IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Synergetic Approach for Simple and Rapid Conjugation of Gold
Nanoparticles with Oligonucleotides

Jiuxing Li, Binging Zhu, Xiujie Yao, Yicong Zhang, Zhi Zhu, Song Tu, Shasha Jia, Rudi Liu,

Huaizhi Kang,* and Chaoyong James Yang*

The MOE Key Laboratory of Spectrochemical Analysis & Instrumentation, Collaborative Innovation Center of Chemistry for Energy
Materials, the Key Laboratory of Chemical Biology of Fujian Province, State Key Laboratory of Physical Chemistry of Solid Surfaces,
College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China

© Supporting Information

ABSTRACT: Attaching thiolated DNA on gold nanoparticles
(AuNPs) has been extremely important in nanobiotechnology
because DNA—AuNPs combine the programmability and
molecular recognition properties of the biopolymers with the
optical, thermal, and catalytic properties of the inorganic
nanomaterials. However, current standard protocols to attach
thiolated DNA on AuNPs involve time-consuming, tedious
steps and do not perform well for large AuNDPs, thereby greatly
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restricting applications of DNA—AuNPs. Here we demonstrate a rapid and facile strategy to attach thiolated DNA on AuNPs
based on the excellent stabilization effect of mPEG-SH on AuNPs. AuNPs are first protected by mPEG-SH in the presence of
Tween 20, which results in excellent stability of AuNPs in high ionic strength environments and extreme pHs. A high
concentration of NaCl can be applied to the mixture of DNA and AuNP directly, allowing highly efficient DNA attachment to
the AuNP surface by minimizing electrostatic repulsion. The entire DNA loading process can be completed in 1.5 h with only a
few simple steps. DNA-loaded AuNPs are stable for more than 2 weeks at room temperature, and they can precisely hybridize
with the complementary sequence, which was applied to prepare core—satellite nanostructures. Moreover, cytotoxicity assay
confirmed that the DNA—AuNPs synthesized by this method exhibit lower cytotoxicity than those prepared by current standard
methods. The proposed method provides a new way to stabilize AuNPs for rapid and facile loading thiolated DNA on AuNPs
and will find wide applications in many areas requiring DNA—AuNPs, including diagnosis, therapy, and imaging.
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B INTRODUCTION

Gold nanoparticles (AuNPs) have become an integral part of
research in nanoscience due to their excellent physical and
chemical properties, such as extremely high extinction
coefficients," outstandin7g fluorescence quenching ability,” >
high chemical stability,s' and significant catalytic ability.8 Since
1996,° attachment of thiolated DNA has expanded the
applications of AuNPs in areas such as pre aration of crystal
nanoparticle structures,” ! bioanalysis, 21 diagnostics,m_17
therapeutics,ls_zo in vivo imaging,lg’u_23 intracellular RNA
quantification,”*>® and gene regulation.”’*° The merits of
DNA—AuNPs include (i) high stability because the negatively
charged DNA acts as a charge and steric stabilizer in high ionic
strength solutions," (ii) excellent recognition capability due to
Watson—Crick base pairing,”"****** ‘and (iii) capability of
coupling to other molecules for drug delivery or molecular
imaging 263436

Despite these advantages, the long-standing challenges
associated with attaching thiolated DNA on AuNPs still
remain, greatly restricting application in many fields. In current
standard protocols to attach thiolated DNA on AuNPs, a high
concentration of NaCl is needed to screen the electrostatic
repulsion and facilitate the DNA loading process.37 However,
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citrate-capped AuNPs are not stable in a high ionic strength
environment and are prone to irreversible aggregation. Hence,
salt must be introduced gradually with increments of 10—50
mM to reach final concentration typically >300 mM. Following
each increment, the mixture should be incubated for a couple of
hours, which is troublesome and time-consuming. Another
limitation of loading thiolated DNA on AuNPs is the time-
consuming aging process to allow maximum loading of DNA,
which usually takes an entire day. Although sonication or
heating may accelerate the DNA loading process, overnight
incubation is still required.®® Additionally, there may be
significant nonspecific adsorption of ssDNA by interaction of
the AuNPs via the amine groups of nucleotides,"® which can
largely compromise the loading of thiolated DNA and the
recognition ability. Mercaptohexanol (MCH) can be applied to
minimize the nonspecific adsorption, so that only the sulfur—
gold bond interaction exists.>>** However, because excessive
displacement of the thiolated DNA by MCH from AuNP
surface may result in destabilization of AuNPs, accurate control
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of MCH concentration and reaction time is required.***
Finally, the procedures do not perform well for large AuNPs, as
even more salt addition steps are required.*"** Although large
AuNPs can be functionalized in the presence of surfactants,
such as sodium dodecyl sulfate,> gradual addition of salt is still
required, extending the process time to an entire day.

