obtain different bands. Finally,
the gel bands were cut out and immersed in ultrapure water
overnight for acquiring different self-assemblies.

70 2.6 Instruments

Transmission electron microscopy (TEM) studies were performed
by using a FEI TECNAI 10 microscope operated at 100 kV.
High-resolution TEM (HRTEM) measurement was carried out by
a JEOL 2100F microscope with an acceleration voltage of 200
75 kV. TEM grids were prepared by placing 5 uL of the as-prepared
self-assemblies suspensions. After 15 min, the excess solutions
were wiped off by lightly touching one edge of the grids with a
filter paper. Atomic force microscopy (AFM) image was obtained
through using Si-Al-coated cantilevers (BRUKER, USA) with
so resonance frequency of 150 kHz. The AFM sample was prepared
by dropping 20 B L 2.0 nM Au nanoassemblies (dimmers) into
freshly prepared mica surface for 5 min and then washing with
distilled water and drying by nitrogen blow. UV-visible (UV-vis)
absorption spectrum was acquired with a Hewlett-Packard 8452
ss diode array spectrometer (U-3010).

3 Results and discussion

3.1 Intrinsic features of the dsDNA-induced self-assembly
strategy

Our studies started with constructing bithiol-modified
9 complementary dsDNA linkers by mixing equal amount of the

DNAL1 and cDNAI1. Compared with thiol-modified ssDNA, the

bithiol-modified dSDNA (DNA1/cDNA1) had the following

- TR
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0 Gold nanoparticle HSwwwwh 5*HS-(CH,);-ATCCTGACATCGGCACGAGTATTTCTACCATGTATC-3' (DNA1)

wwwwwSH 5'-HS-(CH,);-GATACATGGTAGAAATACTCGTGCCGATGTCAGGAT-3' (cDNA1)

Fig. 1 Schematic representation of the large-sized Au NPs self-assembly
95 driven by the bithiol-modified dsSDNA (DNA1/cDNAL1) architectures.
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advantages: (i) the dsDNA had a rigid structure; (ii) the dsDNA
bore two thiol groups, one at each end; (iii) the dsDNA could be
utilized to directly assemble metal NPs. Thus, upon introducing
Au NPs with the average size of about 22.6 nm (Fig. S1), the
dsDNA linkers easily induced the self-assembly of the Au NPs
(Fig. 1). Moreover, the dsDNA-Au NPs assemblies were easily
separated into the Au NAs with well-defined Au NPs numbers by
gel electrophoresis. Compared with previously assembling
strategies of large-sized Au NPs, the dsDNA strategy used only
short DNA strands (36 bases) and simplified the procedures by
removing two steps, ie., the conjugation of thiol-modified
ssDNA with the Au NPs and the gel electrophoresis separation to
obtain Au NPs with defined ssDNA numbers.

3.2 Gel electrophoresis of the dsDNA-Au NPs conjugates

Fig. 2 shows the gel electropherogram of the dsDNA-Au NPs
conjugates prepared from different stoichiometries. At relatively
high Au NPs concentration (i.e., the concentration ratio of Au
NPs to dsDNA was 1:15 or higher), only a single band which was
quite close to that of the Au NPs alone in Lane 1 could be
discerned (Fig. 2, Lanes 2-4), indicating the unsuccessful
assembly of the Au NPs, despite of appearing a tiny amount of
Au NAs with two (ca. 5%) or three (ca. 3%) Au NPs (Fig.
$2)."%% Nevertheless, the observed single band tended to disperse
as the dsDNA concentration increased (Lanes 2-4 of Fig. 2),
which indicated the slow increase of the Au NAs quantity. When
the dsDNA concentration increased or the concentration ratio of
the Au NPs to dsDNA lowered to 1:20 (herein, the Au NPs
concentration kept unvaried), three distinct bands were easily
discerned in the gel electropherogram (Lane 5 of Fig. 2),
corresponding to isolated Au NPs (bottom) and Au NAs
containing two (middle) or three (top) Au NPs. This suggested
that the Au NPs began to assemble at this concentration ratio,
although the non-assembled Au NPs were still dominant.

Very interesting, when the concentration ratio lowered to
1:40,the isolated Au NPs completely assembled into the Au NAs
containing two, three, four, five or more Au NPs (Lanes 6 and 7
of Fig. 2). Furthermore, it could be seen that the smaller NAs had
higher content, probably due to their lower steric hindrance. For
example, the two-Au NPs nanoassembly had the highest content
(ca. 60%). Besides, in Fig. 2, compared with the corresponding
bands in Lane 6, the first band of Lane 7 had higher intensity
whereas the second, third and fourth bands had relatively weaker
intensity, indicating that the low concentration ratio of Au NPs to
dsDNA was not suitable for generating large NAs through the
dsDNA self-assembly strategy. To illustrate the bithiol-modified

s

Fig. 2 Gel electropherogram of the Au NPs conjugated with different
concentrations of thiolated DNA1/cDNAI. Lane 1: Au NPs alone; Lanes
2-7: the concentration ratios of the Au NPs to the dsDNA are 1:5, 1:10,
1:15, 1:20, 1:40, and 1:60, respectively. The zones with different Au NP
assemblies are showed at the right side.
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Fig. 3 (A) TEM of the large Au NAs prepared by stepwise assembly. The
Au NPs were first coupled with DNA1 and cDNAI individually (molar
ratio: 1:60), and the resulting DNA1-Au NPs and cDNA1-Au NPs were
then mixed to directly give the large Au NAs without gel electrophoresis
separation; (B) TEM image of a representative large Au NA.

