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Divalent Metal Ion-Mediated Assembly of Spherical Nucleic Acids: 

The Case Study of Cu
2+

  

Jang Ho Joo a and Jae-Seung Lee*a 

Despite the critical functions of divalent metal ions (M2+s) in association with duplex DNA, fundamental and general 

interactions of M2+s with spherical nucleic acids (SNAs) composed of single-stranded DNA have rarely been investigated. 

We have explored that the coordinative nature of the M2+-SNA binding mediates the temperature- and base composition-

dependent reversible assemblies of SNAs even without the need of complementary counterparts for duplex-

interconnection, additional monovalent metal ions for charge screening, or pre-designed sequences for any non-Watson-

Crick base-pairing, all of which are essential for the conventional assembly of SNAs. Cu2+ has been identified to maximize 

the reversible assembly properties in relation to this M2+-mediated DNA bond, and has been further qualitatively and 

quantitatively investigated in detail as a model system. 

Introduction 

The conceptual development of spherical nucleic acids (SNAs)1, 2 
has led to their various advanced applications in areas such as 
materials synthesis, biochemical diagnostics, and clinical 
therapeutics.3-9 Such versatility of SNAs stems from their distinctive 
chemical and physical assembly properties, including reversibility, 
programmability, cooperative binding, and sharp melting 
transitions.10 In spite of the current diversity of the assembly modes 
of SNAs, these unique assembly properties, once the structure of 
the SNA is determined, are fundamentally and precisely controlled 
by the solution conditions,11-13 particularly the metal ion 
concentration. Typically, Na+ is used at a desired concentration to 
reduce the negative charge of SNAs and thus stabilize the duplex 
interconnects of the SNA assemblies. Other monovalent metal ions 
also induce the assembly of SNAs based on the formation of G-
quadruplex, cytosine-cytosine or guanine-guanine mismatches, by 
additional stabilization.14-19 In comparison to monovalent ions, 
divalent metal ions (M2+s) are expected to exhibit a stronger 
stabilizing effect on DNA duplex formation because of their higher 
charge. In fact, to achieve a given melting temperature (Tm) of a 
short linear duplex, M2+s are required only at a concentration two 
orders of magnitude lower than that required for monovalent metal 
ions owing to their higher association constants.20 In addition, the 
coordination of mercuric ion (Hg2+) to a specific thymine-thymine 
mismatch of SNA assemblies also stabilizes the duplex 
interconnects.21, 22 These results certainly provide insights into the 
interactions of M2+s with nucleic acids, but they are mainly focused 
on conventional free duplex DNA strands. To date, the chemical 
functions of M2+s in controlling the assembly properties of SNAs are 

not sufficiently understood, and need to be thoroughly examined.  

Herein, we present a systematic investigation of the chemical 
interactions of various M2+s with SNAs. Importantly, we 
demonstrate that M2+s are inherently capable of inducing the 
reversible assembly of single-type SNAs via coordination chemistry 
even without their complementary SNAs. In particular, cupric ion 
(Cu2+) substantially maximizes these unique assembly properties, 
and is investigated as a case study. Gold nanoparticles (gold NPs) 
are used as a core of the SNAs, and their surface plasmon 
resonance is taken advantage of for easily observing the assembly 
properties of the SNAs using UV-vis spectroscopy.23, 24 

Results and discussion 

We first prepared conventional duplex-interconnected 
assemblies of SNAs (S1 and S2, see Experimental) in the presence of 
NaCl (0.15 M), and began our investigation of how their dissociation 
properties were affected by M2+s by spiking one of seven M2+s 
including an alkali earth metal (Mg2+) and period 4 and 5 transition 
metals (Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+), and by obtaining their 
melting transitions (see Figure S1, †ESI). Addition of more Na+ was 
also evaluated for comparison. Subsequently, we obtained their 
melting temperatures (Tms)10 as a function of [M2+] from 0 to 2.5 
mM (Figure 1a). In the absence of the M2+s or additional Na+, the 
eight batches of SNA assemblies exhibited a practically identical Tm 
of 41.1 oC. As the M2+ concentration increased, however, the 
resulting changes to the Tm were strikingly different depending on 
the type of M2+ added. Most of the M2+s (Mg2+, Mn2+, Co2+, Ni2+, and 
Zn2+) and Na+ consistently increased Tm, with various slopes. In 
contrast, however, Cd2+ and Cu2+ decreased the Tm as their 
concentrations increased. To our surprise, Cu2+ exhibited a 
particularly dramatic decrease in Tm even below 0.25 mM (slope = -
46 oC/mM), which is an even larger decrease than that exhibited by 
Cd2+ (slope = -1.3 oC/mM). Importantly, to the best of our 
knowledge, this negative effect of Cu2+ and Cd2+ on the Tm was 
observed for the first time with conventional SNA assemblies, and is 
exactly opposite to what is expected from the DNA charge-
screening effect of metal ions. The effect of the M2+s on duplex 
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interconnects of SNAs was further clearly demonstrated by 
comparing the slopes of the curves for Tm vs. [M2+]: Mg2+ > Mn2+ > 
Zn2+ = Co2+ > Ni2+ > zero > Cd2+ > Cu2+ (Figure 1a, inset; see Table S1, 
†ESI). Noticeably, the 

