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Abstract

DNA-directed assembly of gold nanoparticles (AuNPs) has been extensively studied because of its
important applications in analytical chemistry, materials science, and nanomedicine. In a typical system,
two DNA-functionalized AuNPs are assembled via a linker DNA to form large aggregates. In majority
of the previous reports, the linker DNA is fully base paired with no gaps or overhangs present. Introducing
such non-base-paired regions in the linker DNA has been recently shown to be important for making
stimuli-responsive materials and in crystallization of such AuNPs. In this work, we systematically studied
the effect of introducing gaps and overhangs in the linker DNA to understand the kinetics of assembly
and the melting transition of these aggregates. We found that the assembly kinetics decreased with
increasing linker DNA length. The melting temperature decreased with the loss of base stacking by
introducing gaps as well as the steric effect of overhangs. Additional insights were obtained by measuring
the melting curves of the free DNAs in the absence of AuNPs. For example, it appeared that DNA base
stacking at the nick site was favored in assembled nanoparticles compared to that in free DNA. Our
results indicate that while it is possible to form AuNP assemblies with linker DNAS containing various
types of unpaired regions, these kinetic and thermodynamic factors need to be considered when designing

related sensors and materials.

Introduction

DNA-directed assembly of inorganic nanoparticles has become a well-established method for
obtaining nanomaterials with well-defined structures and functions.!® These materials are attractive
because the assembly process is programmable in terms of DNA length, sequence, structure, and

nanoparticle composition. The number of nanoparticles in each assembly can be controlled to form



oligomers or large aggregates.®* It is even possible to reversibly control the distance between assembled
nanoparticles as well as forming nanoparticle crystals.!**® At the same time, since the linkages are
realized by the reversible DNA base pairing interaction, assembled structures can be disassembled by
either heat (e.g. through DNA melting),**® or chemical stimuli (e.g. through enzymatic DNA cleavage
or DNA conformational change).}”%° For these reasons, DNA-directed assembly has found a wide range
of applications in analytical chemistry,®2°?! materials science,'*** nanotechnology,?> and
nanomedicine.?2*

For example, gold nanoparticles (AuNPs) can be heavily functionalized with thiol-modified DNA
and polymerized to form large aggregates in the presence of linker DNA. This results in the color of
AUNPs changing from red to blue due to the coupling of gold surface plasmon when AuNPs are close to
each other.? This distinct color change makes it possible to construct colorimetric sensors for detection
of nucleic acids,** metal ions,?*° small molecules,* and even cells.®* In addition to AuNPs, many
other inorganic materials including magnetic nanoparticles,®+® quantum dots,3’ and silica nanoparticles®
have also been assembled by DNA to allow a reversible control on their respective optical or magnetic
properties.

Since it is possible to precisely control the distance between nanoparticles, DNA-directed
assembly offers us a useful system to study the physical properties of nanomaterials.?>3° Such properties
are often studied using a configuration shown in Figure 1A, where two AuNPs are functionalized with
different DNA sequences and they can be assembled by a linker DNA.%4%41 Sych a design is highly
programmable because the size and shape of each AuNP and the DNA sequence can all be changed as
long as certain DNA base pairing interactions are maintained.*? With this model system, many important

parameters have been characterized, including the effect of particle size, salt concentration, melting



transition, DNA density, defects in DNA sequences and the addition of a polynucleotide spacer to the
thiol DNA_16'25'40'41'43

In most previous studies, all the nucleotides in the linker DNA were base-paired to the DNA
attached to the AuNPs and no unpaired regions were present. For many applications, however, it is useful
and necessary to introduce single-stranded regions in linker DNA. For example, to detect DNA or RNA
in biological samples, the target nucleic acid is likely to be very long and functionalized AuNPs can only
probe a short region within the target. As a result, overhang sequences are likely to be present. Some
DNAs (e.g. aptamers) can selectively bind small molecules and aptamers are usually single-stranded.**
46 A number of sensors have been prepared by combining aptamers with AuNPs.®2%2"3L |n addition to
analytical applications, non-base pairing nucleotides also play crucial roles in materials science. For
example, a single adenine base insertion was identified to be important for crystallization of DNA-
functionalized AuNPs.11124748 |n g recent report, nucleotide insertions were introduced in the linker DNA
to reversibly control the inter-nanoparticle distance.®® Given the importance of single-stranded regions in
DNA-assembled nanostructures, little is known about their effect on the property of the resulting AUNP
assembly in terms of thermodynamics and kinetics.11,14,39,49-51

Herein, we report a systematic study on AuNP assembly kinetics and melting transitions using
linker DNAs containing varying lengths of base insertions (i.e. gaps) and overhangs. Kinetic studies are
important in terms of preparing such AuNP aggregates while melting studies provide information about
their thermodynamic stability as well as a tool for DNA detection.*1¢ Our results indicate that the more
nucleotides are present as gaps or overhangs, the slower the assembly process. At the same time, these
non-base-paired regions decreased the melting temperature (Tm) of the assembled AuNPs through the

loss of base stacking and increased steric effects.



