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Surfactant-free nanoparticle-DNA complexes with ultrahigh

stability against salt for environmental and biological sensing

Jun Hyuk Heo', Hui Hun Cho’, Jung Heon Lee '

We report the development of surfactant free-gold nanoparticle (AuNP)-DNA complexes that remained stable in
solutions with extremely high ionic strength, using seawater as a model solution. Although the stability of
AuNPs can be increased to a certain degree by functionalizing negatively charged DNA strands on their surface,
they still have limited stability in highly concentrated salt solutions. However, we found that AuNPs
functionalized with poly T bases have exceptional stability in high ionic strength solutions. For example, AuNPs
functionalized with a 5T spacer remained highly stable in seawater, with no color change and no red-shift in
absorbance spectra for up to 9 days. Using this surprising property of poly T spacers, we prepared highly stable
AuNP-DNA complexes containing random sequences by introducing 5T spacers on the random sequenced DNA
strand. The random sequenced AuNP-DNA complexes remained stable in seawater, several molar
concentrations of monovalent metal ion solutions (6.1 M Na* or 4.8 M K"), and millimolar concentrations of
diverse divalent metal ions. In addition, the highly stable AuNP-DNA complex maintained biological activity in
seawater, which was demonstrated by complementary reaction and aptamer based biosensing. These results
provide important insight into NP use for various applications under harsh biological and environmental

conditions.

Introduction

Nanoparticles (NPs) have many interesting chemical and physical properties that can be used for wide-ranging

1 18-21

applications, including electronics'™, photonics,”” energy,®!! catalysis,* '>'7 biological imaging'®?', drug

224 and environment monitoring.>* Although nanoscale materials have unique optical and electrical

delivery,
properties that are not observed in materials with larger dimensions, most of their physical properties depend
closely on the stability of the NPs. For example, the color of gold nanoparticles (AuNPs) generally changes
from red to blue when they become close to each other due to coupling of the surface plasmon resonance of the

29,30

particles. Similarly, CLIO (cross-linked dextran iron oxide) NPs, which are frequently used MRI contrast

agents, tend to decrease the spin-spin relaxation time (T2) of surrounding water protons much more efficiently

Page 2 of 26



Page 3 of 26

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Analyst

as they become aggregated.}l'3 3 As NPs are exposed to diverse environments, their stability can be an important
issue. In particular, as NPs have an extremely high surface area to volume ratio,'* they can be easily aggregated
in the presence of metal ions due to the screening of the repulsive charges on the NP surfaces. Although various
molecules such as polyethylene glycol (PEG), sodium dodecyl sulfate (SDS), polystyrene sulfonate (PSS), and
phosphine have been used to increase AuNP stability, it is still very difficult to prevent aggregation of NPs.****
Because of this stability issue, applications of NPs in severe conditions, such as in seawater, have only been
rarely reported.*

DNA is a versatile biomolecule that can provide transcendent functions to NPs. Because diverse functional
groups can be placed on any desired position of DNA,***' DNA can be easily conjugated on the surface of a
NP.*>* The strong negative charge of the DNA backbone helps to increase NP stability. Taking advantage of
the target recognition capability of DNA functionalized on the NP surface, based on the Watson—Crick base
pairing model, NPs can be self-assembled in a programmed manner. More importantly, DNA not only interacts

with a complementary DNA strand but also binds to a wide types of molecules, including metal ions*"',

56, 57 65, 66

peptides’™’, proteins , small molecules®®, organic dyes®'®, bacteria®, and cells with specificity.

Therefore, DNA provides the multifunctional capability NPs need to broaden their use in biosensing*®>" "%,

bioimaging®, and environmental monitoring.”® "

Although DNA conjugated NPs are more stable than bare NPs,”” they have limited stability in a high
concentrated salt solution. This restricted stability of NP-DNA conjugates is a huge barrier for their practical
applications. NPs are generally exposed to severe conditions such as high salt concentration for most biological

and environmental applications. Although various polymers can be used to protect NPs**

, they have a critical
drawback because their presence can hinder attachment and activity of DNAs functionalized on the NP surface.