To address these issues, a number of alternate conjugation
schemes have been proposed. For example, a nonionic
fluorosurfactant was reported to assist loading thiolated DNA
on AuNPs in 2 h.** By this method, AuNPs could be well
dispersed in aqueous solution with 1 M NaCl, avoiding the
tedious steps of adding NaCl incrementally. However,
fluorinated surfactants are cytotoxic, precluding biological
applications of AuNPs.*** In addition, Zhang and co-workers
elegantly demonstrated that thiolated DNA could be
quantitatively attached to AuNPs in a few minutes at pH 3,*
but this method is not suitable for large nanoparticles, for which
high particle concentration or sonication was still needed to
assist the DNA attachment process.Ar7 Moreover, serious
nonspecific adsorption of DNA nucleotides may occur.*®
Later, Zhang and co-workers reported a novel depletion
method to stabilize AuNPs in extreme ionic strength and pH
environments.*” The AuNPs are stabilized by crowded
polymers, but the surfaces are still accessible, and thiolated
DNA can attach to AuNPs in 2 h. However, the method is
inconvenient, and nonspecific adsorption of DNA nucleotides
on AuNPs may still exist.

In this paper, we propose a novel approach for loading
thiolated DNA on gold nanoparticles without the tedious and
time-consuming salt-addition processes and aging steps. AuNPs
with different sizes can be stabilized by mPEG-SH in the
presence of Tween 20, where mPEG-SH sterically protects
most parts of the AuNP surface and Tween 20 acts as an
assisting reagent to protect the residual space. A high
concentration of NaCl can be directly added to the solution
and the DNA loading process can be completed in 1.5 h,
eliminating the labor-intensive gradual salt addition and time-
consuming aging processes, while minimizing nonspecific
adsorption of DNA nucleotides. This approach provides a
new way to stabilize AuNPs for rapid and facile loading of
thiolated DNA on AuNPs and will find wide applications in
many areas requiring DNA—AuNPs, such as diagnosis, therapy,
and imaging,.

B EXPERIMENTAL SECTION

Materials and Reagents. All the DNA sequences (Table 1) were
synthesized on a PolyGen Column 12 DNA synthesizer (PolyGen
GmbH, Germany), and all DNA synthesis reagents were purchased
from Glen Research (Sterling, VA, USA). HAuCl,-4H,O and Triton

Table 1. Sequences Used in This Study”

name sequence (S5’ to 3')

DNA1 TAG GAA TAG TTA'TAHA(A)m—SH

DNA2 TTA TAA CTA TTC CTA (A),-SH

DNA3 CGC ATT CAG GAT T(FAM)—SH

DNA4 CGC ATT CAG GAT T(TMR)-SH

DNAS CGC ATT CAG GAT (A), T(EAM)-SH

DNA6 ATT GAC CGC TGT GTG ACG CAA CAC TCA A(T),s
T(FAM)-SH

DNA7 ATC CTG AAT GCG-FAM

“T(FAM) and T(TMR) represent FAM and TMR labeled on T base,
respectively.

16801

X-100 were supplied by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Pluronic F-127 was obtained from Sigma-Aldrich
(St. Louis, MO, USA). Tween 20 and Tween 80 were purchased from
Xilong Chemical Co. Ltd. (Guangdong, China). Sodium dodecyl
sulfate (SDS) was obtained from J&K Chemical Technology
(Guangdong, China). 2-Mercaptoethanol was purchased from Xiya
Reagent Company Ltd. (Chengdu, China). mPEG-SH (MW ~750
Da), mPEG-SH (MW ~§ kDa), and mPEG-SH (MW ~20 kDa) were
purchased from JenKem Technology Co., Ltd. (Beijing, China).

