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oble metal nanoparticles (mNPs)

have unique optical properties

arising from their ability to sup-
port a localized surface plasmon resonance
(LSPR).! These optical properties are deter-
mined by the material properties of the
mNPs such as chemical composition, par-
ticle shape, size (or spacing), and dielectric
constant of the surrounding medium. One
powerful and simple way to use mNPs for
biosensing is to construct colorimetric as-
says that exploit the particle size (or inter-
particle spacing)-determined LSPR proper-
ties and solution color as sensing
elements.2~* Biomolecular interactions and
biological processes can be detected on the
basis of their modulation of the mNPs’ dis-
persion and aggregation status. Changing
of interparticle distance will change the
particle—particle plasmonic coupling and
the aggregate scattering that are measur-
able by a distinct LSPR spectrum shift
and/or particle solution color changes.

Mirkin and co-workers reported the first

colorimetric assay for the detection of nu-
cleic acid hybridization® upon their develop-
ment of single-stranded (ss)DNA-
conjugated gold nanoparticles (AuNPs)
that exhibited strong color change and
LSPR red shift in the presence of target DNA.
Since then, the design and preparation of
mNPs conjugates with a variety of receptors
(e.g., aptamers,®” peptides® "
antibodies,'> ' DNA,">~ "7 etc.) have at-
tracted great attention. Development of
more generic, robust, and reliable (less false
positive results) colorimetric assays has
formed an important branch of research.
The use of DNA—mNPs conjugates as colo-
rimetric probes has been extended from
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ABSTRACT We have developed a unique metal nanoparticle (mNPs)-based assay to detect sequence-specific
interactions between transcription factor and its corresponding DNA-binding elements. This assay exploits the
interparticle-distance dependent optical properties of noble mNPs as sensing element and utilizes specific
protein—DNA interactions to control the dispersion status of the mNPs. The assay involves two sets of double-
stranded (ds)DNA modified-mNPs, each carrying a half site segment of a functional DNA sequence for the protein
of interest. Each of these half sites is designed to contain a short complementary sticky end that introduces base-
pairing forces to facilitate particle aggregation and to form a transient full dsDNA sequence. The detection of
specific protein—DNA binding is founded on the premise that the mixture of these two sets of dsDNA—mNPs
experiences a remarkable particle aggregation under certain salt conditions; whereas the aggregation can be
retarded in the presence of a specific protein that binds and stabilizes the transient full dsDNA structure and
therefore introduces steric protection forces between particles. We have demonstrated the concept using estrogen
receptor o and its response elements, with gold and silver NPs as the sensing platform. UV —vis spectroscopy,
transmission electron spectroscopy, and dynamic light scattering measurements were conducted to provide full
characterization of the particle aggregation/dispersion mechanism. Differing from most of the mNP-based
colorimetric sensors that are designed based on the analyte-induced aggregation mechanism, current protein
binding-stabilization sensing strategy reduces the false signals caused by unrelated particle destabilizing effects.
It is expected that this assay principle can be directed toward other transcription factors by simply changing the
recognition sequence to form different segmented dsDNA—mNP constructs.

KEYWORDS: gold nanoparticles - silver nanoparticles - colorimetric sensing
assay - transcription factors - protein—DNA binding - estrogen receptors - estrogen
response elements

measuring nucleic acids hybridization>'>~"7
to detecting various DNA binders (e.g., small
molecules,'®2° drugs,?'?? metal ions, =%’
etc.) and to monitoring different DNA-
related enzymatic reactions.?®732 In most of
the assays for DNA hybridization and for
DNA binders, DNA—mNPs conjugates are
assembled into aggregates through forma-
tion of interparticle-molecular linkers such
as DNA—duplexes, DNA—triplexes,
DNA—small molecule complexes, and
DNA—metal—DNA coordination com-
plexes. UV—vis melting temperature mea-
surements are often used to detect
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single-base-mismatch in DNA duplex® and to deter-
mine the binding strength of DNA binders.'82072326 |n
DNA-related enzymatic assays, for example, endonu-
cleases cleavage of DNA, dissociation of DNA-linked
particle aggregates in the presence of endonucleases
provides the measures of enzymatic activity and/or
inhibition.?®~3! Despite the wide range applications of
DNA—mNPs conjugates, their utilities for detecting
DNA binding proteins, another category of DNA binder,
have been less well demonstrated.”33

