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Investigation of Silver Nanoparticle Assembly Following
Hybridization with Different Lengths of DNA

Tara Donnelly, Karen Faulds, and Duncan Graham*

Assays involving the controlled assembly of oligonucleotide-functionalized
nanoparticles have been widely investigated for the detection of short, spe-
cific sequences of DNA. The surface plasmon resonance changes that result
from the near-field coupling of the nanoparticles provide a means for investi-
gating formation of these assemblies. For these assays to be effective in prac-
tice, there needs to be rapid and efficient hybridization of the functionalized
nanoparticles with target DNA. However, it is known that the hybridization
rate is adversely affected by increased numbers of non-hybridizing bases on
the target DNA strand. This study investigates the DNA-directed assembly of
oligonucleotide-functionalized silver nanoparticles, with the aim of identifying

target DNA.B* When the nanoparticle
probes and target are mixed, sequence-
specific hybridization occurs, causing a
controlled and directed aggregation of the
nanoparticles, which results in a change
in their surface plasmon resonance (SPR)
frequency. This process was first described
in 1996 by Mirkin et al., who investigated
changes in the color and extinction spectra
of oligonucleotide-functionalized 13 nm
gold nanoparticles in the presence of a
synthetic target DNA sequence,B! and by
Alivisatos et al., who described the DNA-

the parameters that will maximize hybridization efficiency with long target
sequences. The study shows that increasing the length of probes from 12 to
24 bases, and orientating them in a tail-to-tail rather than a head-to-tail con-
figuration, results in significantly enhanced hybridization with a long target
sequence. The use of a volume excluding polymer such as dextran sulfate in
the buffer also markedly improves hybridization. This information will prove
useful for researchers involved in the design of DNA-mediated nanoparticle
assembly assays, particularly for the detection of long sequences of DNA.

1. Introduction

Nanoparticles, particularly silver and gold, have increasingly
been used in the development of bio-detection assays for the
identification of specific proteins or sequences of DNA.[LZ
Detection of short, defined DNA sequences is important for
diagnostic purposes, for instance, to detect genetic mutations
or to determine the cause of a bacterial, viral, or fungal infec-
tion. These nanoparticle assays involve a change in the plas-
monic properties of the functionalized nanoparticles that is
triggered by the presence of a “target” molecule, which can
be measured spectroscopically.> A common method for the
detection of short DNA sequences is the use of a nanoparticle
assembly assay, which incorporates two sets of nanoparticles,
each of which is functionalized with a different, short oligo-
nucleotide sequence that is complementary to a section of the
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directed assembly of 1.4 nm gold nanopar-
ticles.’! Nanoparticle assembly assays have
since been developed further to incorpo-
rate silver nanoparticles,! magnetic nano-
particles, ! as well as mixed metal assays.!”!

A key factor when developing a suc-
cessful assay is achieving rapid and effi-
cient hybridization between the function-
alized nanoparticles and target DNA. A
number of factors are known to affect the
rate of this controlled aggregation, such
as concentration and length of the target sequence,® hybridi-
zation temperature and hybridization buffer,*'% and the posi-
tion of the probe hybridization region within target DNA.[
Methods have been developed to increase the hybridization effi-
ciency, such as the use of “short internal complement” DNAMZ
and the use of spacers between the nanoparticle and probe
DNA sequence to reduce steric hindrance between neighboring
oligonucleotide strands.t*13-1%]

The choice of hybridization buffer is an important consid-
eration in any molecular diagnostic assay, since the nega-
tive phosphate backbone on DNA requires charge screening
between the probe and target oligonucleotides. Jin et al. found
that the hybridization rate was directly proportional to the salt
concentration used in a gold nanoparticle sandwich assay, with
no hybridization taking place at sodium chloride concentra-
tions less than 0.05 M.’ Buffers containing polymers have also
been used to improve the efficiency of DNA hybridization, with
dextran sulfate shown to accelerate the hybridization between
probe DNA and a 281 base pair (bp) target fragment, generated
by the polymerase chain reaction (PCR), in a gold nanoparticle
assembly assay.'” More recently, polyethylene glycol (PEG) was
also shown to enhance DNA hybridization to functionalized
gold nanoparticles.!!%l