Synthesis of 13- and 55-nm Gold Nanoparticles. AuNPs with
an average diameter of 13 and 55 nm were synthesized by reduction of
HAuCl, with sodium citrate.”® All glassware used was thoroughly
washed with freshly prepared aqua regia (HNO;/HCI = 1:3) and then
rinsed extensively with deionized water. Chloroauric acid (0.01 wt %,
100 mL) was added to a round-bottom flask and boiled with stirring
and refluxing. Then 1 mL of 3 wt % sodium citrate (0.7 mL of 1 wt %
sodium citrate for SS nm AuNPs) was quickly added to the boiling
solution. The solution was maintained at the boiling point with
continuous stirring for 30 min. The solution was allowed to cool to
room temperature and stored in the dark until used. UV—vis
absorption spectra, photography, and TEM were used to characterize
the synthesized AuNPs (Supporting Information (SI) Figure S1). The
concentration of AuNPs was determined by UV—vis absorbance based
on the reported extinction coefficient of 2.46 X 10° M™' cm™ for 13-
nm AuNPs and 2.97 X 10" M™' cm™ for 55-nm AuNPs.' The
concentrations of AuNPs synthesized by this method were about 2.5
nM for 13-nm AuNPs and 0.025 nM for 55-nm AuNPs.

Attaching Thiolated DNA to Gold Nanoparticles. To 1 mL of
2.5 nM 13-nm AuNPs solution, 10 uL of 1 wt % Tween 20 and 50 uL
of 4 yM mPEG-SH (MW ~S kDa) were added. After brief mixing, 8
uL of 100 M thiolated DNAs was added to the mixture and NaCl was
added to reach a final concentration of 800 mM. After aging for 60
min at room temperature, excess reagents were removed via
centrifugation at 14 000 rpm for 10 min. The precipitate was washed
three times with PBST solution (10 mM Na,HPO,, 137 mM NaCl,
and 2.7 mM KCl, 0.01 wt % Tween 20, pH 7.4) by repetitive
centrifugation and dispersion. For comparison, a previously reported
method was also used to load thiolated DNA on AuNPs over a 16-h
period.>!

Quantification of DNA Loaded on Gold Nanoparticles.
Fluorophore-labeled thiolated DNA was used to quantify the number
of oligonucleotides loaded on each particle. After attaching AuNP, the
fluorophore-labeled thiolated DNA was cleaved from the purified
DNA—AuNPs using aqueous mercaptoethanol as described in
previously reported procedures.®” Briefly, the purified fluorophore-
labeled oligonucleotide-modified AuNPs were dispersed in PBST
solution and mercaptoethanol was added to the mixture to reach a
final concentration of 20 mM. After S h incubation at room
temperature with continuous mixing, the solution containing displaced
oligonucleotides was separated from the AuNPs by centrifugation. To
determine the concentration of oligonucleotides, fluorescence
measurements were carried out on an RF-5301-PC fluorescence
spectrophotometer (Shimadzu, Japan). The emission spectra were
obtained by exciting the samples at 497 nm and scanning the emission
from 510 to 700 nm in steps of 1 nm. The standard curve was
prepared by measuring the fluorescence of different concentrations of
fluorophore-labeled DNA. Then, the fluorescence intensity of the
supernatant was measured and compared to the standard curve. The
number of oligonucleotides on each particle was calculated by dividing
the concentration of fluorescent oligonucleotides by the concentration
of nanoparticles.

X-ray Photoelectron Spectroscopy. The ligands on the surface
of AuNPs were analyzed by X-ray photoelectron spectroscopy (XPS),
using a Physical Electronics PHI Quantum 2000 system. All reported
values of electron binding energy were calibrated with respect to the
principal peak of C;; at 284.5 €V as an internal standard.

Thermal Denaturation of Gold Nanoparticle Assembly. UV
melting curves of two complementary thiolated DNA sequences
before and after attaching to AuNPs were monitored at 260 nm using a
UV—vis spectrophotometer (Agilent 8453, USA) with a temperature
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control device (Agilent 89090A). A 200-uL sample of 2.5 nM 13-nm
DNA1—AuNPs was mixed with the same amount of 13-nm DNA2—
AuNPs in a cuvette. The absorbance changes were recorded from 10
to 70 °C at 1 °C min™".