absolute value of the slope of Cu2+ was more than 30 times higher 
than the average of the slopes of the other M2+s, indicative of the 
substantial and exclusive effect of Cu2+ on the binding of the 
complementary SNAs. In fact, the effect of M2+ on Tms was 
previously observed with much larger genomic DNA  (Type I calf 
thymus) in a similar manner.25 In addition, we also obtained a 
similar trend with short DNA duplexes (Dbl-S1 and Dbl-S2, see 
Experimental) as demonstrated in Figure 1b, demonstrating the 
consistency of the hybridized SNA-M2+ and free DNA duplex-M2+ 
interactions. 

In addition to the duplex-interconnected SNA assemblies, the 
interactions of dispersed single-type SNAs with M2+s were also 
kinetically studied. We combined the dispersed single-type SNAs 
(S1) with each M2+ (1 mM) and monitored the extinction of the core 
gold NPs, an optical measure of their assembly status, as a function 
of time using UV-vis spectroscopy. Unexpectedly, all the M2+s 
induced the assembly formation of the SNAs without the 
complementary SNAs, yet exhibited different kinetic rates (Figure 
1c). Cu2+ induced the most rapid assembly formation of the SNAs, 
closely followed by Cd2+. This result implies that SNA assembly 
formation is not based on simple electrostatic charge screening, but 
relies on an additional ‘specific’ chemical interaction. The kinetically 
different assembling abilities of M2+s were determined by obtaining 

the UV-vis spectra of the core gold NPs at 525 nm after 4 h: Cu2+ > 
Cd2+ > Mn2+ > Ni2+ > Co2+ = Zn2+ > Mg2+ (see Figure S2, †ESI). 
Interestingly, the orders of the M2+s in Figures 1a and 1c are almost 
opposite, indicating that the M2+-mediated ‘specific’ chemical 
interaction ‘disassembles’ the DNA duplexes, and ‘assembles’ the 
single strands. 

 
The M2+-induced assembly of SNAs was comparatively analyzed 

by examining free single-stranded DNA, the molecular counterpart 
of SNAs. Previously, the interactions of much larger genomic DNA 
duplexes with M2+s were spectroscopically investigated and 
understood to induce DNA condensation or compaction, with a 
main emphasis on the decrease of the volume occupied by DNA as 
macromolecular biopolymer.26, 27 On the other hand, we examined 
very short, single-stranded free DNA of the same sequence as S1 
(FS1, see Experimental) in the presence of M2+s (1 mM), and 
observed that the absorbance at 260 nm decreased in all cases, 
particularly with Cd2+ and Cu2+ (Figure 1d). This observation 
generally demonstrates the preferred interactions of Cd2+ and Cu2+ 
with free single-stranded DNA, as observed with SNAs (Figures 1a 
and 1c).  

Considering the dramatic and distinctive effects of Cu2+ on the 
SNA assembly properties, we selected Cu2+ to further understand 
how M2+s can control SNAs assembly properties. We prepared a 
series of SNA solutions containing Cu2+ at various concentrations 
(from 0 to 1.4 mM), allowed them to interact for 12 h for assembly 
formation, and obtained their UV-vis spectra to analyze their [Cu2+]-
dependent assembly properties (see Figure S3, †ESI). Three 
representative spectra at 0, 1.2, and 1.4 mM of Cu2+ were selected 
and shown in Figure 2a. As [Cu2+] increased, the λMAX (the 
wavelength at which the maximum extinction took place) was 
gradually red-shifted from 525 to 630 nm, and extinction at the λMAX 
decreased by 70% after 12 h owing to the assembly formation of 
SNAs into larger aggregates (see Figure S3, †ESI). When [Cu2+] was 
high enough ([Cu2+] > 1.2 mM), the spectral change became almost 
negligible, indicating that assembly formation reached a plateau 
(Figure 2a, ② and ③). The assembly formation was also observed 
with bare eyes, exhibiting clear a color change from red to pale blue 
(Figure 2b). In contrast, the unmodified, citrate-coated gold NPs in 
the presence of Cu2+ (1 mM) did not exhibit any observable spectral 
and color changes (see Figure S4, †ESI), indicating that the nucleic 