During assay development, short lengths of synthetic target
DNA are often used to assess the functioning and stability
of the assay, with similar short lengths of probe DNA used
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to exactly match this, for instance, two 12-mer probes with a
24-mer target!*'’] or two 15-mer probes with a 30-mer target.’!
However, for the detection of clinically relevant DNA, the target
sequence is likely to be much longer than the combined length
of the probe DNA sequences, which may have a significant
effect on the formation of the nanoparticle assemblies. Smith
et al. investigated the effects of changing the length of the
linker DNA on the kinetics of assembly and the melting transi-
tions of a gold nanoparticle assembly assay.l®l Two 12-mer probe
sequences were used throughout, while the target sequence was
altered by adding non-hybridizing bases either to the center of
the target DNA (i.e., as “gaps”) or to each end of the hybridizing
portion of the target DNA (i.e., as “overhangs”). In both cases,
the nanoparticle assembly process was found to be slower and
the melting temperature decreased as more nucleotides were
present, either as gaps or overhangs.l®l The effects of increasing
the length of linker DNA as a means of increasing the distance
between the nanoparticles following the assembly process has
also been investigated, establishing that the rate of nanopar-
ticle assembly was reduced as the length of linker DNA was
increased both for gold!'”! and silver!’®l nanoparticles. In each
of these examples, the length of probe DNA has remained
constant while the linker DNA length has increased by adding
bases that are not involved in hybridization with probe DNA.
Here, we assess the effects of both longer target and longer
probe DNA sequences on the nanoparticle assembly process.

It is worth noting that this paper does not aim to accurately
define the relationship between nanoparticle separation and
hybridization. This would not be possible from the data shown
since there is known to be some flexibility in the DNA hybrids
formed as a result of the breaks in the probe DNA,>!! as well
as flexibility from the hexaethylene glycol spacer units that are
present between the nanoparticle and probe DNA sequence.
Rather, it is intended to give practical advice for the design of
DNA probes in nanoparticle assembly assays, particularly when
used for the detection of long sequences of target DNA.

2. Results and Discussion

When two nanoparticles are brought into close proximity,
coupling of the surface plasmons leads to a red-shift in the
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SPR peak. The extent of the shift is distance dependent, with an
approximately exponential decrease in the extent of the red-shift
with increasing nanoparticle separation, and no interaction
when the distance between the nanoparticles is greater than
2.5 times their diameter.?%21 For the DNA-directed assembly of
functionalized silver nanoparticles (Figure 1a), changes in the
formation of the nanoparticle assemblies under different assay
conditions were measured by plotting the ratio of the extinction
peak height of the red-shifted assemblies over that of the indi-
vidual nanoparticles, i.e., extinctionssy/extinctiony;, as a func-
tion of time following addition of the target DNA (see Figure S1,
Supporting Information). While the size of the aggregate peak
does change slightly for different probe and target lengths, it is
very broad and does not vary significantly from a 530 nm max-
imum in any of the situations tested in these experiments, and
therefore the change in extinction ratio reflects the reduction in
the peak at 410 nm for all of the results presented. Note that the
schematic illustrated in Figure 1a is a simplified view of nano-
particle assembly in 2D, whereas in reality the assembly takes
place in 3D resulting in a much less ordered assembly process
and the production of a range of different sized clusters, as can
be seen from the very broad red-shifted peak in Figure S1 (Sup-
porting Information).['8!