Preparation of Gold Nanoparticle Assemblies. The 55-nm
AuNPs and 13-nm AuNPs were decorated with DNAI and DNA2 by
the method described above, respectively. The as-prepared DNA—
AuNPs were dispersed in PBS solution (10 mM Na,HPO,, 137 mM
NaCl, and 2.7 mM KCl, pH 7.4). Then 50 uL of 0.25 nM S$5-nm
DNAI1—-AuNPs and 50 pL of 25 nM 13-nm DNA2—AuNPs were
mixed and incubated at 37 °C for 12 h. The free DNA—AuNPs were
removed by three rounds of centrifugation and resuspension in PBS
buffer. Aliquots of the AuNP assemblies were taken for TEM analysis
(TECNAI F30).

Cytotoxicity Assay. HeLa cells were chosen as the target cells to
perform the cytotoxicity assay. HeLa cells growing in log phase were
seeded into a 96-well cell-culture plate at 1 X 10*/well and cultured in
80 yL of DMEM containing penicillin, streptomycin, and 10% FBS.
DNA—AuNPs synthesized by the conventional method or the mPEG-
SH-assisted method were gradually diluted to 50, 10, 2, 0.4, and 0 nM
with DMEM cell medium. Then, 20-yL aliquots of different
concentrations of AuNPs/DMEM solution were applied to HeLa
cells and cultured for 24 h. The in vitro cytotoxicity of DNA—AuNPs
was evaluated using a standard MTT (methyl thiazolyl tetrazolium)
assay.

B RESULTS AND DISCUSSION

Working Principle of mPEG-SH-Assisted Attaching of
Thiolated DNA to AuNPs. Citrate-stabilized AuNPs of
different sizes are stable in an aqueous solution with low
ionic strength and narrow pH range, but irreversible
aggregation of AuNPs will occur in the presence of NaCl
over 50 mM. Because citrate-stabilized AuNPs are negatively
charged and the charge strength increases with the attachment
of negatively charged DNA, a time-consuming and labor-
intensive process of incremental NaCl addition has been used
to screen the charge repulsion between DNA and AuNPs
before loading high-density thiolated DNA on AuNPs (Figure
1A).>" To address this problem, Zu proposed a nonionic
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Figure 1. Working principle and procedures of current standard
method (A) and mPEG-SH-assisted method (B) to load thiolated
DNA on AuNPs (size not to scale).

fluorosurfactant method to increase the stability of AuNPs,*
but the fluorosurfactant is cytotoxic. Zhang developed a pH-
assisted method to reduce the charge repulsion between AuNPs
and DNA, but it was not suitable for large AuNPs.*® Here, we
propose a mPEG-SH-assisted method to stabilize AuNPs in the
presence of Tween 20. The working principle of our strategy is
illustrated in Figure 1B. To stabilize AuNPs, Tween 20 and
mPEG-SH (MW ~5 kDa) are first added to the AuNP solution

to reach a final concentration of 0.01 wt % and 200 nM,
respectively. After brief mixing, thiolated DNA is added to the
mixture, directly followed by NaCl, with the final concentration
of 800 nM and 800 mM, respectively. The previous weakly
adsorbed Tween 20 will be displaced by thiolated DNA during
the DNA loading process. After incubation for 1 h, the free
DNA is removed by centrifugation. AuNPs of different sizes
stabilized by this method can be stably dispersed in high ionic
strength (0.8 M NaCl) solution and over a wide pH range
(from pH 1 to 13). The thiolated DNA can be attached to
AuNPs quantitatively and DNA—AuNPs are stable at room
temperature for more than 2 weeks.

Stability of mPEG-SH Protected Gold Nanoparticles in
the Presence of Tween 20. To demonstrate the synergistic
effect of Tween 20 and mPEG-SH in protecting AuNPs from
aggregation, the protecting abilities of mPEG-SH and Tween
20 were investigated individually. First, different concentrations
of mPEG-SH were added to 2.5 nM 13-nm AuNPs (SI Figure
S2A), and after 20 min incubation, different concentrations of
NaCl were applied to the mixture. The results showed that
1000 nM mPEG-SH can protect 13-nm AuNPs in the presence
of up to 800 mM NaCl. This indicates that sufficient mPEG-SH
had attached to the AuNP surface to create steric hindrance to
protect AuNPs from aggregation, but the steric hindrance may
also compromise the DNA loading capacity on AuNPs. Second,
we tested the protecting ability of Tween 20. As shown in SI
Figure S2B, attaching to AuNP surface by weak physical
adsorption, Tween 20 cannot stabilize AuNPs in a high ionic
strength environment. Herein, we combined the advantages of
the large steric hindrance of mPEG-SH and the weak
adsorption property of Tween 20 to stabilize AuNPs in a
high ionic strength environment. As shown in Figure 2 and SI
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Figure 2. Dispersibility of 13-nm (A) and S5-nm (B) AuNPs
protected by different protective reagents followed by adding different
concentrations of NaCl. The concentrations of Tween 20 and mPEG-
SH applied for 13-nm AuNP (2.5 nM) were 0.01 wt % and 200 nM,
respectively. The concentrations of Tween 20 and mPEG-SH applied
for $5-nm AuNP (0.025 nM) were 0.01 wt % and 40 nM, respectively.