In this study, we report on a DNA conjugated gold NP (AuNP-DNA) complex that remained stable in an
extremely concentrated salt solution, using seawater as the model solution. Seawater is one of the harshest
environmental systems, containing diverse and concentrated divalent and monovalent metal ions (Table S1). We
show that a short thymine (poly T) based spacer maintained the stability of the AuNP-DNA complexes in
solutions with high metal ion concentrations, including seawater. Furthermore, we demonstrated that the AuNP-
DNA complexes maintained their target specificity and functionality in highly concentrated metal ion solutions
and can be used for colorimetric detection of biomolecules in seawater. To our knowledge, this is the first study

to demonstrate a stable NP-DNA complex system for practical applications in seawater. This study is significant

as the results can be used for potential applications of NPs in diverse harsh environments.
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Results and discussion

The effect of sequence on AuNP-DNA complex stability in seawater

A
In Seawater
Random DNA  Poly 10 A Poly 10 G Poly 10 C Poly10 T
(Random DNA : 5'-HS-CAT GAC TGA C-3")
B
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Fig 1. Stability of AuNP-DNA complexes in seawater. (A) The color of AuNPs functionalized with
different sequences of DNA. AuNPs functionalized with 10 mer poly A, poly G, and random
sequences aggregated in seawater. However, AuNPs functionalized with 10 mer poly C and poly T
bases remained stable. AuNPs functionalized with 10T DNA (AuNP-[10T]) remained stable in
seawater for at least 7 days. (B) Extinction spectra of AuNPs functionalized with different sequences
of DNA. The spectrum of AUNP-[10T] in seawater is similar to that of AUNP-[10T] in buffer solution.

AuNP-DNA is expected to be aggregated due to the presence of highly concentrated metal ions in seawater (see
Table S1 for the list and concentration of metal ions existing in the seawater used in this work). When AuNPs
functionalized with random sequenced 10 mer DNA (AuNP-[Random]) were dissolved in seawater, we

observed that the color of the AuNP-[Random] changed immediately from red to dark blue (Fig. 1A). When 13
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nm AuNPs were dispersed, they were generally red, as AuNPs have a plasmon resonance peak at approximately
522 nm. However, as the AuNPs moved closer to each other, plasmon resonance coupling occurred between
AuNPs. This coupling generated a red shift of their absorbance peak and made the AuNPs blue. This color
change indicates that the AuNP-[Random] was aggregated by the metal ions in seawater. Because all four bases

have different chemical and physical properties”’ 74

, we were interested in whether each base may have a
different influence on stability of the AuNP-DNA complex. Thus, to investigate the effect of each base on
AuNP-DNA stability, we prepared four sets of AUNP-DNA complexes, including AuNPs functionalized with 10
mer poly A, G, T, and C, respectively. When all four AuNP-DNA complexes were dissolved in seawater, we
observed a contrasting trend in the color change of the complexes (Fig. 1A). AuNPs functionalized with 10 mer
poly A bases (AuNP-[10A]) showed an immediate color change from red to dark blue. This color change was
similar to what was observed with AuNP-[Random]. AuNPs functionalized with 10 mer poly G bases (AuNP-
[10G]) turned purple when dissolved in seawater. In contrast, AuNPs functionalized with 10 mer poly C (AuNP-
[10C]) or poly T (AuNP-[10T]) remained red. We used a UV-vis spectrophotometer to quantitatively obtain the
change in the surface plasmon resonance peak of each AuNP-DNA complex in seawater (Fig. 1B). As expected
from the color changes of the complexes, the absorbance peak shift of AuNP-[10A] was 94 nm (= 616 — 522
nm), which was the largest among the four AuNP-DNA complexes we tested and was comparable to AuNP-
[Random]. The absorbance peak shift of AuNP-[10G] was still significant by 50 nm but was much less than that
observed from both AuNP-[10A] and AuNP-[Random]. However, the maximum surface plasmon resonance
peak of both the AuNP-[10T] and AuNP-[10C] complexes remained at 522 nm and showed minimal change.
Decreased absorbance at 522 nm and increased scattering at longer wavelengths were still observed from the
extinction spectra of AuNP-[10C], indicating that a certain amount of aggregation occurred from the complex.
In contrast, the extinction spectra of AuNP-[10T] taken in seawater was very similar to the spectra of AuNP-
[10T] taken in Tris-acetate buffer. These results suggest that the DNA bases functionalized on the AuNP surface
had a contrasting influence on stability of the AUNP-DNA complexes, and that poly T DNA has the potential to
make AuNP-DNA complexes stable in solutions with ultrahigh ionic strengths such as seawater.