2.1. Effects of Probe Length and Orientation

In order to determine the effects of varying the length and ori-
entation of probe DNA on the nanoparticle assembly process,
a range of oligonucleotide-functionalized silver nanoparticles
were prepared using probe sequences of varying lengths. A
thiol tether was attached to the 3’ or 5" end of the oligonucle-
otide sequence such that the nanoparticles were arranged in
either a “head-to-tail” or a “tail-to-tail” orientation upon hybridi-
zation with target DNA (Figure 1b). The number of bases on
each probe was varied between 12 and 30, allowing ten different
probe combinations to be compared; three in a head-to-tail and
seven in a tail-to-tail configuration (Figure 2). Full details of the
probe sequences used are contained in the Experimental Sec-
tion. In all cases, the combined probe sequence was exactly
complementary to a central section of the target DNA, with no

gaps.
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Figure 1. a) Simplified schematic of DNA-directed silver nanoparticle assembly in 2D; b) Schematic illustration of probe DNA (probe 1 in red, probe 2
in green) hybridizing to a section of a long target DNA (black). Each probe DNA sequence varies in length from 12 to 30 bases, and the nanoparticles
are attache either at the 5" or at the 3’ end of the probe. Therefore, the resulting orientation upon hybridization with target is either head-to-tail (top)
or tail-to-tail (bottom).
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Figure 2. Schematic showing various combinations of different lengths of nanoparticle-bound probe DNA in head-to-tail and tail-to-tail orientations.
P1 DNA is shown in red; P2 DNA is shown in green. All probe sequences are shown in a 3" to 5" direction.

Each combination of probes was first hybridized with a
144-base length of target DNA (Target,y,), using the same con-
ditions throughout (10 x 107'2 M of each probe, 1 x 107 m of
target, 25 °C, 3% w/v dextran sulfate in 0.3 M phosphate buff-
ered saline (PBS) buffer). This target sequence was longer than
the combined probe DNA length for all of the probe combina-
tions investigated, as illustrated in Figure 1b. For the head-to-
tail probe combinations, the extent and rate of nanoparticle
assembly during hybridization with Target,,, was enhanced as
the length of P1 DNA increased from 12 to 24 bases, as noted
by a larger and more rapid change in the extinction profile
(Figure 3a). Similarly, hybridization efficiency was increased for
the tail-to-tail combinations as the combined probe DNA length
increased from 24 to 48 bases, with a reduction in hybridization
for the two 30-mer probes (Figure 3b). Duplicate blank samples
(i-e., probes and buffer only) were also analyzed for each probe
combination; in all cases there was no significant change in the
height or width of the silver nanoparticle plasmon throughout
the analysis period, indicating that all probes were stable in the
buffer used (data not shown). Comparisons can also be made
for the P1,,-P2;,, P1,4-P2,,, and P1,,-P2;, probe combinations
in either a head-to-tail or tail-to-tail orientation when hybrid-
ized to Target; 4. In each case, the hybridization rate was higher
when the nanoparticles were spaced further apart in the tail-
to-tail configuration (see Figure S2, Supporting Information),
which is likely due to the reduced electrostatic and steric hin-
drance between the silver nanoparticles.

When the length of probe DNA is increased, a number of
complex and interacting factors may be involved that could
potentially affect hybridization with a long target sequence,
including: increased base pair interactions between probe DNA
and the long target DNA, which would lead to stronger, more
thermodynamically favorable duplexes compared to probes with
fewer bases available for hybridization; increased nanoparticle
separation, which could result in reduced electrostatic and steric
hindrance between the nanoparticles and reduced electrostatic
and steric repulsion between the target overhangs and the nano-
particles as the effective length of the overhangs is reduced due
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to a longer hybridizing section. Other minor contributory factors
may include slower diffusion within the hybridizing buffer of
nanoparticles bound to longer probe sequences, possible sec-
ondary structure formation and greater strand-to-strand interac-
tions for the longer probe DNAs, and reduced interparticle salt
concentrations due to smaller overlaps of the electric double
layers surrounding the DNA-nanoparticle conjugates.'® A com-
bination of some or all of these factors could potentially affect
the nanoparticle assembly process with long target sequences.