Figure 1. (a) Tms of duplex-interconnected complementary SNA 
aggregates (S1 and S2) at various concentrations of M2+s (the initial 
Tm = 41.1 oC). The slopes were obtained by linear fitting of the 
curves (inset). (b) Tms of of short DNA duplexes (Dbl-S1 and Dbl-S2, 
each at 1 μM, NaCl = 0.15M,) at various concentrations of M2+s (the 
initial Tm = 49.9 oC). (c) Extinction changes of single-type SNAs (S1) 
in the presence of various M2+s (1 mM) as a function of time. (d) 
UV-vis spectra of free single-stranded DNA (FS1) in the presence of 
M2+s at 1 mM, and the corresponding absorbance at 260 nm (inset). 
Note that Cd2+ induced the largest decrease in absorbance at 260 
nm, followed by Cu2+. 

 
Figure 2. (a) UV-vis spectra of ① dispersed SNAs (S1), ②
assembled SNAs by Cu2+ (1.2 mM), ③ assembled SNAs by Cu2+ (1.4 
mM), ④ dispersed SNAs by EDTA, and ⑤ dispersed SNAs after 
the removal of Cu2+-EDTA complex. The spectra of assembled SNAs 
at more specific [Cu2+]s from 0 to 1.4 mM are shown in Figure S3, 
†ESI. (b) Visual observation of the SNA solutions (①, ②, ④ and 
⑤). Note that ④ appear purple in spite of the dispersed SNAs 
because of the blue color of the Cu2+-EDTA complex. The color of 
④ turned red after the removal of Cu2+-EDTA complex (⑤). 
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acids, not the gold NPs, were responsible for SNA assembly. 
Because the assembly properties vary among different types and 
concentrations of M2+s despite their same charge, we hypothesized 
that the M2+s bind to the SNAs by non-electrostatic and thus 
potentially coordinative interactions, and examined the reversibility 
of the SNA assemblies in association with Cu2+. Assuming that the 
SNA assemblies would reversibly disassemble when Cu2+ that was 
coordinated to multiple bases and potentially linked 

multiple SNAs was removed from the reaction system, we 
sequestered the Cu2+ from the SNA assemblies using 
ethylenediaminetetraacetic acid (EDTA), whose binding constant to 
Cu2+ is extremely high (18.7 as a logarithm).28 Significantly, after the 
addition of EDTA to the SNA assemblies, the solution immediately 
turned intense purple (Figure 2b, ④), indicating the disassembly of 
the SNAs. The UV-vis spectrum of the mixture was resolved into 
two major extinction bands at 525 and 730 nm, which 
corresponded to the dispersed SNAs and the Cu2+-EDTA complex, 
respectively (Figure 2a, ④). Eventually a single plasmon extinction 
band at 525 nm corresponding to a deep red color of dispersed 
SNAs was obtained after the removal of the Cu2+-EDTA complex 
(Figures 2a and 2b, ⑤). The recovery efficiency based on the 
extinction at 525 nm was calculated to be ~ 90%, confirming that 
the Cu2+-SNA coordination is reversible. 

The reversibility of the Cu2+-mediated SNA assembly was further 
investigated with respect to the repeatability and cooperativity, 
unique and distinctive assembly features of conventional duplex-
interconnected SNA assemblies. As a measure of the assembly 
status, the λMAX of the UV-vis spectrum of the SNAs was observed 
after the addition and then removal of Cu2+, which was considered 
to be one assembly cycle (Figure 3a). After the first assembly cycle, 
repeating the addition and removal of Cu2+ (1 mM) to the same 
batch of the SNAs (1 nM, single-type) induced their assembly and 
disassembly, respectively, leading to almost the same red-shift (630 
nm) and blue shift (525 nm) of the λMAX as observed in the first cycle. 
Three more assembly cycles were conducted and yielded similar 
results, demonstrating the complete reversibility of the Cu2+-
mediated SNA assembly.  