DNA-binding proteins (e.g., transcription factors,
polymerases, and nucleases) are proteins that contain
DNA-binding domains and thus have a specific or gen-
eral affinity for either single- or double-stranded DNA.
Interactions between these proteins and DNA play criti-
cal roles in many biological processes. Sequence-
specific DNA-binding proteins, such as transcription fac-
tors, modulate the process of gene transcription by
binding to a specific double-stranded (ds)DNA se-
quence. It is crucial to develop reliable techniques ca-
pable of measuring transcription factor—DNA interac-
tions with high sequence specificity. Most recently, an
AuNPs-based assay for lac repressor (a most extensively
studied transcription factor) has been reported.>® This
assay exploited (ds) lac operator-conjugated AuNPs as
sensing probes. Lac repressor (protein) and lac operator
(DNA) binding was monitored based on the facts that
lac repressor binds with lac operator as homodimers,
where the two homodimers join at the C-terminus to
form a tetramer. The divalent binding property enables
the lac repressor protein to serve as a bridge to con-
nect the lac operator conjugated DNA—AuNPs to form
particle aggregates. Unlike the aforementioned assays
for DNA binders,'® 32 including DNA-binding protein for
enzymatic reaction,?®~32 that rely on the formation/
dissociation of interparticle DNA duplex linkers, the
dimer—dimer interface connection of lac repressor are
responsible for the formation of AUNPs aggregates. As
such no target (protein) recognition of DNA linkers em-
bedded inside the network particle aggregates is
needed, which often leads to slow colorimetric re-
sponse due to the poor accessibility.3? Similarly, in an-
other assay for protein (platelet-derived growth factors)
and its DNA aptamers, the fact that the aptamer binds
to the protein in a 2:1 fashion is exploited to aggregate
the particles.” While the use of divalent binding prop-
erty of a protein to design protein—DNA binding assay
is innovative, it may exhibit a limitation to the general-
ity for other proteins that do not have such a property.

In this study, we have developed a mNPs-based
protein—DNA binding assay that has no such limita-
tion, owing to an elegant design of double-stranded
(ds)DNA—mNPs conjugates and therefore a more ge-
neric aggregation principle. Particularly this assay in-
volves two sets of dsSDNA—mNPs conjugates, each car-
rying a half site segment of a functional dsDNA
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TABLE 1. Estrogen Response Elements (ERE) Sequences

names (denoted as) oligonucleotide sequences

sense strand of consensus ERE (v)  5’-GTCCAAAGTCAGGTCACAGTGACCTGATCAAAGT-3"
(ds) ERE half site 1 (v1) 5"-HS(CH,)s-GTCCAAAGTCAGGTCACAG-3’
3'-CAGGTTTCAGTCCAGT-5"
5"-HS(CH,)s-ACTTTGATCAGGTCACTG-3"
3'-TGAAACTAGTCCAGT-5"

(ds) ERE half site 2 (v2)

sense strand of scrambled DNA (s)  5"-GTCCAAAGTCAATCGCCAGCACGATGATCAAAGT-3’

(ds) scrambled half site 1 (s1) 5’-HS(CH,)s-GTCCAAAGTCAATCGCCAG-3’
3'-CAGGTTTCAGTTAGCC-5
(ds) scrambled half site 2 (s2) 5’-HS(CH,)s-ACTTTGATCATCGTGCTG-3"

3"-TGAAACTAGTAGCAC-5'

sequence for the protein of interest. These dsDNA half
sites are designed to contain a sticky end of a small
number of nucleotides that are complementary to each
other, introducing a tendency to form a transient full
dsDNA sequence for protein recognition and a driving
force to facilitate particle aggregation in the presence of
salt ions. The detection of specific protein—DNA bind-
ing is based on the observation that the mixture of
these two sets of dSDNA—mNPs experiences a remark-
able particle aggregation under certain salt conditions;
but the aggregation can be retarded in the presence of
protein due presumably to the binding of the protein
to the transient full dsDNA sequence that can insert
steric protection forces between the particles and stabi-
lize the transient structure. We have demonstrated the
concept using estrogen receptor a and its response el-
ements, with gold and silver NPs as the sensing plat-
form. UV—vis spectroscopy, transmission electron mi-
croscopy (TEM), and dynamic light scattering (DLS)
measurements were conducted to provide full charac-
terization of the particle aggregation/dispersion mech-
anism. This “light off” sensing strategy using analyte as
a stabilizer to prevent particle aggregation,® avoids the
false positive results as often seen in the “light on” as-
says where analyte binding causes particles to aggre-
gate. It is expected that this assay principle can be di-
rected toward other transcription factors by simply
changing the recognition sequences used to form seg-
mented dsDNA—mNPs constructs.