When Storhoff et al. investigated the aggregation rate of
DNA-gold nanoparticle conjugates in the presence of var-
ying lengths of dsDNA linker, they found that longer linkers
resulted in a slower rate of aggregation.’’] Guerrini et al. also
found that increasing the length of dsDNA linker between
DNA:-silver nanoparticle conjugates led to a reduction in the
rate of hybridization.'®! However, in both cases the length of
the probe DNA remained constant throughout, and therefore
the number of possible base pair interactions in the hybridizing
duplexes was unchanged. In order to separate out the effects
of changing probe DNA length with changing number of base
pair interactions, as well as any electro-steric effects with target
overhangs, the nanoparticle assembly process was assessed
using a selection of probe length combinations hybridized
with a 24-base length of target DNA. In this case, the length
of duplex formed remained constant (24 bp), while the probe
length and configuration was varied. Under these conditions,
the rate of hybridization was found to decrease as the length
of probe DNA was increased, and was also slower for the two
12-mer probes when in a tail-to-tail configuration compared
with head-to-tail (Figure 4). For short target sequences, there-
fore, probe orientations that result in increased nanoparticle
separation lead to a reduction in hybridization, in agreement
with the work of Storhoff et al.l'’l and Guerrini et al.l'8l This
may be due to a combination of slower diffusion of the longer
nanoparticle-probe conjugates, increased strand-strand interac-
tions in longer probes, and the electrostatic repulsion between
hybridizing and non-hybridizing bases that hinders formation
of the duplex.l?!
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Figure 3. Changes in aggregation over a 90 min period following addition of 1 x 10~ m of 144-base length target DNA to a solution of 10x 1072 m P1 +
10 X 107'2 m P2 in 3% dextran sulfate/0.3 m PBS buffer for different a) head-to-tail and b) tail-to-tail probe combinations. Captions to right of graphs

indicate the number of bases in P1 and P2, respectively.

Figures 3 and 4 show that the nanoparticle assembly process
is enhanced for all conjugate combinations upon hybridiza-
tion with Target,, compared with Target, 4, noting also that the
shorter target is present at a lower concentration (500 x 10712 m
of Target,, vs 1 X 1072 m of Target,44). The length of target DNA
is known to have an impact on the nanoparticle assembly pro-
cess, with Smith et al. reporting that the presence of “over-
hangs” in the target reduced the rate of hybridization in the
assembly of DNA-functionalized gold nanoparticles.®®! Further
evidence is provided for this silver nanoparticle assembly assay,
whereby doubling the length of the target DNA from 24 to 48
bases was shown to significantly reduce the rate and extent
of hybridization with two 12-mer probes, and increasing the
length further to 96 bases resulted in no obvious hybridization

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(see Figure S3, Supporting Information). In all cases the target
length was extended by an equal number of nucleotides on
each side of the probe region such that the hybridizing region
remained in the center (Figure S3a, Supporting Information).
The reduction in the rate of hybridization with increasing target
length is likely to be due to a combination of factors including
the slower diffusion rate of the longer targets in the hybridi-
zation buffer,'”! steric hindrance from the long strands that
may limit the extent of hybridization possible between neigh-
boring nanoparticles,!'”] electrostatic repulsion between the
non-hybridizing bases on the longer targets and probe DNA
on the nanoparticles,®l and potential secondary structure for-
mations for the long target sequences. The dramatic reduc-
tion in hybridization efficiency with increasing target length

Part. Part. Syst. Charact. 2016,
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Figure 4. Changes in aggregation over a 90 min period following addition of 500 x 10712 m of 24-base target DNA to a solution of 10 x 1072 m P1 +
10 x 10712 m P2 in 3% dextran sulfate/0.3 m PBS buffer, comparing head-to-tail (H-T) and tail-to-tail (T-T) probe combinations for different lengths of

probe DNA.

could have significant implications for the use of nanoparticle
assembly assays for detection of DNA in biological samples.[®!