We attribute this dissimilarity in the stability of AuNP-DNA complexes with different bases to the interaction
between the bases and the Au surface.”>”® Purines bind more strongly to Au surfaces than do pyrimidines.”> "
Purines tend to directly lie on the Au surface, whereas pyrimidines generally stand up perpendicularly. This

difference in packing orientation can result in a significant difference in the loading density of DNA on the

AuNP surface.”” 77 As all DNA strands are strongly negative due to the phosphate backbone, which all
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nucleotides have in common, higher loading of DNA strands should produce higher stability of AuNP-DNA
complexes under high ionic strength conditions. This was observed in our data, as the AuNP-[10T] and AuNP-
[10C] had much higher stability compared to that of the AuNP-[10G] and AuNP-[10A]. Between the two
pyrimidine bases, it is reported that C binds to Au more strongly than T. Therefore, once DNA is functionalized
on AuNP surface through Au-thiol chemistry, poly T based DNA should be packed on the NP surface with the
highest density and help AuNP remain most stable in high ionic strength solutions.”””® In addition, as thymine

73,74

has the highest electronegativity compared to other bases, poly T spacers can help AuNP-DNA complexes

to have strong negative charge on the surface and remain stable in high ionic strength media.

The effect of poly T DNA length on AuNP-DNA complex stability in seawater
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Fig 2. (A) Effects of the number of poly T bases on the stability of AuNPs in seawater. Although poly
T spacers longer than 5T were all effective to keep AuNP-DNA stable, longer strands are better for

long term stabilization. AuNPs functionalized with 50T were stable even after 12 days (B) The stability
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of AuNPs functionalized with 5T DNA and AuNPs functionalized with a random DNA with 5T spacer in
seawater. AuNP functionalized with a random DNA with 5T spacer can be stable in seawater for up to
3~4 days. (C) The number of T bases needed to keep AuNPs functionalized with a random DNA
stable in seawater. With 5T based spacers, AUNP-DNA stays stable.

As we found that poly T bases help keep AuNPs stable in seawater, we next were interested in the number of
poly T bases necessary for efficient protection of AuNPs. We first compared AuNPs functionalized with 5T,
10T, 25T, and 50T DNA to investigate the effect of the length of poly T bases (Fig. 2A). Because poly T bases
can protect AuNPs in seawater, we initially predicted that AuNPs functionalized with longer poly T DNA might
have higher stability. When all four AuNPs functionalized with different lengths of poly T DNA (AuNP-[5T],
[10T], [25T], and [50T]) were dissolved in seawater, they all remained red for up to 7 days (Fig. 2A, 7 days). A
negligible difference in the absorbance peak of each complex was observed from UV-spectrophotometry as well.
This observation confirmed that poly T DNA strands with diverse lengths were helpful to protect AuNPs in
seawater for at least 7 days. However, 10 days after incubating the AuNP-DNA complexes in seawater, the
color of AuNP-[5T] and AuNP-[10T] started to change slightly, whereas the color of AuNP-[25T] and AuNP-
[50T] remained red (Fig. 2A, 10 days). This color change trend was also observed from a red-shift in the
absorbance peak of AuNP-[ST] and AuNP-[10T] obtained from the UV-vis spectrophotometer. When we
monitored the color of the AuNP-DNA complexes further, we determined that AuNP-[50T] remained stable in
seawater for at least 12 days, whereas AuNP-[25T] started to aggregate (Fig. 2A, 12 days). These results
indicate that a longer poly T DNA is much more effective in protecting AuNPs from aggregation under high salt
conditions. Nevertheless, short poly 5T sequences were still sufficient to keep AuNPs stable in seawater for up
to 9 days. Additional information on the stability of AuNP-[poly T] complexes at different exposure time can be
found in Fig. S1.

Longer T spacers have much lower loading density than those with shorter poly T spacers on the surface of
AuNPs. The longer T spacers form mostly disordered layers on the AuNP to similar random coiled shape, while
the shorter poly T spacers have a regular monolayer. As a result, longer poly T spacers functionalized with
AuNP prevent further interactions between AuNPs and other T spacers.”™ 88!