Figure S3, 0.01 wt % Tween 20 and 200 nM mPEG-SH were
applied to 2.5 nM citrate-capped 13-nm AuNPs before adding
different concentrations of NaCl. Irreversible aggregation of
AuNPs occurred in 100 mM NaCl in the presence of Tween 20
or mPEG-SH alone. In contrast, AuNPs were stably dispersed
in the presence of 800 mM NaCl with both Tween 20 and
mPEG-SH present. In the case of 55 nm AuNPs, 0.01 wt %
Tween 20 and 40 nM mPEG-SH were used instead, because of
the lower concentration of the 55-nm AuNPs (0.025 nM).
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Similarly, 0.01 wt % Tween 20 or 40 nM mPEG-SH alone were
not able to protect 55-nm AuNPs from aggregation in the
presence of 400 mM NaCl, but AuNPs were well dispersed in
800 mM NaCl when Tween 20 and mPEG-SH were both
present. These results show that AuNPs can be protected by
the synergistic effect of Tween 20 and mPEG-SH.

Several mechanisms have been proposed to explain the
protective properties of different materials on AuNPs. First,
charge stabilization is the most widely recognized eftect, which
was proposed to interpret the protective properties of citrate on
AuNPs. For AuNPs prepared by the citrate reduction method,
citrate ions are believed to adsorb onto the surface of AuNPs to
render a negatively charged surface for charge stabilization.*®
The second mechanism is depletion stabilization. Nanoparticles
may experience a depletion force originating from the excluded
volume effect of the polymer when they are dispersed in a
nonadsorbing polymer solution.*”* The third mechanism is
steric stabilization. Polyethylene glycol (PEG) is considered to
be weakly adsorbed on gold nanoparticle surfaces,** and it acts
as a steric stabilizer to stabilize AuNPs by preventing them from
touching each other. On the basis of the mechanisms proposed
above, it is highly possible that mPEG-SH was linked to the
AuNP surface by a sulfur—gold bond. The PEG acted as a steric
stabilizer to protect most parts of AuNP surface, and Tween 20
played an assisting role in protecting the residual space of
AuNP surface.

Effect of Different Surfactants and Different Sizes of
mPEG-SH on Stabilizing Gold Nanoparticles. After
demonstrating the synergistic effect of Tween 20 and mPEG-
SH in protecting AuNPs, the synergistic effect between other
kinds of surfactants and mPEG-SH was investigated (SI Figure
S4). In these experiments, we employed a positively charged
surfactant, cetyltrimethylammonium bromide (CTAB), a
negatively charged surfactant, sodium dodecyl sulfate (SDS),
and three nonionic surfactants: pluronic F127, Tween 80, and
Triton X-100. These surfactants were chosen according to their
charge states and molecular structures to compare the effects of
different kinds of surfactants in stabilizing AuNPs and confirm
the mechanism of synergistic effect. Different concentrations of
surfactants were added to citrate-capped 13-nm AuNPs with
200 nM mPEG-SH. After brief mixing, the concentration of
NaCl was adjusted to 800 mM. All tested surfactants except
SDS exhibited a synergistic effect with mPEG-SH in stabilizing
AuNPs, but the minimum concentration of surfactant required
differed, probably due to the different chemical structures of
surfactants resulting in the difference in affinity and steric
hindrance on AuNPs. We obtained similar results with 55-nm
AuNPs, with all surfactants except SDS having a synergistic
effect with mPEG-SH in stabilizing AuNPs. The experiments
above confirmed the necessity of Tween 20 (or other nonionic
surfactant or CTAB) in protecting AuNPs from aggregation.