2.2. Effects of Buffer

The results in Figures 3 and 4 used a 3% w/v dextran sul-
fate in 0.3 M PBS buffer for hybridization. Dextran sulfate
was added to the buffer as this has been reported to increase
the hybridization rate of two DNA strands due to its volume
excluding effect.l?’] This polymer was also used to successfully
increase the rate of hybridization of long target DNA with oli-
gonucleotide-functionalized gold nanoparticles,l'% however we
are unaware of it being previously used in a silver nanoparticle
assembly assay. By using increasing concentrations of dextran
sulfate (3%, 5%, and 7% w/v all in 0.3 m PBS), nanoparticle
assembly was enhanced for the hybridization of two 12-mer
probes with Target; 4, (see Figure S4, Supporting Information).
Note that no hybridization was observed with 0% dextran sul-
fate (see Figure S3, Supporting Information). However, some
instability was observed for the blank sample in the 7% dex-
tran buffer, indicating that there may be some non-specific
hybridization taking place between the probe DNA strands,
or increased nanoparticle interaction as the nanoparticles are
forced into closer proximity. Some instability was also observed
for the longer probe sequences with the 5% w/v dextran sulfate
buffer (data not shown), therefore 3% dextran was chosen for
use throughout.

Similar comparisons were also carried out using PEG 10,000
in place of dextran sulfate as this has also previously been
shown to increase the kinetics of hybridization in a gold nano-
particle assembly assay,[% although again we are unaware of
its use in a silver nanoparticle assembly assay. PEG 10,000 was
shown to produce very similar results to the dextran sulfate,
with the rate of hybridization and probe instability increasing
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with increasing PEG concentration (see Figure S5, Supporting
Information). PEG 2,000 in 0.3 m PBS buffer was also inves-
tigated but gave a significantly reduced level of hybridization
with Targety, compared to the equivalent PEG 10,000 buffer
(data not shown). Note that increasing the salt concentration of
the buffer from 0.3 M PBS to 1 m PBS (i.e., 10 x 107 M phos-
phate buffer with either 0.3 m or 1 M NaCl) did not significantly
improve the hybridization between Target;,, and two 12-mer
probes (see Figure S6, Supporting Information).

2.3. Melting Transitions

The melting temperature (T,,) of DNA-nanoparticle assemblies,
i.e., the temperature at which the probe and target DNA strands
dissociate, indicates the thermodynamic stability of the system.
The sharp, reproducible melting transitions can be important
to allow detection of single base mismatches in both gold!
and silver nanoparticle assemblies.! A number of factors are
known to affect the T, of a nanoparticle assembly assay, such as
probe and target concentration,!3] probe density, particle size,
salt concentration, length of spacer, and probe orientation.!’!
The T, was determined in this current assay by measuring
the change in intensity of the SPR peak at 410 nm with tem-
perature; this change occurs due to the nanoparticle assemblies
separating and reverting back to free nanoparticle conjugates in
suspension as the probe and target DNA strands dissociate once
the melting temperature is reached. 410 nm was chosen rather
than 530 nm as the changes in peak intensity are much more
distinct at this lower wavelength, particularly for situations
where there are very low levels of aggregation, allowing a more
accurate measurement of the melting temperature. Measure-
ments for a range of probes hybridized with Target;,4 showed
that an increase in probe length led to an increase in T, for both
the head-to-tail and tail-to-tail combinations (see Table 1 and
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Table 1. Comparison of melting temperature values for a range of dif-
ferent probe combinations when 10 X 1072 m P14+ 10 x 1072 m P2 mixed
with 5 x 107 ™ targety44 in 3% dextran sulfate/0.3 m PBS buffer. Note:
temperature could not be increased above 90 °C, hence unable to get
exact T, for final probe combination.