We have also observed this phenomenon. When we synthesized AuNP-DNA complexes without sonication,
AuNPs functionalized with a longer T were much less stable than those functionalized with shorter strands (data
not shown). However, after sonicating (10 sec) the samples three times during AuNP-DNA complex synthesis,

stability improved in the AuNPs functionalized with longer DNA. From this result, we determined that the
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sonication process not only helped to detach DNA bases physically bound on the AuNP surface but also to
unfold the long T strands densely packed on the AuNP surface. By releasing the long DNA strands through
sonication, the number of DNA strands functionalized on the AuNPs can be increased, resulting in the increased
stability of AuNP-DNA complexes.

After we determined that short 5T sequences were sufficient to make stable AuNPs in seawater, we
investigated the possibility of extending T based DNA with a random sequenced DNA to make a random
sequenced AuNP-DNA complex stable in seawater. First, we extended 5T DNA with 14 bases including 3A, 6G,
2C, and 3T ([ST-random]) and compared the stability of the AuNP-[5T-random] complex with that of the
AuNP-[5T] complex in seawater. Surprisingly, we did not observe any instantaneous difference between the two
complexes in terms of their color or extinction spectra (Fig. 2B). This finding verifies that the existence of
random sequenced bases with a short T based spacer does not make a significant difference in terms of AuNP-
DNA complex stability. This finding also indicates that stable random sequenced AuNP-DNA complexes can be
made by simply introducing a few T bases on functionalized DNA. The AuNP-DNA complexes with a random
sequence maintained their stability for up to 3 days, although they started to change color after 4 days in
seawater. Additional data demonstrating the stability of AuNP-[5T-random] dissolved in seawater for different
times can be found in Fig. S2.

As we observed that a random DNA with 5T spacer can make AuNPs stable in seawater, we were interested
in the influence of the length of poly T spacers on the stability of the complexes. We functionalized AuNPs with
DNA strands containing an identical random sequence with 1-10T long spacers to define the optimal length of
T bases for high stability. As presented in Fig. 2C, the AuNP-DNA complexes with 5, 7, and 10T bases
remained reddish in seawater and showed negligible changes in absorbance spectra. This result indicates that 5,
7, and 10T spacers can keep AuNPs functionalized with random sequenced DNA strands stable in seawater. In
contrast, when random DNA strands with 1-4T long spacers were functionalized on the AuNP surface, the
AuNP-DNA complexes showed an abrupt color change from red to dark blue. This color change was similar to
what occurred with AuNP-[Random] (Fig. 1A). In addition, when extinction spectra were taken from the AuNPs
functionalized with random DNA strands containing different lengths of T spacers, we only observed a
significant red-shift in the absorbance peak from AuNPs functionalized with 14T spacers. This finding
indicates that 1-4T based spacers are insufficient to protect AuNPs in seawater. However, spacers longer than

5T bases were sufficient to keep AuNPs stable over the long term in seawater.

Page 8 of 26



Page 9 of 26

©CoO~NOUTA,WNPE

Analyst

Stability of AuNP-DNA complexes against various metal ions

A

1.2-

S 0.8- W ﬁ __ﬂ

(3]

N d

c

O

)

Q

.g 0.4-

X

L
0.0 T T T T T T v T 1
400 500 600 700 800 900

Wavelength (nm)

* Concentration of both ions is maximum solubility of water at RT(25C)

* None = AuNPs with 25mM Tris buffer solution at RT(25C)

Fig 3. Effect of AuNPs functionalized with random DNA with 5T spacer [5T-random = 5'-HS-TTTTT-
ACCTGGGGGAGTAT-3"] in the presence of various metal ions. (A) Negligible change was observed
when AuNP-[5T-random] were transferred into a solution with extremely high concentration of
monovalent metal ions (6.1 M Na®, 4.8 M K*). (B) The AuNP-[5T-random] also remained stable in the

presence of diverse divalent metal ions.