Based on the confirmed reversibility, we quantitatively analyzed 
the disassembly properties of the SNAs as a function of the [Cu2+]. 
In brief, we first assembled the single-type SNAs at various 
concentrations of Cu2+ (1, 2, 5, and 10 mM) and  observed how they 
disassembled by monitoring the extinction at 525 nm while the 
[Cu2+] was gradually decreased by  the fractional addition of EDTA 
aliquots each equivalent to 5 mol% of the initial mole number of 
Cu2+ (Figure 3b). At 1 mM of Cu2+, the extinction of the assembled 
SNAs at 525 nm almost linearly increased to ~50% of the final 
extinction as the EDTA aliquots were added up to a final 

concentration of 65 mol%, indicating the progressive disassembly of 
the SNAs. Importantly, however, the extinction dramatically jumped 
to ~85% after one more EDTA aliquot was added (70 mol%), 
demonstrating cooperative disassembly properties analogous to 
those of the thermal or [Na+]-dependent disassembly of the 
conventional duplex-interconnected SNA assemblies.10, 14 
Subsequently, we examined the disassembly properties at a higher 
initial [Cu2+] (2, 5, and 10 mM) and in general observed cooperative 
disassembly transitions in a similar way. At all 

the concentrations of Cu2+, the disassembly profiles of SNAs 
consisted of three distinctive steps based on their optical properties: 
(1) gradual disassembly as a function of [EDTA] in a linear manner, 
(2) dramatic completion of disassembly by a small increase of [EDTA] 
(~10 mol%), and (3) no further change of stably and individually 
dispersed SNAs at higher [EDTA]. Interestingly, as the initial [Cu2+] 
increased, the cooperative disassembly began to take place at a 
lower mol% of EDTA. This weaker binding of the SNAs at a higher 
initial [Cu2+] is ascribed to the unbalanced stoichiometry of Cu2+ and 
the bases of the SNAs. At higher initial [Cu2+], more Cu2+ than is 
required to assemble SNAs would not bridge multiple bases, but 
rather would interact with single bases individually, resulting in 
more loosely assembled SNAs.  

Based on the reversible assembly properties of SNAs controlled 
repeatedly and quantitatively by Cu2+, we surmise that the origin of 
Cu2+’s assembling capability is that Cu2+s are coordinated 
specifically to nucleobases of SNA (Scheme 1). In fact, previous 
studies demonstrated that M2+s could bind to the bases of free 
duplex DNA strands by coordination chemistry.29-36 In our study, 
Cu2+ and Cd2+ strongly coordinated to the electron donor groups of 
nucleobases in the duplex-interconnected SNA assemblies, and 
inevitably disturbed the hydrogen bonding between the 
complementary SNAs significantly enough to decrease the Tm 
(Figure 1a). In case of the single-type SNAs, most of the M2+s, 
particularly Cu2+, are possibly able to bind to multiple bases of 
different individual SNAs to crosslink them into large aggregates 

 
Figure 3. (a) The change in ∆λMAX by the repeated assembly and 
disassembly of the SNAs (S1). (b) The disassembly profiles of the 
SNA (S1) aggregates as a function of [EDTA] at various initial 
[Cu2+]s. 

 
Figure 4. Cu2+-mediated assembly rates of SNAs (a) composed of 
different bases, (b) at different [SNA]s (S1), and (c) at various 
temperatures (S1). (d) EDTA-induced disassembly rates of SNAs 
(S1) at various temperatures. 
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(Figure 1c).30 We also observed that the SNAs still formed 
assemblies at a very high [Cu2+] (500 mM) (see Figure S5, †ESI), 
which implies that the assembly formation could be also partially 
attributed to the decreased repulsion between SNAs owing to the 
charge screening by the coordinated Cu2+.37-39 