Probes Orientation Duplex length T
[bp] [°C]
P112+ P2y, Head-tail 24 502406
Plig+ P2y, Head-tail 30 50.5 + 0.4
P1,4+ P2y, Head-tail 36 63.9+0.5
P11, + P2, Tail-tail 24 58.2+0.1
P14+ P24, Tail-tail 30 65.9+0.5
P1,4+ P2, Tail-tail 36 711 +£1.7
P14+ P25 Tail-tail 36 72.7+0.1
P14+ P25 Tail-tail 42 83.7+0.2
P14+ P2y, Tail-tail 48 88.1+0.3
P30+ P23 Tail-tail 60 588

Figure S7, Supporting Information). This change is significant,
with a 230 °C increase in T, for the two 30-mer probes com-
pared to two 12-mer probes in a tail-to-tail orientation. This is
likely due to the increased base stacking interactions® and co-
operative melting effects due to the longer duplexes formed, as
well as a possible increase in the amount of duplex formed!3!
due to increased hybridization, as explained in the previous sec-
tion. It should be noted that the target concentration and hybrid-
ization period prior to heating were both greater than for the
kinetics experiments, which was required to reduce the effect of
varying quantity of duplex formed between probe combinations.
To determine the extent of the effect of the increased duplex
length on T,,,, the two 30-mer probes (tail-to-tail orientation) were
also hybridized with Target,, under the same conditions. In this
case the T,, dropped to 62.5 + 0.2 °C, compared with >88 °C
when hybridized with Target;,4 (Table 1). This result is inter-
esting since Smith et al. found that there was a large decrease
in T, as a result of increased “overhangs” in the target DNA
due to electrostatic repulsion,® and therefore highlights that the
formation of stronger duplexes as a result of more probe/target
DNA interactions is more significant than the reduced electro-
static repulsion achieved by moving to a shorter target length.
Comparison of the T, values for the same lengths of duplex
with a change in probe orientation reveals that a tail-to-tail ori-
entation consistently gives rise to a higher melting temperature
than head-to-tail (Table 1), similar to the result observed by pre-
vious authors investigating a gold and a silver nanoparticle
assembly assay. This effect is likely due to the reduced steric
hindrance and electrostatic repulsion as the nanoparticles are
spaced further apart, combined with the increased hybridization
efficiency, as found in the hybridization experiments.!’!

3. Conclusions

Increasing the length of target DNA was shown to limit
the nanoparticle assembly process for silver nanoparticles
functionalized with short oligonucleotide sequences. The

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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effect was more pronounced with increasing target length, and
is thought to be primarily due to electrostatic and steric hin-
drance between the non-hybridizing nucleotides on the target
sequence and the nanoparticle-probe conjugates, along with
slower diffusion of the longer target sequences. The use of a
volume excluding polymer, such as dextran sulfate or polyeth-
ylene glycol, was shown to dramatically improve the hybridi-
zation of short probes with long target sequences, due to the
probes and target being forced into closer proximity by the
polymer. To ensure stability of a range of different nanoparticle
conjugates, a buffer consisting of 3% w/v dextran sulfate in
0.3 M PBS was used for most of this work. For target DNA that
is longer than the combined probe DNA, increasing the length
of probe DNA and using a tail-to-tail configuration was shown
to significantly enhance hybridization. This is believed to be
due to the creation of more base pair interactions and reduc-
tion of electrostatic and steric interactions within the system,
and leads to the formation of very strong duplexes with high
melting temperatures. However, if the length of probe DNA is
increased too much, hybridization rate is reduced due to slower
diffusion of the conjugates and potential strand—strand inter-
actions and secondary structure effects in the probe DNA. For
short target sequences, maximum hybridization was achieved
when the combined probe DNA length matched the length of
the target DNA, highlighting the range of complex interactions
that take place in a nanoparticle assembly assay.