RESULT AND DISCUSSION

Preparation of Segmented dsDNA—mNPs Conjugates and
Stability Test. Estrogen receptor a (ERa) is a nuclear re-
ceptor that regulates estrogen gene transcription by
binding to its response elements (EREs). The consensus
ERE from vitellogenin A2 gene (vit ERE) is a 34 bp
double-stranded DNA that contains a core sequence
(5'-GGTCANNNTGACC-3’, n: spacer nucleotides) for ERa
protein to bind at a high affinity (the sense sequence of
vit ERE is shown in Table 1). As shown in Figure 1, the
consensus vit dsERE was split into two half ERE seg-
ments (denoted as v1 and v2, respectively) with a
3-bases complementary sticky end. AuNPs were func-
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Figure 1. Schematic illustration of sensing principle. Two sets of gold nanoparticles (AuNPs) each is modified with a half ERE segment
(v1 and v2) containing 3-bases complementary sticky ends. These particles, when mixed together at 1:1 molar ratio, have a tendency to
aggregate through Watson—Crick base-pairing force (middle). The addition of KCl screens the charge repulsion between DNA—AuUNPs
and promotes base paring, resulting in rapid particle aggregation and solution color change from red to purple (left). In the presence
of ERe, the binding of the protein to the transient full ERE sequence between AuNPs exerts steric force to stabilize the AuNPs and thus

solution color remains red (right).

tionalized with the thiolated v1 and v2 sequences (see
Table 1) to form v1—AuNPs and v2—AuNPs conjugates,
respectively. These as-prepared AuNPs conjugates (in
0.1 M PBS) were red in color and showed no traces of
aggregation even in ERa binding buffers, which con-
tains 0.1 M PBS, 25 or 50 mM KCl, 0.01 mM EDTA, 0.2
mM DTT, and 1% glycerol, for at least 20 min (see TEM
images in Figure STA, Supporting Information). The lo-
calized surface plasmon resonance (LSPR) spectrum of
these conjugates exhibits a sharp peak at 520 nm in all
tested buffer conditions, that is, 0.1 M PBS (no KCl), and
protein binding buffer containing 25 or 50 mM KCI
(curves a, Figure 2A—C). However, remarkable particle
aggregation was observed when two sets of comple-
mentary v1—AuNPs and v2—AuNPs conjugates were
mixed at a 1:1 ratio under the same buffer conditions,
characterized as a LSPR peak shift to a longer wave-
length with band broadening (curves b, Figure 2A—C)
and solution color change from red to purple (insets of
Figure 2, left). The TEM image for the condition of 25
mM KCI (Figure S1B, Supporting Information) provides
a visual evidence of the aggregation. To further evince
that the LSPR shift and solution color change are related
to the particle aggregation, we have used the dynamic
light scattering (DLS) technique to measure the hydro-
dynamic diameter (Dy) of the stable (dispersed)
v1—AuNPs conjugate alone and the complementary
mixture of v1—AuNPs and v2—AuNPs. Results (Figure
2 right panels) show that the particle sizes (see average
effective diameter) of the complementary conjugates
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mixture are much larger than those of the dispersed
v1—AuNPs (D, = 34.2 = 0.2 nm) (size distribution graph
not shown), and the size increases with the increase of
KClI concentration. The salt concentration-dependent
particle aggregation suggests that the charge screen-
ing (by salt ions) causes the AuNPs to lose their electro-
static stabilization forces. Furthermore, it was found
that the complementary set of v1—AuNPs and
v2—AuNPs mixture also underwent aggressive aggre-
gation in buffer condition without KCl after exposure to
0.1 M PBS for 20 min (curve ¢, Figure 2A). This observa-
tion imparts that the complementary sticky ends of the
v1- and v2-sequences introduce base-pairing forces to
facilitate salt-induced particle aggregation. To prove
this hypothesis, we have conducted a control experi-
ment with a mixture of dsDNA—AuNPs conjugates that
carry noncomplementary dangling ends, that is,
v1—AuNPs with s1—AuNPs (s1 is a half site of a non-
ERa binding DNA, in which the ERE site is scrambled;
s1 has a noncomplementary dangling end with v1 se-
quence. The sequences of the two half sites of
scrambled DNA, that is, s1 and s2, are shown in Table
1). The UV—vis spectrum of the v1—AuNPs and
s1—AuNPs mixture (1:1 ratio) measured after 20 min of
incubation in the 25 mM KCl-containing protein bind-
ing buffer overlapped with the stable v1 —AuNPs conju-
gates alone under the same buffer condition (Figure
S2A, Supporting Information). This result indicates that
complementary sticky ends are essential to initiate ag-
gregation/instability to the particle mixture. TEM im-
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Figure 2. (Left) UV—vis spectra of v1—AuNPs alone (curves a) and complementary v1—v2 AuNPs mixture (1:1 ratio) (curves
b) in protein binding buffer of 0.1 M PBS containing (A) 0, (B) 25, and (C) 50 mM KCl, and 0.1 mM EDTA, 0.2 mM DTT, and 1%