After we determined that AuNPs functionalized with random sequenced DNA with a 5T spacer (AuNP-[5T-
random]) remained stable in seawater, we investigated how well AuNP-[5T-random] remained stable in the
presence of diverse metal ions. Although seawater contains a large amount of metal ions, it is a solution

containing diverse metal ions with dominant Na', K", Ca*, and Mg2+.67 Thus, seawater is not a perfect system to
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study the stability of AuNP-DNA complexes in the presence of individual metal ions. Thus, we first transferred
AuNP-[5T-random] to Tris-acetate buffer containing highly concentrated monovalent metal salt to carry out this
experiment and monitored the color change of the AuNPs. Surprisingly, when we placed AuNP-[5T-random] in
both 6.1 M NaCl and 4.8 M KCl solutions, which are close to the maximum solubility of NaCl and KC1 at room
temperature, they remained red with negligible changes in the absorbance peaks (Fig. 3A). This result indicates
that AuNP-[5T-random] was remarkably stable in highly concentrated monovalent metal ion solutions. We
inspected the stability of AuNP-[5T-random] in divalent metal ion solutions. We prepared highly concentrated
metal salt stock solutions, added a small amount of stock solution into AuNP-[5T-random], and monitored the
extinction spectra of the AuNPs 3h after adding the concentrated salt solutions to determine the concentration of
divalent metal ions at which AuNP-[5T-random] remained stable (Fig. S3). As a result, AuNP-[ST-random]
complexes remained stable in the presence of 0.9-10 mM of various divalent metal ions. In Fig. 3B, we
specifically show AuNP-[ST-random] samples incubated in 10 mM Mg2+, 10 mM Ca*', 0.9 mM Hg2+, 1 mM
Cu2+, 0.9 mM Cd2+, 0.9 mM Ni2+, 10 mM Sr2+, and 7 mM Ba?' solutions. It is evident that the AuNP-[5T-
random] samples remained red, indicating that the complexes remained stable in the presence of millimolar

concentrations of divalent metal ion solutions.
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gi Fig 4. Sequence specific activity of AUNP-DNA complexes in seawater. (A) When two complementary
25 AuNP-DNA complexes were mixed together (DNA1+DNAZ2), color change of AUNP was observed. On
26 the other hand, when two noncomplementary AuNP-DNA complexes were mixed together
gg (DNA1+DNA3), no color change was observed. (B) Extinction spectra of the AUNP-DNA complexes in
29 seawater. Red shift of the resonance peak was observed only when two complementary AuNP-DNA
30 complexes were mixed together.
31
32
gi As we determined that AuNP-DNA remains stable in high ionic strength solutions by introducing a few T
gg spacers into the DNA, we were interested in whether the DNA functionalized on the AuNP surface still
37 possessed sequence-specific activity and could induce target-directed biological functions, which are critical for
38
39 biosensing applications. We prepared a pair of AuNP-DNA complexes functionalized with two complementary
40
41 DNA strands with 5T spacers and compared the color of the AuNPs before and after mixing the pair with
42
43 seawater to check the sequence-specific activity of DNA functionalized on the AuNP surface (Fig. 4A). Before
44
45 mixing the AuNP-DNA pair (DNA 1 and 2), the two samples remained red. This result indicates that both
jg AuNP-DNA complexes remained stable in seawater. However, as the two AuNP-DNA complexes were mixed
jg together, they showed an immediate color change from red to blue. This color change was also observed by the
30 red-shift in the absorbance peak (Fig. 4B). When we heated the mixed sample up to 60 °C, above the melting
51
52 temperature of the two complementary DNA strands, the color of the sample immediately changed from blue to
53
54 red with a blue-shift in the absorbance peak. This observation indicates that the mixture of the two AuNP-DNA
55
56 complexes induced DNA-directed aggregation of AuNPs. In addition, when we carried out a control experiment
57
58 by mixing two non-complementary AuNP-DNA complexes, we did not observe color change after mixing the
59

2]
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two solutions (DNA 1 and 3, Fig. 4A and B). This result suggests that the aggregation of the two
complementary AuNP-DNA complexes is sequence specific and that the random sequenced DNAs

functionalized on the surface of AuNPs are biologically active in seawater.
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Selectivity and sensitivity of an AuNP-based adenosine sensor in seawater
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Fig 5. Colorimetric detection of adenosine using aptamer-functionalized AuNP sensor in seawater at
room temperature. (A) The AuNPs are functionalized with two different DNA stands. The two AuNP-
DNA complexes can be linked by adenosine to form aggregates in seawater. In the presence of
adenosine, AuNPs aggregate and the color of AuNP will change. (B) Color change of adenosine
aptamer-functionalized AuNP in seawater. The color change only happens in the presence of
adenosine (A= adenosine). No color change was observed when the sensor was exposed to same
amount of G, C, and U (G= guanosine, C= cytidine, U= uridine) (C) UV-vis spectra of adenosine
aptamer sensor with varying adenosine concentrations. (D) Calibration curve of adenosine sensor.