Materials and Methods

DNA and Chemicals. All the DNA samples were obtained from Integrated DNA Technologies (IDT,
Coralville, 1A). The DNA sequences and modifications are listed in Table 1. HAuCls was purchased from
VWR. Sodium citrate, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid and its sodium salt (HEPES),
and NaCl were purchased from Mandel Scientific Inc. (Guelph, Ontario, Canada).
Tris(2carboxyethyl)phosphine (TCEP) was purchased from Sigma. Millipore water was used for all of

the experiments.



Table 1. DNA sequences and modifications used in this study.

Name

3'SH-DNA1

5'SH-DNA1

3'SH-DNA2

5'SH-DNA2

Linker

Linker-G1

Linker-G3

Linker-G5

Linker-G7

Linker-G10

Linker-G15

Linker-G21

Linker-G27

Linker-010

Linker-O20

Linker-O36

*

Sequences and modifications (listed from 5’ to 3")
TCACAGATGCGT-SH

SH-CCCAGGTTCTCT
TCACAGATGCGT-AAAAAAAAA-SH
SH-AAAAAAAAACCCAGGTTCTCT
ACGCATCTGTGAAGAGAACCTGGG
ACGCATCTGTGATAGAGAACCTGGG
ACGCATCTGTGATCTAGAGAACCTGGG
ACGCATCTGTGATCTCTAGAGAACCTGGG
ACGCATCTGTGATCTCTCTAGAGAACCTGGG
ACGCATCTGTGATCTCTCTCTCAGAGAACCTGGG

ACGCATCTGTGAGGTTGGTGTGGTTGGAGAGAACCTGGG

ACGCATCTGTGATTTGGTTGGTGTGGTTGGTTTAGAGAACCTGGG

ACGCATCTGTGATTTGGGTTAGGGTTAGGGTTAGGGTTTAGAGAACCTGGG

ACACAACGCATCTGTGAAGAGAACCTGGGACACA

ACACAACACAACGCATCTGTGAAGAGAACCTGGGACACAACACA

ACAACACAACACAACACAACGCATCTGTGAAGAGAACCTGGGACACAACACAA
CACAACA

“The inserted sequences (Linker-G1 to G27) and the hybridization sequences for DNAs containing
overhangs (Linker 010, 020, and O36) are highlighted by an underline.



Preparation and functionalization of AUNPs. AuNPs (13 nm diameter) were prepared using a standard
citrate reduction method described in the literature.>® The starting HAuCl4 concentration was 1 mM and

the extinction at 520 nm was ~2.3 for the as-prepared AuNPs. Ligand exchange with thiolmodified DNAs
on AuNPs was preformed according to a previously reported protocol.>® To remove free DNA, 500 pL

of each type of AuNPs was centrifuged at 15000 rpm for 15 min. The supernatant was then carefully

removed using a micropipette. The particles were washed with 500 pL of buffer A (25mM HEPES, pH
7.6, 100mM NaCl) each, and then spun once more. The supernatant was removed, and the 3" and 5’ thiol-

DNA functionalized AuNPs were combined and dispersed in 500 pL of buffer B (25 mM HEPES, pH
7.6, 300 mM NacCl).

Kinetics studies. AuNP assembly kinetics were measured in a temperature controlled quartz
microcuvette with a final volume of 100 pL at 35 °C in buffer B. The two kinds of functionalized AuNPs
were mixed at 1:1 ratio and diluted to have an extinction of ~1.2 at 520 nm (~5 nM AuNPs). 1 pL linker
DNA was added to give a final concentration of 200 nM to initiate the assembly process. The extinction
spectra were taken using a UV-Visible spectrometer (Agilent 8453) with 1 min interval for at least 10
min.