In addition to the disassembly properties of the SNAs, the kinetic 
assembly properties were investigated under various chemical 
conditions. Although all our observations strongly support the 
coordinative nature of the interactions between Cu2+ and the bases 
of SNAs, we further conclusively determined the base-dependent 

kinetic response of the Cu2+-mediated assembly by observing the 
extinction of SNAs at 525 nm. Because the G-rich SNAs are unstable 
and easily aggregates owing to G-quadruplex formation in aqueous 
media,16 we prepared three types of SNAs, each composed of either 
polyadenine (A20), polycytosine (C20), or polythymine (T20), and 
monitored their assembly kinetics in the presence of Cu2+ (1 mM, 
Figure 4a). Importantly, a rapid and significant decrease in 
extinction was observed for the A20 and C20, both of which reached 
the minimum observed extinction (~10% of the initial extinction) in 
less than 2 h. In the case of the T20, however, the extinction 
decreased in a much slower manner, remaining at ~80% of the 
initial extinction even after 10 h. Importantly, this base-specific 
binding of Cu2+ to the SNAs is in good agreement with the previous 
infrared spectroscopy and nuclear magnetic resonance studies, 
where Cu2+ was reported to preferentially bind to the N7 position of 
adenine and N1 of cytosine, but not to bind to any position of 
thymine owing to its lack of an available nitrogen atom.40, 41 This 
specific N7-preference of Cu2+ was also theoretically explained in 
independent studies.42-44 In comparison, the T20 and C20 with Cu2+ 
added at a 1 : 1 molar ratio exhibited an intermediate assembly rate. 
This remarkable base-dependency apparently indicates that the 
assembly of the SNAs stems from the coordination of Cu2+ to bases 
of the SNAs, not to phosphates of the backbone. The direction of 
DNA strands (5′ or 3′ SH) of the SNAs resulted in negligible kineZc 
differences (see Figure S6, †ESI). In order to examine the effect of 
the SNA concentration on the assembly kinetics, we observed the 
change in extinction at various [SNA]s from 0.5 to 3 nM (Figure 4b) 
at a fixed [Cu2+] (1 mM). As the [SNA] increased, the extinction 
decreased more steeply, indicating that the SNAs assembled in a 
faster manner at a higher concentration of the SNAs owing to the 
increased collision frequency of the SNAs, and thus, the higher 
chance of their interconnection.45 The assembly rate curves were 
linearly fitted in terms of inverse time, and their slopes showed a 
decreasing trend as the SNA concentration increased (Figure 4b, 
inset). 

We also observed the temperature-dependence of the Cu2+-
mediated assembly rate by monitoring the change in extinction of 
the SNAs (T20 + C20 with Cu2+ added at 1 : 1) at 525 nm at a range of 
temperature from 25 to 65 oC. We measured a considerable 
increase in the assembly rate at higher temperatures (Figure 4c). 
This observation should be also compared with the duplex-
interconnected SNAs, whose assembly rate was previously reported 
to be rarely affected by the temperature under their Tm.45 We 
further investigated the disassembly rates of the SNAs assembled 
by Cu2+ at various temperatures, and observed that, in general, they 
disassembled more slowly at higher temperatures (Figure 4d). 
Unlike 

the conventional duplex-interconnected SNA assemblies, however, 
the Cu2+-induced SNA assemblies did not reversibly disassemble 
without EDTA upon heating (see Figure S7, †ESI). Our observations 
of the assembly and disassembly rates of SNAs as a function of 
temperature commonly led us to conclude that the Cu2+-mediated 
assembly formation based on the adsorption of Cu2+ to the 
nucleobases is kinetically favored at higher temperatures. Although 
the enhanced adsorption of Cu2+ to nucleobases of natural genetic 
DNA at elevated temperatures was previously reported,46, 47 it was 
understood only as a result of the increased thermal denaturation 
of DNA duplexes into single strands, providing more available 
nucleobases as binding sites for Cu2+. In our result, however, we 
observed enhanced binding of Cu2+ to the single-stranded DNA of 
the SNAs at higher temperatures, which cannot be explained solely 
by the mechanism of thermal denaturation. Importantly, to the best 
of our knowledge, the thermally enhanced rates of Cu2+ adsorption 
to the nucleobases of single-stranded DNA has not been reported 
to date, and indicates that the kinetic increase in the adsorption 
reaction needs to be attributed not only to the availability of 

 
Scheme 1. Schematic illustration of the M2+-mediated reversible 
assembly of SNAs. Note that the M2+s can coordinate to multiple 
nucleobases of SNAs, resulting in their cooperative assembly 
formation with a concomitant color change from red to purple. The 
assembled SNAs can immediately disassemble once the M2+s are 
sequestered by stronger ligands, such as EDTA. 