The sensor has a detection limit of 0.5 mM in seawater.

We introduced a pair of partially complementary adenosine-specific aptamers on the AuNPs to investigate the
possibility of using these AuNP-DNA complexes to detect biological molecules in seawater. Aptamers are
nucleic acid-based molecules with extremely high sensitivity and selectivity to specific chemical or biological
molecules. As the general properties of aptamers are similar to antibodies, they are called chemical antibodies
and are often combined with diverse nanoscale materials or devices to construct highly sensitive and specific

biosensors.** We used a pair of adenosine aptamers, which were modified from the sequences reported from
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other groups, to demonstrate that a biosensor could be operated in seawater (Fig. 5A).% ® We inserted 5T bases
on the end of each DNA strand to make them stable in seawater. When the AuNP-aptamer complexes were
separately transferred to seawater, we did not observe a color change. This finding indicates that both AuNP-
aptamer complexes were stable in seawater. When both AuNP-aptamer complexes were mixed together, we did
not observe a color change occurring from the AuNPs as well (Fig. 5B). However, when adenosine was added to
the mixture of the AuNP-aptamer complexes, we saw the color of the AuNPs change from red to light purple
within 1 h at room temperature. This color change could also be monitored from the red-shift of the AuNP
absorbance peak in the presence of adenosine (Fig. 5C). This finding suggests that AuNP aggregation was
triggered by introducing adenosine. We added G, C, U into the mixed AuNP-aptamer complexes under identical
conditions and monitored the color change to check selectivity of the reaction (Fig. 5B and C). As predicted, we
did not see any color change or red-shift in the absorbance peak of the AuNPs, suggesting that this AuNP color
change occurred specifically in the presence of adenosine and that no other molecules responded. Although we
observed adenosine-induced assembly of AuNP-aptamer complexes within 1 h at room temperature, we could
not observe it when we lowered the temperature to 4 °C (see Fig. S4). This suggests that temperature is an
important factor that can determine kinetics of this reaction and it should be carefully considered for practical
application. The detection limit of adenosine in our AuNP-aptamer system with 5T spacers was about 0.5 mM in
seawater (Fig. 5D). This might not be the sensor reporting the best performance for detection of adenosine. To
find whether the 5T spacer is the reason for such moderate performance of the sensor, we prepared two sets of
AuNP-aptamer sensors with and without 5T spacer and conducted aptamer sensing in 1/10 times diluted
seawater, where both sensors remained stable. The AuNP-aptamer sensor without 5T spacer showed color
change from red to purple in relatively low adenosine concentration ranges and the detection limit of sensor
turned out to be 0.059 mM (see Fig. S5). On the other hand, AuNP-aptamer sensor with 5T spacer had lower
detection limit of 0.2 mM in 1/10 diluted seawater. This indicates that the existence of 5T spacer negatively
affects the performance of the sensor. We attribute this result to the length of the DNA. As the length of the
DNA functionalized on the AuNP becomes longer, the gap between the aggregated AuNPs will become larger,
resulting in less surface plasmon resonance shift and less color change of AuNPs. Consequently, as we
introduce 5T spacer into our AuNP-aptamer sensor, the color change can be less significant and the sensitivity
of the sensor can become low. On the other hand, we observed that the sensitivity of the AuNP-aptamer sensor
with 5T spacer has increased when sensing was carried out in 1/10 times diluted seawater. We think this

influence of the ionic strength on the sensor is related to property of the DNA aptamer we used. The binding
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affinities of aptamers are highly dependent on the biochemical conditions of the media including ionic strength
and pH. Therefore, to make a sensor that works most efficiently in high ionic strength media, like seawater, it
would be necessary to use new aptamers that are selected or modified for optimal use in those media. However,
since most existing aptamers, including the one used in our work, are designed for use in moderate ionic

strength buffer conditions,**

they might not be desirable for high efficiency sensing in extremely harsh media
like seawater. By further optimizing the sensing conditions and aptamer strands, we believe we can develop

high performance sensors for application in harsh environmental and biological conditions.