of glycerol. All the spectra (curves a and b) and color photogra
dition of salt buffer except that curve c in Figure 2A was taken
culated average hydrodynamic diameter (measured by DLS) o
incubation.

ages taken for the noncomplementary v1—s1 and
complementary s1—s2 mixtures of conjugates further
confirmed the differential particle stability (Figure S2,
Supporting Information). On the basis of the above re-
sults, we infer that it is the hybridization tendency of the
complementary nucleotides that brings the particles in
close vicinity to assist in the salt-induced aggregation.
As the melting temperature of the complementary nu-
cleotides (—CAG—) used in this study is only 10 °C, the
three DNA base pairs are not strong enough to hold the
34 bp transient full vit ERE—AuUNPs structures for a
long period of time at room temperature. Further-
more, when the two particles are in close enough prox-
imity, the charge screening effects by salt ions is ampli-
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phs of particle solution (insets) were taken at 1 min upon ad-
after 20 min of incubation. (Right) Size distribution and cal-
f the complementary v1—v2 AuNPs mixture after 10 min of

fied, leading to a more aggressive particle aggregation
as time elapsed.

To further understand the condition for the comple-
mentary conjugates to form aggregates, particularly
the DNA length effect, two shorter (15 and 25 bp) and
one longer (45 bp) length of EREs were involved. Using
a similar protocol for the previous 34 bp ERE, each of
these EREs was split into two half segments with a
complementary sticky end (see sequences in Table S1,
Supporting Information), and were conjugated onto
AuNPs to form v1_,p,—AuNPs and v2_,,,—AuNPs (x =
15, 25, 34, and 45), respectively. The UV—vis spectros-
copy, DLS, and solution color change results (Figure 3)
revealed that large aggregates were formed only in
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Figure 3. Length effects of dsDNA on AuNPs aggregate formation. Color photograph of (A) v1_.,,—AuNPs and (B) (left) comple-

mentary v1_,,,—V2_,pp AUNPs mixture, in protein binding buffer containing 0.1 M PBS, 25 mM KCl, 0.1 mM EDTA, 0.2 mM DTT, and
1% of glycerol. (Right) Aggregates sizes of particles (measured as effective hydrodynamic diameter by DLS) formed in the comple-
mentary mixture of AuNPs conjugates modified with different lengths of dsDNA (x = 15, 25, 34, and 45 bp). DLS data and color pho-
tograph of the AuNPs were taken at 10 min upon addition of salt buffer. (C) UV—vis spectra of the complementary v1_,up—V2_up

AuNPs taken at 1 min upon mixing in the 25 mM KCl-containing protein binding buffer.

the complementary mixture of AuNPs conjugates modi-
fied with the longer 34 bp and 45 bp ERE segments
(redshift of LSPR spectrum, large Dy, of 488.6 + 36.8 and
548.4 + 56.2 nm, respectively, and purple color solu-
tions). For those with shorter ERE (15 and 25 bp) seg-
ments, the Dy, (32.4 = 0.2 nm) remain similar to the
v1—AuNPs alone (34.2 = 0.2 nm) and no LSPR shift
and solution color change are observed. We believe
the longer dsDNA segments are essential to promote
base pairing between the sticky end sequences that are
far away (extended by the rigid dsDNA structure) from
the particle interfaces, and thus lead to a faster aggre-
gation.>* When the dsDNA segments are too short, base
paring is prohibited due to the inaccessibility of the
sticky ends.

In the next section we will show that the instability
of the complementary particles mixture is essential to
the design of current protein binding assay. Thus the
V1_xp—V2_yop AuNPs prepared with the shorter seg-
ments (x = 15 bp and 25 bp) are not suitable for the
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protein binding assay, because the mixture of comple-
mentary particles conjugates shows no sign of
aggregation.