Next, we studied the stability of AuNPs as a function of
mPEG-SH with different sizes. Tween 20 of 0.01 wt % and
different concentrations of mPEG-SH with different sizes were
added to 1 mL of 2.5 nM citrate-capped 13-nm AuNPs aqueous
solution, and then the concentration of NaCl was adjusted to
800 mM. An immediate color change to blue and then to
colorless was observed for AuNPs that were not well protected.
As shown in Figure 3A and SI Figure SS5A, the minimum
concentration of mPEG-SH needed to stabilize 13-nm AuNPs
decreased with the increasing of mPEG-SH size, due to the
larger steric hindrance provided by each mPEG-SH. In the case
of 55-nm AuNPs (Figure 3B and SI Figure SSB), similar results
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Figure 3. Photograph of 13-nm (A) and S5-nm (B) AuNPs protected
by 0.01 wt % Tween 20 and different concentrations of mPEG-SH
with different sizes followed by adding 800 mM NaCl.

were obtained, but 55-nm AuNPs could not be stabilized by the
smallest size mPEG-SH (MW 750 Da) even at 5§ uM
concentration. We suspected that the size of mPEG-SH (MW
750 Da) is smaller than the London interaction®~>* range of
55-nm AuNPs and steric stabilization cannot be achieved.
Moreover, the incubation time between mPEG-SH and AuNPs
in the presence of Tween 20 was also investigated, and we
found that just brief mixing of mPEG-SH with AuNPs was
enough to stabilize AuNPs in 800 mM NaCl solution (SI
Figure S6A) and over a wide range of pH (SI Figure S6B).
Surface Protecting Process Confirmed by XPS. To
confirm the mechanism we proposed, the process of AuNP
stabilization at each step was monitored by X-ray photoelectron
spectroscopy (XPS). The presence of elemental gold and the
exchange of capping reagents were confirmed by XPS (SI
Figure S7). AuNPs synthesized by the citrate reduction method
are capped with citrate and a strong O,; peak and a week Cj;
peak can be found at 531 and 284 eV, respectively. By
displacing citrate with Tween 20, the C,, peak increased
significantly, while the O, peak remained almost the same, due
to the high percentage of carbon species attached to the surface
of AuNPs. By further attaching mPEG-SH on AuNPs, some of
the Tween 20 molecules loaded on AuNPs were displaced by
mPEG-SH, so that both the C,; and O, peaks decreased. In
addition, significant differences could also be observed in C
high-resolution XPS spectra (Figure 4). The carbon species
from citrate capped AuNPs were hydrocarbons (C—C and C—
H, peak 1) and carboxyl carbon (O—C=O0, peak 3) with
binding energies of ~284.5 and ~288.5 eV, respectively. There
was also a peak at 285.5 eV, corresponding to carbon bound to
oxygen (C—OH, peak 2) in the form of oxidized adventitious
carbon.>” The carbon species from Tween 20 or both Tween
20 and mPEG-SH capped AuNPs were hydrocarbons (C—C
and C—H, peak 1) and the carbon bound to oxygen (peak 2)
showed characteristic binding energies of ~284.5 and ~285.5
eV. As summarized in Figure 4D, the peak for carbon bound to
oxygen (peak 2) increased significantly and the peak for the
carboxyl carbon (peak 3) decreased as the citrate was displaced
by Tween 20. Both carbon bound to oxygen (peak 2) and
carboxyl carbon (peak 3) decreased when mPEG-SH was
further added to decorate AuNPs and displace Tween 20 from
the AuNP surface. These results confirmed that both Tween 20
and mPEG-SH attached to the surface of AuNP to provide a
synergistic effect in protecting AuNP form aggregation.
Effects of Different Factors on DNA Loading Capacity.
After confirming the stabilization of AuNPs by mPEG-SH in
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SH capped AuNPs. (D) Corresponding normalized peak intensity of
different types of AuNPs.

the presence of Tween 20, different factors that affect DNA
loading capacity were investigated. First, we investigated the
effect of different kinds of surfactants including Tween 20,
Tween 80, pluronic F127, and Triton X-100. The number of
DNAs loaded on each 13-nm AuNP was almost the same in the
presence of 0.01 wt % of different surfactants (Figure SA). In
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Figure S. Factors affecting DNA loading capacity on 13-nm AuNPs:
(A) types of surfactants; (B) concentrations of mPEG-SH with
different sizes; the minimum concentrations of mPEG-SH were
determined by their abilities to stabilize AuNPs; (C) NaCl
concentrations; and (D) aging time.