dsDNA role in the self-assembly of the large-sized Au NPs, a
comparative study was performed. Coupling the Au NPs with
DNA1 and cDNA1 individually and mixing the resulting DNA1-
Au and cDNAI-Au conjugates without gel electrophoresis
separation would give large Au NAs (Fig. 3). Moreover, the Au
dimmers, trimers, tetramers and pentamers in Fig. 3 could not be
partitioned by gel electrophoresis due to their tiny quantity (<5%)
(Fig. S3). The formation of the large Au NAs was probably due
to two strong interaction forces, i.e., between DNA1 and cDNAI,
and between - SH and Au in the DNA1-Au NPs and cDNA1-Au
NPs.

3.3 Speculated self-assembly mechanism of the dsDNA-
induced self-assembly strategy

Different from flexible ssDNA that could uncoil sufficiently to
expose its positive bases in solution,”'>> dsDNA was rigid and
negatively charged, which was therefore difficult to flexibly bend
and adsorb onto the surface of the negatively charged Au NPs
through electrostatic attraction.’*?” Nevertheless, it was important
to note that thiol groups had very strong affinity to metal NPs,
which was utilized to assemble Ag NPs and effectively adjust
particle spacing between Ag NPs.'> The dsDNA presented here
contained two thiol groups, which could form covalent bond with
Au NPs. The strong interaction force of the Au-S covalent bond
could perhaps make the dsDNA bend to some degree. In addition,
the bithiol-modified dsDNA had a flexible alkyl chain (i.e., -
(CH,)¢-) as a linker arm between its DNA bases and thiol group.
Therefore, the strong Au-S bond and flexible -(CH,)s- alkyl chain
enabled the dsDNA to partially bend and attach on the surface of
the negatively charged Au NPs.

At relatively high Au NPs concentration (i.e., the concentration
ratio of Au NPs to dsDNA was 1:15 or higher), the bithiol-
modified dsDNA easily absorbed onto the Au NPs surface

wmd dSDNA (DNA1/cDNAT)

Fig. 4 Schematic representation of the Au NPs conjugated to the dsDNA
at different concentration ratios.

This journal is © The Royal Society of Chemistry [year]
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through its strong affinity to the Au NPs (Fig. 4A). The
adherence of dsDNA impeded the self-assembly of the Au NPs,
which resulted in the appearance of only a single band. Increasing
the dsDNA concentration, the dsDNA molecules would be
saturated and even excessive on the surface of the Au NPs. The
excessive dsDNA would erect up on the Au NPs surface, in
which only a thiol group in the dsDNA could bond to the surface
of the Au NPs due to steric hindrance (Fig. 4B). The erecting
dsDNA was available and triggered the self-assembly of the Au
10 NPs. For instance, when the concentration ratio of the Au NPs to
dsDNA lowered to 1:20, the band began to separate (Lane 5 of
Fig. 2), suggesting that the Au NPs began to assemble at this
concentration ratio. Further lowering the concentration ratio to
1:40, the erecting dsDNA existed in all Au NPs (Fig. 4C) and
15 thus the isolated Au NPs completely assemble into the Au NAs
containing two, three, four, five or more Au NPs (Lanes 6 and 7
of Fig. 2).

w

3.4 Morphological images of the Au NAs assembled with two
Au NPs

20 The different bands in Lanes 6 and 7 of Fig. 2 were cut out and
extracted to obtain the different nanoassemblies, which were
characterized by TEM, HRTEM, AFM and UV-vis absorption
spectroscopy. The Au NAs obtained from the first band were
conjugates of two Au NPs (Fig. SA), which had a high yield
(>88%, Fig. S4) far exceeding those of other self-assembly
routes.'>*3° The estimated gap value between the two in
agreement with previous report.'> However, the interparticle
distance was far smaller than the theory value (ca. 13.8 nm),
which may be due to the DNA bending in the dried dsDNA-Au
30 NPs conjugates.” Fig. 5C gives a typical AFM image of the two-
Au NAs prepared by the dsDNA self-assembly strategy. To avoid
the NAs overlap, the AFM sample was prepared using extremely
diluted solution of the dSDNA-Au conjugates. Scanning along
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35 Fig. 5 (A) TEM, (B) HRTEM and (C) AFM images of the two-Au NPs
NAs prepared by the dsDNA self-assembly strategy; (D) Scan-distance-
dependence height plot of the two assembled Au NPs marked with an
arrow in (C). The arrow in (C) is the linear scan direction.
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assembled Au NPs was about 1.3 nm (Fig. 5B), which was nearly
with the direction, there appeared two peaks
corresponding two assembled Au NPs (Fig. 5D), the sizes of
which were around 22.3 and 27.1 nm, respectively. The height
(i.e., the assembled Au NP size) measurement was accurate
because the sensitivity of AFM in height may be up to 1 nm,
although the image of the X-Y plan was easily magnified and
distorted in the course of AFM measurement.*>**