Conclusions

In summary, we successfully synthesized surfactant-free AuNP-DNA complexes with ultrahigh stability in
solutions with highly concentrated ions, using seawater as a model solution. The AuNP-DNA complexes
functionalized with random sequenced DNA cannot be stable in seawater. However, the AuNP-DNA complexes
became stable in seawater by simply inserting a few T based spacers into the random sequenced DNA. In
addition, these AuNP-DNA complexes maintained their stability in solution with several molar monovalent
metal ions (6.1 M of Na’, 4.8 M of K') and millimolar concentrations of diverse divalent metal ions.
Furthermore, we demonstrated that these highly stable AuNP-DNA complexes can carry out biological activities
in seawater through the complementary reaction and adenosine aptamer based biosensor. These results provide

important insight into NP use for diverse applications under harsh biological and environmental conditions.

Experimental

Preparation of materials

All oligonucleotides purified by high performance liquid chromatography were purchased from Integrated DNA
Technologies Inc. (Coralville, IA, USA) and Bioneer Corp. (Dacjeon, Korea). Gold(III) chloride hydrate
(HAuCl, 3H,0, CAS: 27988-77-8), sodium citrate dihydrate (C¢HsNa;O,-2H,0, CAS: 6132-04-3), adenosine,
guanosine, uridine, cytidine, and all other materials were purchased from Sigma-Aldrich Corp (St. Louis, MO,

USA). Deionized water (18.2 MQ-cm) was prepared with a Sartorius Arium® pro Ultrapure water system.

Preparation of seawater
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The seawater used in this study was obtained from Daeboo Island beach, Korea. The seawater was filtered with
a 0.2 um filter to remove sediments before use. The concentration of major and minor metal ions in the seawater
was analyzed with inductively coupled plasma mass spectrometry at the National Instrumentation Center for

Environmental Management, Seoul National University and appended to supporting information (Table S1)

Synthesis of AuNPs

Thirteen nanometer AuNPs were synthesized by a previously reported citrate reduction method.***” Specifically,
100 mL of 1 mM gold(Ill) chloride hydrate solution was mixed with 10 mL of 38.8 mM sodium citrate
dihydrate solution in a two-neck flask, and the reaction was carried out through reflux. Then, the synthesized 13

nM AuNPs solution was stored in a dark room before use.

DNA functionalization on AuNPs

First, 3 mL of AuNP solution was placed in a vial, pre-treated with 10 M sodium hydroxide solution, and rinsed
several times in deionized water. A 3 puL aliquot of 10 mM TCEP was added to a mixture of 9 pL. 1 mM stock
solution of DNA and 1 pL 500 mM acetate buffer solution (pH = 5.2) and incubated for 1 h to active the thiolate
DNA. The DNA solution was transferred to the AuNP solution and kept in the dark overnight. We added 100
pL of 1 M NaCl solution and sonicated for 10 sec after gentle shaking to minimize physical adsorption and
increase chemical conjugation of DNA on the AuNP surface. This whole process was repeated three times, so
that the final concentration of NaCl of the solution was 100 mM. This solution was stored in a dark room for 1

day before use.*’

Detection of adenosine in seawater

The AuNP-DNA complexes were centrifuged at 17000 rcf for 10 min, and the supernatant was replaced with 25
mM Tris buffer solution (pH = 8.20) to remove free DNA from the solution. After two rounds of additional
purification, the supernatant was replaced with seawater. A particular amount of adenosine stock solution was
added to a mixture of AuNP-aptamer complexes and the AuNP color change was monitored using the naked eye

or UV-vis spectrophotometer for the biosensing experiment.

Stability measurement of the AuNP-[ST-random] complexes
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1

2

3

4 To measure the stability of AuNP-DNA complexes in a diverse solution of metal ions, AuNPs-[5T-random = 5'-
5

6 HS-TTTTT-ACCTGGGGGAGTAT-3"] were incubated in concentrated NaCl, KCl, Hg(ClO,),, CaCl,, BaCl,,
7

8 MgCl,, SrCl,, CuSO,, NiSQ,, and CdCl, solutions, and the color change of the AuNPs was monitored with the
20 naked eye and a UV-vis spectrophotometer, respectively. The concentration of AuNP-[5T-random] solution
1;' used in this experiment was half of the concentration of the AuNP-[5T-random] solution used for the detection
13 of adenosine.
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Analyst
A DNA1 = 5"-HS-TTTTT TACGAGGCCTGCTA-3" B
DNA2 = 5'-HS-TTTTT TAGCAGGCCTCGTA-3'
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