Protein Sensing Using Segmented dsDNA—AuNPs Conjugates.
Previously we have shown that the aggregation of
v1—v2 AuNPs mixture was driven by the synergic ef-
fects of base-pairing between the complementary
sticky ends of dsDNA half sites and charge screening
by salt ions. Herein, we demonstrated that the instabil-
ity of the complementary mixture in KCl-containing PBS
buffer can be used to detect sequence-specific protein
binding event, using the 34 bp consensus ERE sequence
as an example. In Figure 2B, we have shown that the
complementary mixture of v1—v2 AuNPs underwent
remarkable particle aggregation in the protein binding
buffer containing 25 mM KCl (curve b) at 1 min incuba-
tion, as revealed by a red shift in LSPR peak to 535 nm.
In Figure 4A, we further observed that this mixture
(without protein) aggregated more intensively at 20
min incubation, characterized by a larger peak shift to

B 555
] (b)- ERa
550 o
] o
545 - _— o
T
£ 5404 o
","; o o ©°
£ o
< 5357 {a) + ERa.
530 e® * ¢ o e o % s e
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Figure 4. (A) UV—uvis spectra and (B) kinetic of LSPR peak (An.x) shift of the complementary v1—v2 AuNPs mixture (1:1 ra-
tio) in the 25 mM KCl-containing protein binding buffer (0.1 M PBS, 25 mM KCI, 0.1 mM EDTA, 0.2 mM DTT and 1% of glyc-
erol) with ERa (curve a and sphere) and without ERa (curve b, hollow sphere). UV—vis spectra and color photographs (in-
set of A) of the AuNPs mixture were taken at 20 min upon addition of salt buffer.
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Figure 5. TEM images (left) and corresponding particle aggregation mechanism (right) for the complementary mixture of
(A) v1i—AuNPs and v2—AuNPs (1:1 ratio) and (B) s1—AuNPs and s2—AuNPs (1:1 ratio), in the protein binding buffer contain-
ing 0.1 M PBS, 25 mM KCl, 0.1 mM EDTA, 0.2 mM DTT and 1% of glycerol, in the presence of ERa (100 nM, final concentra-
tion). All the TEM images were sampled after 20 min of reaction with ER« in salt buffer.

550 nm (curve b). In contrast, when ERE-binding pro-
tein (i.e., ERa) was added, only a small shift in peak po-
sition (Amax = 530 nm) was observed at the same time
frame (20 min) under the same salt condition (curve a,
Figure 4A). The suspension with ERa kept a distinct red
color (inset a of Figure 4A). The time course of the par-
ticle aggregation (shown as a function of peak wave-
length shift over time in Figure 4B) for the mixture of
v1—v2 AuNPs with and without ER«x further confirms
the distinctive stabilization effect of ERa throughout
the tested period of 20 min. The same protein binding
experiment was conducted for the AuNPs modified
with the complementary half site of 45 bp ERE