contrast, the DNA loading capacity would be affected by the
increasing concentration of Tween 20 (SI Figure S8A). We
then considered the effect of the size and concentration of
mPEG-SH on DNA loading capacity. As the minimum required
concentrations of mPEG-SH with different sizes were different,
the minimum concentrations of mPEG-SH we investigated
were 5, 0.2, and 0.04 uM for mPEG-SH (MW 750 Da), mPEG-
SH (MW § kDa), and mPEG-SH (MW 20 kDa), respectively.
As shown in Figure 5B, the number of DNAs on each 13-nm
AuNP increased with the increasing of mPEG-SH size and
decreasing of mPEG-SH concentration. Because the number of

mPEG-SH attached to AuNPs decreased as the size of mPEG-
SH increased, the residual space on the AuNP surface
increased, thereby increasing the number of DNAs loaded.
Similarly, the DNA loading capacity decreased with increasing
concentration of mPEG-SH, since more space was occupied by
mPEG-SH. Moreover, we found that the number of DNAs
loaded on each nanoparticle increased with increasing
concentration of NaCl (Figure SC) and HS-DNA (SI Figure
S8B). As for 55-nm AuNPs, the concentration of Tween 20
would not affect DNA loading capacity (SI Figure S8C), but
increasing concentration of mPEG-SH would reduce the
number of DNA on each 55-nm AuNP (SI Figure S8D).
Finally, we investigated the time needed to finish the DNA
loading process (Figure SD). After 30 min of aging process,
DNA was found saturated on AuNP surface. All steps taken
together, the whole DNA loading process could be finished in
less than 1 h. To maximize DNA loading, we used 1 h for the
aging process, where the whole loading process could be
finished within 1.5 h. Therefore, the number of DNAs loaded
on each AuNP could easily be controlled by the concentrations
of surfactants, mPEG-SH, and NaCl, and by the size of mPEG-
SH. The pH-assisted method developed by Zhang*® avoided
the salt addition process and the entire DNA loading process
could be finished in § min. But we also found that severe
nonspecific adsorption of DNA base occurred using the pH-
assisted method (SI Figure S9), making the method unsuitable
for long-chain thiolated DNA and compromising the hybrid-
ization efficiency (SI Figure S10).

Quantitative DNA Loading on AuNPs and Function-
ality of DNA Conjugated AuNPs. For more advanced
applications, it is desirable to load more than one type of DNA
on each AuNP. Therefore, different ratios of DNA3 and DNA4
were used to functionalize AuNPs (Figure 6A). The numbers of
DNA3 and DNA4 loaded on AuNPs were proportional to the
ratio applied to the AuNP solution. To ensure that DNA
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Figure 6. (A) Attachment of two HS-DNAs (DNA3 and DNA4) on
13-nm AuNPs with different ratios. (B) Melting temperature of
complementary HS-DNA (DNA1 and DNA2) before and after
loading on AuNPs. Triangle and line correspond to experimental data
and simulation results, respectively. (C) Reversible assembly of
DNA1—AuNPs and DNA2—AuNPs at 25 and 75 °C in PBS buffer.
(D) Representative TEM images of 55-nm DNAI—AuNPs assembled
with 13-nm DNA2—AuNPs.
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loaded on AuNPs can still function well, we investigated the
melting profiles of DNA—AuNPs and tested the DNA-directed
assembly of AuNPs. The melting profiles of 13-nm DNAI-—
AuNPs and 13-nm DNA2—AuNPs were obtained by
monitoring the absorbance at 260 nm as a function of
temperature. As shown in Figure 6B, the melting temperature
of DNA1 and DNA2 on AuNPs increased almost 25 °C
compared to that of pure DNA, and the melting profile
exhibited an extremely sharp transition which is convincing
evidence of a high DNA density on AuNPs.*” Moreover,
assembly and disassembly of DNA—AuNPs between 25 and 75
°C were reversible even after S cycles (Figure 6C). To further
confirm the assembly of AuNPs functionalized with comple-
mentary DNA, 55-nm DNAI—AuNPs and 13-nm DNA2—
AuNPs were fabricated separately by the mPEG-SH-assisted
method, and then they were allowed to hybridize at 37 °C for
12 h. On average, the AuNP assemblies were composed of one
55-nm AuNP and eight 13-nm AuNPs (Figure 6D). As a
comparison, 55-nm DNA1—AuNPs did not hybridize with the
noncomplementary 13-nm DNA3—AuNPs and could not form
AuNP assemblies (SI Figure S11). The experiments above
confirm the functionality of DNA—AuNPs fabricated by this
method.