Melting curves. To study the melting transition, assembled AuNPs were first prepared by mixing the
above combined AuNPs (10 nM each) and 200 nM linker DNA in buffer B at 50 °C for 5 min and then
slowly cooled to 4 °C over one day. The formed AuNP aggregates were harvested by centrifugation.
After removal of the supernatant solution, the aggregates were dispersed in buffer C (25 mM HEPES,
pH 7.6, 50 mM NaCl). The samples were then placed in microcuvettes and sealed with parafilm to prevent
evaporation. The temperature of the samples was controlled using a circulating water bath with a
temperature change rate of 1 °C/min. The temperature was raised in increments of 2 °C until melting
begun to occur, at which point the temperature was raised in increments of 1 °C. Once the water bath

temperature reached the desired level, the sample was allowed to fully equilibrate to that temperature for



2 min, immediately prior to taking the measurement, each sample was gently agitated. The extinction at
260 nm of each sample was recorded. The preparation of DOPC liposome aggregates and the

measurement of their melting curves were conducted according to a recent paper.>*

The melting curves of free DNA were collected with a sample volume of 25 pL containing 500
nM of each linker DNA, 600 nM of the thiol-modified DNA (3'SH-DNAL and 5'SH-DNA1, see Table 1 for
sequences) and 5 uM SYBR Green | in buffer C. The samples were loaded into a 96-well PCR plate and
sealed with a plastic cover to avoid evaporation. The samples were analyzed using a Bio-Rad CFX96 real
time PCR thermocycler with a heated lid (105 °C). The emission in the SYBR Green channel was
monitored from 10 to 80 °C with 1 °C increment and 20 sec holding time. The T values were obtained

from the first derivative of the melting curves. All the samples were run in triplicates.

Results and Discussion

System Design. To systematically study the effect of unpaired nucleotides, two sets of thiol-modified
DNAs (Figure 1A, colored in green and orange, the thiol groups not shown) were used to functionalize
AuUNPs. Each DNA contained a 12-mer sequence for hybridization purposes. Two of the DNAs contained
a nine-adenine spacer (Aq) between the thiol group and the hybridization sequence and the other two
contained no such spacer (Ao). The AuNPs were assembled using a linker DNA. For the 24mer linker
DNA, every nucleotide was base paired. Gaps or overhangs were present in longer linker DNAs. Upon
assembly, the color of AuNPs changed from red to blue, allowing convenient monitoring of the assembly
process. By heating the assembled AuNPs above its melting temperature (Tm), the system disassembled
giving dispersed red AuNPs. To study the effect of gaps in the linker DNA, varying number of insertions
were introduced (Figure 1B). The effect of overhang DNA was studied by the addition of 5, 10, and 18
nucleotides on each end of the linker DNA (Figure 1C). Finally, the melting of free DNASs in the absence

of AuNPs were also studied (Figure 1D, E).
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Figure 1. (A) Schematic representation of DNA directed assembly and melting of DNA-functionalized
AUNPs. The AuNP arrangement in presence of nucleotide gaps (B) and overhangs (C). For clarity of the
figures, only two AuNPs are shown. The actual aggregates are composed of hundreds to thousands of
AUNPs. In some of AuNPs assemblies, a 9-adenine spacer (Ao) is also present. The melting of the free

DNA:s in the absence of AuNPs was also measured as a function of the gap size (D) and overhang length

(E).

Assembly Kinetics as a Function of Gap Size. Dispersed 13 nm AuNPs have a characteristic extinction
peak at 520 nm (Figure 2A, solid curve). Upon assembly by linker DNA, the 520 nm peak decreases and
shifts to longer wavelength (dashed curve). We chose to use the extinction ratio of 650 over 520 nm to
quantify the aggregation of AuNPs. For dispersed AuNPs, the ratio is lower than 0.15. This ratio starts
to increase as the aggregation process proceeds. If this extinction ratio is plotted as a function of time,
the Kkinetics of assembly can be obtained. For example, if the linker was the perfect 24-mer DNA, a
significant color change was observed within 10 min (Figure 2B, open squares). In the absence of the
linker, there was no color change (open dots). If a 27 nucleotide gap was present in the linker DNA, the

assembly kinetics were significantly reduced (triangles).