4. Experimental Section

Oligonucleotide Probe and Target Sequences: All oligonucleotide
sequences were purchased from AtdBio (Southampton). Probe
sequences were treated with dithiothreitol (DTT) and purified by HPLC
before use, target sequences were used without further purification.
Probe sequences are detailed below (5" to 3’ direction) where (HEG);
denotes three hexaethylene glycol units, used as a spacer between the
nanoparticle and the probe sequence:

5’-P1;,: SH-(HEG);-TCA AAG TAA TCG

3-P2;,: TCC TGG TTC GCC-(HEG);-SH

5’-P2,,: SH-(HEG),-TCC TGG TTC GCC

5’-P114: SH-(HEG)3-ATT TCC TCA AAG TAA TCG

3"-P2,5: TCC TGG TTC GCC CGA GGC-(HEG)3-SH

5’-P1,4: SH-(HEG)3-ACT CTA ATT TCC TCA AAG TAA TCG

37-P2,,: TCC TGG TTC GCC CGA GGC TAG CCA-(HEG);-SH

5’-P130: SH-(HEG)3-TTG AAC ACT CTA ATT TCC TCA AAG TAATCG

37-P23(: TCCTGG TTC GCC CGA GGC TAG CCA GAA GGA-(HEG);-SH

Target sequences were as follows (5" to 3"):

Target,4: GGC GAA CCA GGA CGATTA CTT TGA

Target,g: TGG CTA GCC TCG GGC GAA CCAGGACGATTACTT TGA
GGA AAT TAG AGT

Targetge: CTG TTG CGG CCG GGT CTT TCC TTC TGG CTA GCC TCG
GGC GAA CCA GGA CGA TTA CTT TGA GGA AAT TAG AGT GTT CAA
AGC AGG CCT TTG CTC GGA

Targety44: CGG ACG GTC TAC CTA TGG TAA GCA CTG TTG CGG
CCG GGT CTT TCC TTC TGG CTA GCC TCG GGC GAA CCA GGA CGA
TTA CTT TGA GGA AAT TAG AGT GTT CAA AGC AGG CCT TTG CTC
GGA TAT ATT AGC ATG GAA TAA TAG AAT

Buffer Preparation: 60 x 107 m phosphate buffer was prepared by
adding 60 x 107 m aqueous sodium di-hydrogen phosphate (Fluka) to
100 mL of 60 x 107 m aqueous di-sodium hydrogen phosphate (Fluka)
until pH 7.3 is reached. PBS (0.3 m, pH 7) was prepared by combining
60 x 107 m phosphate buffer with 2 v NaCl to give a solution containing
10 x 1073 m phosphate and 0.3 m NaCl. Dextran sulfate sodium salt

Part. Part. Syst. Charact. 2016,
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from Leuconostoc spp. (average My > 500 000) was provided by
Sigma-Aldrich. PEG 10,000 was provided by Fluka and PEG 2,000 was
provided by Alfa Aesar. Dextran sulfate and PEG buffers were prepared
by combining a mass of polymer to a volume of 0.3 m PBS to achieve the
required percentage weight of polymer per unit volume of PBS; buffers
were stored in a fridge and prepared fresh weekly.

Reaction Kinetics Experiments: A Varian Cary 300Bio UV-visible
spectrophotometer with a temperature controller attachment was
used for all extinction measurements. Experiments were carried out
by combining probe 1 and probe 2 (10 x 1072 m of each probe) with
a certain concentration of target (e.g., 1 X 107° m) and buffer to a total
volume of 800 pL in a quartz cuvette. Spectra were collected every
10 min over a 90 min period, starting immediately after target addition,
and samples were maintained at 25 °C throughout. Each experiment was
carried out in duplicate under the same conditions; all graphs show the
average of these two samples. All spectra were converted to Excel for
data analysis.

T,, Measurements: Samples were prepared in the same way as for the
reaction kinetics experiments and were left to hybridize for 3 h at 25 °C
before analysis. Melting transition measurements were then carried out,
and involved heating the samples from 25 to 70 °C (or 25-90 °C for
samples with higher melting temperatures) at 1 °C min™' while
monitoring the extinction at 410 nm.

Silver Nanoparticle Synthesis:?1 89 mL of water was added to a conical
flask along with freshly prepared aqueous sodium hydroxide (12.0 mg in
1 mL water, Sigma-Aldrich) and hydroxylamine hydrochloride (10.7 mg,
Sigma-Aldrich). AgNO; (17.0 mg in 10 mL water, Aldrich) was added
dropwise, with vigorous stirring of the solution throughout. The
nanoparticles were used without further purification. All glassware
were soaked in aqua regia for at least 2 h and thoroughly rinsed prior
to nanoparticle synthesis. Diameter of synthesized silver nanoparticles
was measured as 48 = 10 nm, based on scanning electron microscope
(SEM) image and using Image] software (see Figure S8, Supporting
Information).