(V1 _asbp—V2_asbp AUNPs). Similar stabilization effects
were also observed in the presence of ERa (Figure S3,
Supporting Information). We have speculated it is the
specific binding of ER«a to its recognizable transient full
vit ERE sequence (formed through initial base-pairing
between the complementary v1 and v2 half sites) that
is responsible for the retainable stability of particle mix-
ture. The formation of v1 —AuNPs/ERa/v2 —AuNPs com-
plex stabilizes the transient full ERE and inserts a suffi-
cient steric barrier between the particles to prevent
them from further aggregation by charge screening.
The TEM image of the complementary mixture of
v1—v2 AuNPs in the presence of ERa shows no large
aggregates formation (Figure 5A) but a few strands of
short linear particle assemblies (inset of Figure 5A and
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more TEM images in Figure S4, Supporting Informa-
tion) formed in the stable particle mixtures. This is simi-
lar to the report by Kim et al. that a short linear connec-
tion of AuNPs in their system did not bring about a
significant instability of nanoparticles.>* The most prob-
able reason for the linear assemblies as observed in
our system is that the adhered proteins between the
two complementary AuNP conjugates may prohibit
other AuNP conjugates from approaching in oxygonal
directions due to steric hindrance. Nonetheless it is
more energetically favorable for the incoming AuNP
conjugates to attach at the opposite site of the protein-
adsorbed surface because of less space constraint as il-
lustrated in Figure 5A (see schematic diagram). DLS re-
sults further confirmed the formation of small linear
assemblies of the complementary v1—AuNPs and
v2—AuNPs mixture with ERa. The average hydrody-
namic diameter of this mixture is 200 = 8.9 nm, which
is larger than the dispersed v1—AuNPs conjugate (34.2
+ 0.2 nm) but smaller than the “huge” aggregates of
the complementary mixture of v1—v2 AuNPs without
ERa under same buffer conditions (488.6 + 36.8 nm).
To verify that the sequence-specific protein—DNA
binding event is responsible for the particle stabiliza-
tion, we have conducted two control experiments that
involved (1) the scrambled DNA (non-ERa binding se-
quence) and (2) an irrelevant protein (bovine serum al-
bumin, BSA) respectively. In the first control experi-
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ment, we functionalized the AuNPs with the two half
sites s1 and s2 (each contains a 3-bases sticky end) of
the dsDNA sequence in which the ERa binding site is
scrambled (sequence of the scrambled DNA and its half-
site segments are shown in Table 1). We then mixed
them together (1:1 molar ratio) and tested their stabil-
ity in the presence of 100 nM of ERa. Both the TEM im-
age (Figure 5B) and the corresponding UV —vis spectra
(red shift in LSPR peak to 550 nm, inset of Figure 5B)
show that the complementary mixture of s1—s2 AuNPs
underwent extensive aggregation, similar to the case
where no ERa was added (Figure S2B, Supporting Infor-
mation). This indicates that no protein binding to DNA
has occurred. Because of the lack of steric protection by
protein adsorption to the transient dsSDNA—AuNPs
structure to counteract with the charge screening pro-
cess by salt ions, the particles are largely aggregated
(see schematic illustration in Figure 5B). In the second
negative control experiment, the stability of the
complementary mixture of v1—v2 AuNPs was tested in
the presence of an irrelevant protein (i.e., BSA in this
case) that has no specific binding to ERE sequence. The
particle mixture in the presence of BSA experienced a
similar aggregation profile in salt solution as observed
for that without protein added (Figure S5, Supporting
Information), showing that no protein—DNA binding
event has happened. With the results of these nega-
tive control experiments, we have concluded that it is
the sequence-specific protein—DNA (ERa—ERE) bind-
ing event that is responsible for the higher stability of
the complementary dsDNA—AuNPs mixtures with spe-
cially designed segmented protein binding sequences.
Detection Sensitivity of Protein —DNA Binding Assay with
Optimized Buffer Conditions. In the stability tests for the
dsDNA—AuNPs conjugate mixtures (Figure 2), we have
shown that in protein binding buffer containing a
higher concentration of KCl (50 mM), the complemen-
tary mixture of v1—v2 AuNPs mixture exhibits a higher
instability, more easily detectable in 1 min upon addi-
tion of the buffer solution. The higher instability of par-
ticle mixture would be appreciated for a rapid detec-
tion of protein in the binding-stimulated stabilization
assay. Indeed, in the protein binding experiment con-
ducted previously under a lower salt (25 mM KCl) con-
dition (Figure 4), a longer incubation time (up to 20 min)
was desirable for a more obvious observation of the sta-
bilization effect. In the next experiments, taking the ad-
vantage of the higher instability in the 50 mM KCI-
containing buffer, we have tested the ERa binding in 1
min incubation for a range of protein concentration
(0—200 nM) (Figure 6A). Solid—liquid phase SPR experi-
ments were conducted to show that 50 mM KCl is an
optimal condition to ensure a higher efficiency in
ERa—ERE binding, relative to the 25 mM KCl, because
it is closer to the physiological salt concentration®¢~38
(Figure S6, Supporting Information). Results in Figure
6A shows that ERa effectively retarded the aggregation
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Figure 6. UV—vis spectra of the complementary mixture of v1—v2 par-
ticles conjugates for the (A) AuNPs and (B) AgNPs with (b) 200, (c) 100,
(d) 50, (e) 25, and (f) 0 nM of ER« in the 50 mM KCl-containing protein
binding buffer (0.1 M PBS, 50 mM KCI, 0.1 mM EDTA, 0.2 mM DTT, and
1% of glycerol). UV—vis spectra of stable vi—mNPs conjugates under
the same buffer conditions (curve a) is shown as a reference. All the
spectra were taken at 1 min upon addition of ERx-containing salt
buffer.