Long-Term Stability and Cytotoxicity of DNA—AuNPs.
High stability over time is always a basic requirement for
functionalized materials. Therefore, the time-dependent
stability of DNA—AuNPs prepared by the mPEG-SH-assisted
method and by a current standard protocol®* was compared.
The 13-nm AuNPs were decorated with DNA3 by the two
different protocols and stored in the dark at room temperature.
The AuNP stabilities were evaluated by dispersibility in water.
As shown in Figure 7A and SI Figure S12, the DNA3—AuNPs
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100 {E@mPEG-SH assist
Standard 2
L 80
b=
g 60
MPEG-SH < a0
assist Q 3
A - 0
01 2 4 8 16 32 o 1 2 4 8 16 32
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Figure 7. Stability of 13-nm AuNPs functionalized by current standard
method and the mPEG-SH-assisted method: (A) dispersibility of
AuNPs over time; (B) the number of DNAs loaded on AuNPs over
time.

fabricated by both the standard method®' and the mPEG-SH-
assisted method could be well dispersed for over 2 weeks. To
test the loading stability of AuNPs, the number of DNAs
attached to the AuNPs was considered. Fluorophore-labeled
thiolated DNA was attached to AuNPs by both the standard
and the mPEG-SH-assisted method, and the number of DNAs
loaded was determined on different days. As shown in Figure
7B, the number of DNAs on DNA—AuNPs fabricated by the
standard method was slightly greater than the number on
AuNPs fabricated by the mPEG-SH-assisted method. The
number of DNAs on each particle remained almost the same
for over 2 weeks. The results demonstrated that the long-term
stability of DNA—AuNPs fabricated by the mPEG-SH-assisted
method was as good as that of DNA—AuNPs fabricated by the
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current standard method. Thus, rapid processing did not
compromise the DNA—AuNP stability.

One of the major challenges for the bioapplication of DNA—
AuNPs is the biocompatibility of the material. Hence, the
cytotoxicity of DNA—AuNPs prepared by mPEG-SH-assisted
method and the current standard method were investigated.
Different concentrations of the prepared AuNPs were applied
to the cell culture medium. Cells were cultured at 37 °C for 24
h and cell viability was evaluated by MTT assay. As shown in SI
Figure S13, the cell viability decreased slightly with an increase
of AuNP concentration from 0.1 to 10 nM for both protocols,
indicating that the DNA—AuNPs decorated by the mPEG-SH-
assisted method bear no extra cytotoxicity and can be directly
used for bioanalytical and biomedical applications.

B CONCLUSIONS

In conclusion, we demonstrated that different sizes of AuNPs
can be stabilized by the synergistic protection effect of
surfactant and mPEG-SH over a wide range of pHs and ionic
strengths. The minimum required concentration of surfactant
differs for each type of surfactant, as different chemical
structures result in different affinities. The minimum required
concentration of mPEG-SH decreases with increasing size of
mPEG-SH due to the larger steric hindrance. The stabilization
processes of AuNPs were further confirmed by XPS. On the
basis of this finding, we have proposed a novel protocol to load
thiolated DNA on AuNPs without the tedious salt addition
processes, with the maximum quantity of thiolated DNA loaded
achieved within 1.5 h. The number of DNAs loaded on each
gold nanoparticle could be easily controlled by the concen-
trations of mPEG-SH and salt, the size of mPEG-SH, and the
aging time. In addition, we observed no effect on hybridization
capability, excellent biocompatibility, and long-term stability of
DNA—AuNPs. The proposed protocol not only prevents
nonspecific adsorption of nucleotide bases of thiolated DNA,
but also extends the stability of functionalized AuNPs. The
ability to stabilize AuNPs by the synergistic effect of Tween 20
and thiolated PEG offers an exciting new way to simplify the
thiolated DNA loading process, and it will greatly extend the
application of DNA—AuNPs in nanoscience and biomedicine.

B ASSOCIATED CONTENT
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Additional data confirming the synergistic protecting effect of
Tween 20 and mPEG-SH, nonspecific adsorption of DNA on
gold nanoparticles, assembly and cell viability of DNA—AuNPs.
This material is available free of charge via the Internet at
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