Conjugation of Silver Nanoparticles with Probe DNA: Silver
nanoparticle-DNA conjugates were typically made according to the
procedure developed by Zhang et al.:? hydroxylamine-reduced
silver nanoparticles (321 x 1072 m, 1 mL) and probe oligonucleotide
sequence (e.g., 21.6 x 1078 v, 44.6 pL, 3000:1 ratio) were added to an
Eppendorf tube, followed by two aliquots of 500 x 107 wm citrate. HCI
buffer (20 pL each, 10 min gap between additions). Samples were left
for 40 min and then HEPES buffer (500 x 1073 m, 60 pL) and NaCl (2 m,
200 pL) were added; the samples were then left for a further 45 min and
then centrifuged and resuspended in phosphate buffer (10 x 1073
0.5 mL). Centrifugation and resuspension were repeated twice more and
samples were stored in a fridge until ready for use. The concentration
of silver nanoparticles and conjugates was determined based on
extinction measurements, using a molar extinction coefficient of 2.87 x
1010 1 e 261

Calculation of Number of Oligonucleotides per Nanoparticle:?”)
A fluorescent dye-labeled thiol-modified 12-base probe sequence
[HS-Cy3-(HEG);-TCTCAACTCGTA] was conjugated to hydroxylamine-
reduced AgNPs following the standard procedure, and the conjugate
concentration determined by extinction spectroscopy. A 100 pL aliquot
of conjugate was added to 100 pyL DTT (1.0 m) in phosphate buffer
(pH 8.0, 0.18 m) and left on a shaker overnight. Three separate samples
were prepared in the same way to ensure accuracy in the calculated
value. By next morning, all of the AgNPs had aggregated and dropped to
the bottom of the Eppendorf tubes, indicating that the oligonucleotide
probes had become detached from the nanoparticle surface. The
samples were centrifuged (6000 rpm, 20 min) and the supernatants
transferred to fresh vials; fluorescence measurements were carried
out on aliquots of these supernatant solutions, in triplicate. Results
were compared with control samples, prepared from a range of
concentrations of probe sequence in phosphate buffer (10 x 10 m
80 pL), further diluted in a 1:1 ratio with 1.0 m DTT in 0.18 m phosphate
buffer prior to fluorescence measurements, such that the sample and
control matrices were equivalent. The measured fluorescence level
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from the detached probe samples was then compared against a plot of
fluorescence signal versus quantity of probe sequence for the control
samples and used to determine the quantity of probe sequence in the
sample aliquots, which was then related to the number of DNA probes
per individual silver nanoparticle based on the measured concentration
of nanoparticle-probe conjugate. The number of oligonucleotide strands
per 48 nm silver nanoparticle was calculated as =1300 + 200, which
compares well with the value calculated by Hurst et al. of 1200 DNA
strands per 50 nm AuNP.7]

SEM Measurement: SEM images were obtained using an FEI Sirion
200 ultra-high resolution Schottky field emission scanning electron
microscope with FEI software. The SEM samples were prepared on
silicon wafers as follows: the wafers were first washed with a methanol-
soaked swab and placed in an oxygen plasma cleaner for 90 s. A positive
surface charge was then created by applying a few drops of a solution of
poly(diallyldimethylammonium chloride) (PDDA, 10 pL, Sigma Aldrich)
in sodium chloride (1 mL, 1 x 107 m) to cover the wafer surface for
20 min, before rinsing with water and drying under a stream of nitrogen.
The wafer was then placed overnight in an Eppendorf tube containing
50 x 1072 m of AgNP-oligonucleotide conjugate and then rinsed with
water and dried under a stream of nitrogen.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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