Figure 5. (a) Adsorbed Cu2+ to SNAs (S1) as a function of the [Cu2+] 
and type of nucleobases (inset) at low [Cu2+]s ([Cu2+] < 10 μM). (b) 
Melting transitions of duplex-interconnected SNA assemblies (S1, 
S2) in the presence of Cu2+ ([Cu2+] < 10 μM). (c) UV-vis spectra of 
SNAs (S1) incubated with Cu2+ at physiological [Cu2+]s (10 μM ≤ 
[Cu2+] ≤ 100 μM). The SNAs and Cu2+ were allowed to react at 37 oC 
for 24 h. (d) The corresponding red-shifts of λMAX and (e) solution 
colors of SNAs of Figure 5c. 
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nucleobases, but also potentially to the increased binding constant 
of Cu2+ to DNA at a higher temperature.47  

Despite these results revealing the chemical functions of the M2+s, 
particularly Cu2+, to control the assembly properties of SNAs, they 
were demonstrated only at relatively higher [M2+]s around 1 mM (a 
thousand times as high as [nucleobase] and even a million times as 
high as [SNA]). To understand the reactions of M2+s at very low 
concentrations, we combined the SNAs (S1, 1 nM) with Cu2+ at 
concentrations almost a thousand times lower than those used in 
the previous experiments (1 ~ 6 μM, volume = 1 mL), and 
determined the number of Cu2+s adsorbed to each of the SNAs 
using inductively coupled plasma mass spectrometry (ICP-MS). 
Interestingly, the 

number of adsorbed Cu2+s gradually increased to 3 nmol when [Cu2+] 
was increased to 4 μM, showing a consistent 75% adsorption of the 
added Cu2+ (Figure 5a). Considering that there was a much smaller 
number of nucleobases (~1 nmol), this result indicates that the 
adsorption of Cu2+ to SNAs at very low [Cu2+]s involves not only its 
coordination to nucleobases, but also its electrostatic binding to 
negatively charged phosphate backbones of the SNAs. To verify this 
hypothesis, we obtained the numbers of adsorbed Cu2+s at 1 μM to 
the 3 different types of SNAs (C20, A20, and T20), and observed that 
T20 adsorbed almost as many Cu2+s as A20 and C20 did (Figure 5a, 
inset), implying that electrostatic attraction is more dominant 
between Cu2+ and SNAs at low [Cu2+]s. No matter which part of SNA 
adsorbed Cu2+, however, the assembly properties of duplex-
interconnected complementary SNAs were only minimally affected 
by Cu2+ at low [Cu2+]s below 10 μM (Figure 5b). We also 
investigated the assembly properties of SNAs at concentrations of 
Cu2+ from 10 to 100 μM. This intermediate concentration range is 
particularly important because it includes the physiological 
concentration of Cu2+ (approximately 20 to 60 μM) in human 
serum.48-50 After the incubation of the SNAs with Cu2+ at 37 oC, the 
UV-vis spectra of the SNAs red-shifted in proportion to the [Cu2+] 
(Figures 5c, 5d and 5e), indicating the [Cu2+]-dependent assembly 
formation of SNAs. Significantly, this observation demonstrates that 
SNAs, or potentially any other nanomaterials densely functionalized 
with DNA, could possibly and unexpectedly assemble into 
aggregates under physiological conditions simply because of Cu2+, 
and that DNA-nanomaterial conjugates, including SNAs, should be 
carefully designed for in vivo applications to minimize such Cu2+-

induced assembly formation.  

Finally, we demonstrated that ‘irreversible’ assembly of SNAs 
could be also selectively induced by M2+s. We took advantage of the 
permanent cleavage of DNA strands by highly reactive hydroxyl 
radical (HO·) that is catalytically generated by the DNA-bound M2+s, 
particularly by Cu2+, in the presence of H2O2.51-53 The SNAs with 
shortened strands after the cleavage would partially lose their 
negative charges, leading to the destabilization and corresponding 
irreversible aggregation. The irreversible assemblies of the SNAs 
were prepared at various [Cu2+]s (0.5 to 8 mM) in the presence of 
H2O2 (28 mM) for 1 hour, and the [Cu2+]-dependent assembly 
properties were determined by UV-vis spectroscopy. As the 
concentration of Cu2+ increased, the spectroscopic data 
demonstrated that the SNAs assembled into larger NP clusters and 
eventually macroscopic aggregates (Figure 6a). This observation is 
apparently similar to that of the reversible assemblies (Figure 2a 
and Figure S3, †ESI). Importantly, however, the red-shifted UV-vis 
spectra were not recovered back to the initial one even after the 
addition of excess EDTA (see Figure S8, †ESI), evidently 
demonstrating irreversibility of these SNA assemblies. We further 
evaluated the capability of other M2+s to irreversibly assemble SNAs 
under the same conditions ([M2+] = 0.5 mM). Interestingly, Cu2+ 
exclusively induced the largest aggregate formation, while the 
others resulted in either negligible changes (Na+ and Mg2+), or only 
minor cluster formation of SNAs (Cd2+, Mn2+, Ni2+, Zn2+, and Co2+). 
Although this result is rather based on the transition M2+s’ own 
catalytic properties regardless of their interactions with SNAs, it is 
still important to investigate how such properties affect the 
assembly properties of SNAs, especially considering the increasing 
interest in intracellular functions of SNAs as drug delivery materials 
or antisense reagents. In addition, while preliminary, this result also 
provides the possibility of their potential application to identify Cu2+.  