of the complementary mixture of v1—v2 AuNPs. The
degree of stabilization is increased with the increase of
protein concentration. For example, only a slight shift in
the UV—vis spectrum is observed for the v1—v2 AuNPs
mixture in the presence of 200 nM ERa (the highest
concentration tested) (curve b) relative to a stable
v1—AuNPs conjugate (curve a) at t = 1 min. In such a
short incubation time, ERa down to 50 nM can be de-
tected by a remarkable stabilization effect. Both the im-
proved ERa—ERE binding efficiency and the larger
shift in LSPR peak (relative to a stable v1—AuNPs at
Amax_v1 = 520 nm) for the v1—v2 AuNPs mixture in the
50 mM KCl-containing buffer (i.e., Amax_viva = 545 nm,
Figure 2C) are attributable to the effective detection of
low concentration of ERa in a short incubation time. In-
deed, when the comparison is made for the 1 min bind-
ing of 100 NnM ERa in the 25 mM KCI- (Figure 4B) and
50 mM KCl-containing buffer solutions, we found that
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the recoveries of the peak wavelength (i.e., AAmax =
Nmax_viv2— Amax_viv2-£re) fOr the former and latter condi-
tions are 5 and 15 nm, respectively. The larger degree
of stabilization under the 50 mM KCl condition affirms
the solid—liquid phase SPR result that ERa binding is
more effective when the condition is closer to physi-
ological conditions. All these results suggest that the
less stable the v1—v2 AuNPs mixture in (high) salt solu-
tion is, the faster is the aggregation and the more sig-
nificant is the stabilization effects of ERa that can be de-
tected in short assay time. The protein binding-particle
stabilization mechanism used in this assay design also
reduces the risk of getting a false positive caused by un-
related particle destabilizing effects.

Proof-of-Concept Using Silver Nanoparticles. Silver nanopar-
ticles (AgNPs) are known to have a higher extinction
coefficient’™” and to be more sensitive in responding
to the changes in stabilization forces.***! These proper-
ties have rendered AgNPs a more sensitive platform
for use in colorimetric assays.'>*~#! In this study, seg-
mented DNA-conjugated AgNPs were prepared and
were tested for ERa binding to confirm the sensing
strategy and to demonstrate the utility of AgNPs in this
instance. The dsDNA—AgNPs stability test shows that
the mixture of the complementary v1—v2 AgNPs con-
jugates (no ERa added) aggregated drastically in the 50
mM KCl-containing protein binding buffer solution
(curve f, Figure 6B). A remarkable dampening of the
UV —vis spectra of AgNPs, in particular, drop in absor-
bance from its original peak wavelength of 400 nm
(curve a, Figure 6B) was observed, accompanied by an
intense color change from yellow to pale brown. The
binding of ERa (curve b—e, Figure 6B), on the other
hand, retarded the particle aggregation effectively in
an ERa concentration-dependent manner. Negative
control experiments involving non-ERE—AgNPs conju-
gates (i.e, s1—s2 AgNPs) and irrelevant proteins (e.g.,
BSA) were conducted to further confirm the sensing
principle (data not shown). We believe it is again the
steric protection forces exerted by the large protein
molecules upon formation of v1—AgNPs/ERa/
v2—AgNPs complex that prevent the particle conju-

METHODS

Materials and Instrumentation. Hydrogen tetrachloroaurate (Ill)
(HAuCl, - 3H,0, 99.9%), silver nitrate (AgNOs, 99.9%), and so-
dium borohydride (NaBH,, 98%) were purchased from Sigma-
Aldrich. Sodium citrate dihydrate (Na3CsHsO; - 2H,0, 99%) was
obtained from Alfa Aesar. Purified recombinant human estrogen
receptor alpha (ERa) was supplied by PanVera Corporation
(Madison, WI). Estrogen response elements (ERE) used in this
study (Table 1) were synthesized by Sigma-Proligo (Singapore).

All chemicals and materials were used as received without
further purification. Ultrapure water (18M(), prepared from Milli-
pore Elix 3 purification system) was used as solvent unless indi-
cated otherwise. A TECAN infinite M200 plate reader (Tecan Trad-
ing AG, Switzerland) was used to measure the UV—vis
adsorption spectrum, and 96-well clear flat-bottom UV-
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gates from aggregation. The detection limit of ERa
binding using the AgNPs assembly platform is 25 nM,
which is lower than that using the AuNPs sensing probe
under the same buffer conditions (50 mM KCl) and as-
say time (t = 1 min). We thus infer that AgNPs is a more
sensitive platform to be used in our sensing strategy
for protein detection.