arrow’s

3.5 TEM images of the Au NAs with 3-5 Au NPs

Fig. 6 gives typical TEM images of the Au NAs with three, four
and five Au NPs that were also obtained by cutting out and
extracting the second, third and fourth bands in the Lanes 6 and 7
of Fig. 2. It could be found that the Au trimers, tetramers and
pentamers were successfully self-assembled by the dsDNA
strategy, the yields of which were 80%, 76% and 67%,
respectively. Of special emphasis here, the three-, four- and five-
AuNPs NAs yields we obtained were calculated based on their
corresponding TEM images (Fig. S5). To further verify the
feasibility of bithiol-modified complementary dsDNA self-
assembly strategy for large-sized Au NPs, assembling 48.0-nm
Au NPs was preformed. Fig. S6 gives TEM images of the 48.0-
nm Au NPs and its two-, three- and four-AuNPs NAs prepared by
the dsDNA self-assembly strategy. It could be clearly seen from
Fig. S6 that the dsDNA strategy could be used to effectively
assemble 48.0-nm Au NPs into its two-, three- and four-AuNPs
NAs. Nevertheless, by comparison, the corresponding yields of
the 48.0-nm Au NAs were lower than those of the 22.6-nm NAs.
This could be contributed to its larger steric hindrance, which
could perhaps be solved through increasing the length of the
dsDNA chain. Therefore, it was feasible for the bithiol-modified
complementary dsDNA strategy to assemble tunable size Au NPs
in a large range through finely varying the dSDNA chain length.

B
0 " xlC >
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Fig. 6 TEM images of the (A) three-, (B) four- and (C) five-AuNPs NAs
prepared by the dsDNA self-assembly strategy.

3.6 UV-vis spectra of the Au NPs and NAs solutions

UV-vis absorption spectroscopy is a powerful tool to fast and
qualitatively monitor DNA-Au NPs self-assembly, relying on the
fact that localized surface plasmon resonance (LSPR) properties
depends sensitively on the assembled nanoparticle size,** shape®’
and size, shape and interparticle distance of assemblies.'***’ Fig.
7 shows UV-vis absorption spectra of the 22.6-nm Au NPs and
NAs solutions. The Au NPs solution presented a sharp absorption
peak at about 522 nm (Curve a), which was consist with that
theoretically calculated by Jain’s group.*® It was very interesting
to note that the absorption peaks of the dsDNA-induced
nanoassemblies displayed a red-shift and broadening when the
Au NPs assembled and its assembled Au NPs numbers increased
(Curves b-e).
The absorption peak of the two-AuNPs NAs red-shifted to
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Fig. 7 UV-vis absorption spectra of (a) Au NPs solution and (b) two-, (c)
three-, (d) four- and (e) five-AuNPs NAs solutions prepared by the
dsDNA self-assembly strategy.
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around 525 nm and was very narrow (Curve b), indicating that
the Au NPs overwhelmingly assembled into Au dimers. When
three Au NPs were employed to assemble, there still appeared a
narrow peak and the peak had only a slightly red-shift from ca.
522 to 527 nm (Curve c). This suggested that the triangular (not
linear) assemblies were the main product of the three-AuNPs
NAs because linear Au NAs would have perhaps two absorption
peaks (i.e., transverse and longitude absorption peaks) or more
red-shift. Also, the absorption peak (approximately 529 nm) of
the four-AuNPs NAs had also only a slight red-shift (Curve d),
revealing that the four Au NPs mainly assembled into quadrangle
shape. Nevertheless, when the five Au NPs were utilized to
assemble by the dsDNA linkers, its SPR absorption, besides a
small red-shift, had a relatively broad peak (Curve e), which
could be possibly contributed to its relatively low yield.

4 Conclusions

In summary, we have demonstrated a simple and effective
strategy for the directed and high-yield assembly of large-sized
Au NPs through using the bithiol-modified dsDNA architectures.
Compared with traditional methods, our strategy did not require
the preparation and electrophoresis separation of the conjugate
between Au NPs and ssDNA and avoided the lengthening and
melting of additional long chain DNA. Moreover, the preliminary
study showed that the bithiol-modified dsDNA architectures
played an important role in the high-yield self-assembly of the
large-sized Au NPs. Therefore, this straightforward and high
efficiency methodology opens a new avenue of DNA-induced
self-assembly of large-sized metal NPs.
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Graphical Abstract

A simple and effective strategy for the directed and high-yield assembly of large-sized
Au NPs has been demonstrated by bithiol-modified complementary dsDNA architectures.
Compared with traditional methods, this strategy enabled excellent self-assembly of
large-sized Au NPs, while obviating the conjugate of Au NPs to ssDNA and the use of long
chain DNA.
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