 

Conclusion 

This work is the first demonstration of chemically controlled 
reversible assemblies of single-type SNAs without the assistance of 
any pre-designed DNA sequences and auxiliary organic chemicals, 
simply based on the fundamental interactions of the natural 
nucleobases and M2+s, particularly Cu2+. The investigation 
demonstrated in this work provides a milestone to be seriously 
considered as a new type of DNA bond for the growing interest in 
assembling nanomaterials into macroscopic structures, preventing 
undesirable non-specific binding of DNA-conjugated nanoprobes, 
and applying conventional nucleic acid chemistry to state-of-the-art 
nanotechnology.54-59 
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Experimental 

Figure 6. (a) UV-vis spectra of irreversibly assembled SNAs (S1) as a 
function of the [Cu2+] from 0 to 8 mM in the presence of H2O2. (b) 
UV-vis spectra of SNAs whose assemblies were induced by H2O2 
and each M2+ at 0.5 mM. Both Na+ and Mg2+ led to negligible 
assembly of SNAs, while other transition metal ions induced 
assembly formation of SNAs to some extent, still with negligible 
differences in maximum extinction. Only Cu2+ resulted in the most 
significant decrease in maximum extinction. The maximum 
extinction of the SNAs’ spectrum with each M2+ is drawn in a 
relative scale and compared in the inset. 
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Material and Methods 

Gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9%, Cat. # 520918), 
sodium citrate tribasic dihydrate (99.9%, Cat. # S4641), L-ascorbic 
acid (99.9%, Cat. # A5960), TWEEN® 20 (Cat. # 9005-64-5), 
dithiothreitol (99.5%, Cat. # 43815), copper(II) chloride (99%, Cat. # 
751944), zinc chloride 0.1 M solution (Cat. # 39059), 
cadmium(II)  chloride (99.0%, Cat. # 20899), nickel(II) chloride (98%, 
Cat. # 339350), manganese(II) chloride (99%, Cat. # 244589), 
cobalt(II) chloride (98%, Cat. # 60818), magnesium(II) chloride (98%, 
Cat. # M8266), sodium chloride solution, (5 M, Cat. # S6546), 
hydrogen peroxide solution (30 % w/w, Cat. # H1009), and tris-EDTA 
buffer solution (100 mM, Cat. # T9285) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). The HPLC-purified monothiol 
DNA sequences (S1: 5′ HS-A10-ATTATCACT 3′, S2: 5′ HS-A10-
AGTGATAAT 3′, Dbl-S1: 5′ ATTATCACT-ATTATCACT 3′, Dbl-S2: 5′ 
AGTGATAAT-AGTGATAAT 3′, FS1: 5′ ATTATCACT 3′, A20: 5′ HS-A20 3′, 
C20: 5′ HS-C20 3′, T20: 5′ HS-T20 3′, and 3′ thiol-S1: 5′ TCACTATTA-A20-
SH 3′) were purchased from GenoTech (Daejeon, Republic of Korea). 
The original S1 and S2 sequences contain only 9 nucleotides that 
participate in the hybridization, and do not form duplexes under the 
given experimental conditions (0.15 M NaCl, 25 oC). Therefore, we 
designed two new elongated complementary sequences (Dbl-S1 
and Dbl-S2), each of which is composed of two sequential 
repetitions of the original sequence, and thus, is two times as 
lengthy as the original one. The NAP-5 Sephadex® columns were 
purchased from GE Healthcare (Little Chalfont, UK). In all the 
experiments ultrapure water from a Direct-Q®3 system (18.2 
MΩ·cm, Millipore, Billerica, MA, USA) was used. Agilent 8453 UV-vis 
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) 
was used for UV-vis spectroscopic measurements. 