To further understand the effect of gap size, the extinction ratios at 10 min after reacting AUNPs
with linker DNAs containing varying gap sizes were measured (Figure 2C, solid dots). This plot shows
that the larger the gap size, the slower the hybridization Kkinetics, and an exponential decay curve is
obtained. It needs to be pointed out that after a sufficiently long time (e.g. after one day), all of the samples
were aggregated (Figure 2C, open squares). With a longer insertion in the linker DNA, the final extinction
ratio was also lower, suggesting that the inter-particle distance was longer.?® The presence of a nine-
adenine spacer did not change the kinetic trend and an exponential decay in the assembly kinetics was

still observed (Figure 2D). Using a standard protocol for measuring the DNA density on AuNPs,* we
estimated that each AuNP was functionalized by 92 + 9 DNA (DNA used: 5FAM-

ATGCGGAGGAAGGTTTT-SH-3") and thus the concentration of DNA on AuNP was ~460 nM.
Therefore, we chose to use 200 nM linker DNA to ensure that the linkers were sufficient but not too high

to inhibit the assembly.>®

The effect of nucleotide gaps on the assembly Kkinetics can be understood using a simple collision
model. The longer the linker DNA, the higher the chance to form secondary structures within the
molecules, and the smaller the chance for the AuNPs to encounter the hybridization sequence. Therefore,
a longer time is needed for the AUNPs to be assembled.>” Unlike in the simple molecular binding assays,
by monitoring the surface plasmon change of AuNPs, it is difficult to quantitatively correlate the color
change with the DNA hybridization rate. Quantitative understandings may be achieved by computer
modeling studies. These results suggest that while it is possible to assemble AuNPs with linker DNAs

containing long stretches of insertions, a longer time is needed for aggregation to take place.
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Figure 2. (A) UV-vis extinction spectra of dispersed and assembled 13 nm AuNPs. (B) Kinetics of AUNP
assembly (with Ag spacer) monitored by the extinction ratio of 650 over 520 nm. (C, D) The extinction
ratio after 10 min or 1 day assembly in the presence of linker DNAs containing varying gap sizes. The

thiol DNA contained either no adenine spacer (C) or a nine-adenine spacer (D).

Melting as a Function of Gap Size. One of the most important properties of DNA-assembled
nanostructures is a sharp melting transition, which has been attributed to the cooperative melting of the
multivalent DNA linkages.'® Because of this sharp transition, it is possible to detect single base
mismatches using Tm measurement.’*°2 Previously, it was reported that a single nucleotide insertion
decreased the Tm by ~3 °C.%2 There was however no report on the Tr change as a function of gap size.
Understandings related to this can help us explore the reason for the decrease in T and better design
smart nanomaterials.

We prepared AuNP aggregates assembled by the various linkers and measured their extinction at
260 nm as a function of temperature. As can be observed from Figure 2A, there was a large increase in

11



the 260 nm extinction upon melting, allowing convenient monitoring of the melting process. In the first
set of experiment, the thiol DNA on AuNPs did not contain any adenine spacer. Sharp melting transitions
were observed for all of the samples (Figure 3A). The sample with the 24-mer linker (gap size = 0) had
the highest T of 39 °C (Figure 3B). For samples with gap sizes between 1 and 7 nucleotides, the Tm’s
dropped to ~38 °C. Further increase of the gap size to between 10 and 21, the Tw’s were around 36 °C.
Finally, a Tm of 31 °C was observed for the sample containing a gap size of 27. Therefore, there is indeed
a gap size-dependent decrease of Tm, although the dependence was quite weak.

If a 9-adenine spacer was introduced in the thiol DNAs, the decrease in T was independent of
the gap size and a 2-3 °C drop in T was observed for all the samples (Figure 3C, D). The presence of the
9-adenine spacer also shifted the overall T to higher values due to the relief of steric effects among
AUNPs.*® Therefore, T is a weak function of the gap size, especially with the presence of the 9adenine
spacer. With the 24-mer linker, the two DNAs on the AuNPs can form a nicked duplex structure. As a
result, DNA base stacking interactions can still take place to contribute to the stability of the system.
With the first gap introduced, this stacking interaction was lost,>®>® which might explain the initial
decrease in Tm. After that, base stacking energy should have no contribution to T, with further increasing
the gap size. On the other hand, the presence of a gap increased the distance between AuNPs, which can
be deduced from the extinction ratio of AuUNPs after 1 day aggregation shown in Figure 2C-D. Unlike the
9-adenine spacer introduced on AuNPs, such increase of distance in the middle, however, had much less
effect on the Tr, values. Interestingly, in a previous report where the effect of double-stranded gaps was
studied, no decrease in T was observed, which can be explained by that all the base stacking interactions
were maintained by having the double-stranded gaps.?®