Synthesis of Gold Nanoparticles 
In a 100 mL Erlenmeyer flask, 49 mL of ultrapure water was heated 

to 100 °C. To the boiling water, 1 mL of a gold chloride (HAuCl4) 
solution (12.7 mM) was injected, which was followed by an addition 
of 0.94 mL of a trisodium citrate solution (38.8 mM) with stirring. 
The color of the solution gradually turned red, indicative of the 
formation of gold nanoparticles. After 5 min, the gold nanoparticle 
solution was slowly cooled down to 25 °C with stirring and stored in 
the dark before use. 
 
Synthesis of Spherical Nucleic Acids (SNAs) 

The monothiol DNA sequences were deprotected by dithiothreitol 
(0.10 M in a 0.17 M phosphate buffer, pH 8.0), and purified by a 
NAP-5 column. The thiol DNA was combined with 1 mL of the gold 
nanoparticles (the final [DNA] ≈ 4.8 μM). This mixture solution was 
buffered at 0.15 M NaCl in a phosphate buffer (10 mM phosphate, 
pH 7.4, 0.01 % TWEEN® 20) and incubated for 12 h at 25 °C. To 
eliminate the unconjugated thiol DNA, the synthesized SNAs were 
centrifuged (13000 rpm, 20 min) to remove the supernatant, and 
redispersed in a desired buffer. This washing process was repeated 
3 times.  
 
Effect of M

2+
 on Dehybridization Properties of Duplex-

Interconnected SNA Assemblies  

To prepare the duplex-interconnected SNA assemblies, two 
complementary SNAs (S1 and S2, each at 0.5 nM) were combined 
and allowed to hybridize at 25 °C for 12 h (0.15 M NaCl, 0.01 % 
TWEEN® 20). The final solution volume was 900 μL. After the 
completion of the hybridization, the SNA assembly solution was 
combined with 100 μL of an M2+ solution at a desired concentration. 
TWEEN® 20 plays an important role in preventing the SNAs from 

being adsorbed on the inner surface of the containers (plastic 
microtubes, glass vials, quartz cuvettes, etc.). The melting profiles 
of the SNA assemblies combined with an M2+ were obtained by 
monitoring the extinction change at 525 nm as the temperature 
increased from 25 to 75 °C at a rate of 1 °C/min using an Agilent 
8453 UV-vis spectrophotometer.  
 
M

2+-Mediated Reversible Assembly Formation of SNAs 
The SNA assemblies were prepared using single type SNAs, not 

using two complementary SNAs. In a typical experiment, single type 
SNAs (900 μL) were combined with an M2+ solution (100 μL) at a 
desired concentration of M2+ (the final [SNA] = 1 nM). The mixture 
was kept at 25 °C for 12 h with stirring for the assembly formation. 
To reversibly disassemble the assembled SNAs, 10 μL of an EDTA 
solution (typically [EDTA] = final [M2+]) was added to the 1 mL of the 
SNA assembly solution with vigorous stirring. The assembly 
properties of the SNAs were monitored by measuring their UV-vis 
spectrum using an Agilent 8453 UV-vis spectrophotometer.  

 
ICP-MS Measurement 

The single-type SNAs (S1, A20, C20, and T20) at 1 nM were combined 
with Cu2+ (1 μM for A20, C20, and T20; 0.5, 1, 2, 4, 6 μM for S1) for 3 h 
at 25 °C for the adsorption of Cu2+ to the SNAs. The final volume 
was 1 mL. The SNAs were centrifuged down (13000 rpm, 20 min), 
and the supernatant containing non-adsorbed free Cu2+ was 
collected and diluted 20 times for the ICP-MS measurement (Agilent 
7700, Agilent Technologies). The final mole number of Cu2+ 
adsorbed to the SNAs was calculated by subtracting the mole 
number of the free Cu2+ from the initially given mole number of 
Cu2+.  

 
Irreversible Assembly Formation of SNAs 

The SNAs (S1) were combined with Tween® 20 and H2O2 in an 
aqueous solution ([H2O2] = 28 mM, [SNA] = 1 nM, and 0.01% 
Tween® 20, as final concentrations), to which a Cu2+ stock solution 
at a desired concentration was spiked (final [Cu2+] = 0 ~ 8 mM). The 
mixture was allowed to react for 1 h at 50 oC. The UV-vis spectra of 
the SNAs were obtained using an Agilent 8453 UV-vis 
spectrophotometer. 
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