To further understand the effect of AuNPs, melting curves of free DNAs were also measured
using SYBR Green | as the signaling dye in a real-time PCR thermocycler. All the DNA linkages were

the same except no AuNPs were involved (Figure 1D). Melting of the DNA resulted in release of the dye
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and a decrease in fluorescence. Since the melting of free DNA occurred over a much broader temperature
range (see Supporting Information for the original melting curves), the first derivatives of the melting
curves are plotted in Figure 3E and the T values are shown in Figure 3F. All the samples showed a
melting transition at ~59 °C. Therefore T did not change as a function of DNA length. In particular,
there was no difference in the samples containing no gap or 1 nucleotide gap. This suggests that the
presence of the nick already resulted in the lost of base stacking in the free DNAs.*® The loss of stacking
at the nick site is very likely to occur at high temperatures (e.g. close to the Tm). In the assembled AuNPs,
the positions of the DNAs are largely fixed and the freedom was low. Therefore, it is likely that the DNASs
can stay in the stacked form for a much longer time in comparison to the free DNAs. The samples with
3 and 10-nucleotide insertions also showed an additional melting transition at ~48 °C. This might be due
to the dissociation of SYBR Green | from the single-stranded region and this transition is also shown in
Figure 3F (gray dots). The Tm values obtained in this experiment are higher than those in the AuNP case
because SYBR Green | is known to increase DNA Tn.® To confirm our conclusion, we also did an
independent experiment where the hyperchromic effect of DNA melting at 260 nm was measured (see
Supporting Information) and all tested samples showed the same meting transitions, regardless of the gap

size.
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Effect of Nucleotide Overhangs. Next, we tested the effect of introducing overhangs to the linker DNA
as shown in Figure 1C (Linker and Linker-O10, -020, -O36 in Table 1). The assembly Kkinetics also
decreased with increasing overhang sizes for samples without (Figure 4A) or with (Figure 4C) the 9-
adenine spacer. For the melting study, a significant drop in Tm was observed with increasing of overhang
size (Figure 4B, D).*® For example, with a 20-mer overhang (10 on each end), the T, drop was greater
than 10 °C. Unlike in the case of the gap size, the Tn is a strong function of the overhang size. In the case
of the overhang, there is no loss in the base stacking energy, the T drop can only be attributed to steric
effects. For example, the distance between AuNPs is defined by the 24-mer linker DNA and the
overhangs on the linker DNA is likely to interact with the thiol-labeled DNA on AuNPs to create
electrostatic repulsion. These experiments also suggest that caution needs to be taken when designing
such AuNP-based sensors for detecting biological nucleic acids, which may contain a very long overhang
sequence. In that case, the drop in T due to such overhangs may strongly influence the behavior of the
system.

To ensure that the observed Trm change was indeed due to steric effects, we further replaced the
AUNPs in Figure 1C by DOPC liposomes (with the nine-adenine spacer) linked by the same DNAs. The
melting of DNA-linked liposomes was recently reported and the extinction at 260 nm decreased instead
of increasing upon melting due to reduced light scattering and reflection.> Similar overhang size-
dependent melting curves were obtained (Figure 4E). The surface property of AuNPs and DOPC
liposomes are very different. For example, DNA does not bind to DOPC strongly in the absence of
divalent metal ions® but can still bind to AuNPs.%? The fact that a similar overhang-dependent T drop
was also observed for the liposome suggests the generality of the overhang effect. As a further control
experiment, we also measured the melting curves of the free DNAs (Figure 1E). We found that all the
DNAs had the same T (Figure 4F). Therefore, it was the DNA-functionalized AuNPs that created the

steric effect.
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Conclusions

In summary, we have performed systematic studies on the assembly of DNA-functionalized AuNPs using
linker DNASs containing varying sizes of gaps and overhangs. Overall, the kinetics of assembly decreased
with increasing gap or overhang sizes, which can be attributed to the decreased possibility of finding the
hybridization sequence within longer linker DNA. On the other hand, the presence of gaps resulted in a
loss of DNA base stacking energy. Therefore, this had little effect on the T with increasing gap size after
the introduction of the first gap. Interestingly, the presence of gap had no effect on the melting of the free
DNAs, suggesting that by fixing the DNAs in the nanoparticle assembly, base stacking at the nick site
was more effective. In the case of the overhangs, a large drop in T was observed, which can be attributed

to steric interactions between the overhang and attached DNA to AuNPs.
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