CONCLUSION

We have developed a colorimetric sensing strategy
for measuring sequence specific interactions between
proteins and dsDNA. The key of the sensing design lies
in the design of dsSDNA—mNPs conjugates with seg-
mented protein binding sequences carrying sticky ends.
This allows for an innovative sensing principle where
proteins serve as a stabilizer to retard the aggregation
of the complementary dsDNA—mNPs mixture that is
driven by synergic effects of base-pairing (between
complementary overhangs of dsDNA) and charge
screening (by salt ions). We have validated the assay
principle with gold NPs and have determined the suit-
able length of DNA and buffer conditions to be used in
this assay. We have also extended the assay using sil-
ver NPs upon successful preparation of the conjugates,
and have proven that silver NPs is a more sensitive plat-
form in this application. Compared to the other assays
for DNA binders that rely solely on the formation of in-
terparticle DNA duplex linkers to aggregate the par-
ticles, the use of synergic aggregation forces and the
steric stabilization makes the sensing process faster. Un-
like those assays that use analyte-induced particle ag-
gregation (“light on” assay), current protein binding-
stabilization mechanism (“light-off” assay) reduces the
risk of getting false positive results caused by unrelated
particle destabilizing effects. This assay involves no in-
tensive interparticle hybridization and requires no care-
ful monitoring of melting (dissociation) behavior that
is often used in other DNA binder assays. Besides, the
protein binding-controlled stable linear particle assem-
blies may provide an additional value for the research of
biomolecular-induced inorganic nanoassembly.

transparent microplates (Corning Incorporated, USA) were used
as reaction carrier. Dynamic light scattering (DLS) measurement
was conducted in the Brookhaven 90PLUS nanoparticles size
analyzer using a 50 pL disposable cell as the solution carrier.
JEOL 2100 transmission electron microscope (TEM) operating at
200 kV was used for gold nanoparticles (AuNPs) imaging. All the
samples for microscopy were prepared by dispensing 10 p.L of
the nanoparticle solution onto a 3 mm carbon-coated copper
grid, followed by drying in vacuum at room temperature.
Synthesis of Gold Nanoparticles (AuNPs). AUNPs (ca. 13 nm in diam-
eter) were synthesized by sodium citrate reduction of HAuCl,.
Briefly, an aqueous solution of sodium citrate (5 mL, 38.8 mM)
was added rapidly to a boiling solution of HAuCl, (50 mL, 1 mM)
under reflux and vigorous stirring for 15 min. The color of the so-
lution changed from pale yellow to deep red. Stirring was con-
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tinued for an additional 15 min after removing the heating
mantle and allowed to cool to room temperature for use.

Synthesis of Silver Nanoparticles (AgNPs). AgNPs (ca. 40 nm in diam-
eter) were synthesized by seed-mediated growth method. A mix-
ture of AgNOs (1 mL, 20 mM), sodium citrate (0.8 mL, 80 mM)
and 17.8 mL of ultrapure water were brought to reflux for 1 min.
An aqueous solution of sodium borohydride (0.4 mL, 0.1 mM)
was added dropwise to the solution mixture with vigorous stir-
ring. The formation of AgNPs seeds was indicated by the solution
color change from colorless to yellow. The AgNPs seeds were fur-
ther grown to the desired size by reduction of AgNOs. Briefly,
the as-synthesized Ag seeds (15 mL, 1 mM), sodium citrate (1 mL,
80 mM), and 36 mL of ultrapure water were heated to 100 °C un-
der reflux. AQNO; (1.8 mL, 20 mM) solution was added drop-
wise, every 10 min. The solution mixture was heated for another
20 min before it was cooled down to room temperature for
use.

Preparation of DNA-Conjugated Metal Nanoparticles (mNPs). The
double-stranded (ds)DNA-AuNPs conjugates were prepared by
conjugating the thiolated single-stranded (ss) sense strand of
ERE half site to the AuNPs (to form ssDNA—AuNPs) and then an-
nealing the antisense strand with the as-prepared
ssDNA—AuNPs conjugates. The ssDNA—AuUNPs conjugates were
prepared according to the previously published protocol.#*** In
a typical conjugation, the deprotected thiol-modified ssDNA (fi-
nal concentration of oligonucleotides is 2—3 uM) was added into
the as-synthesized AuNPs solution. After aging for 24 h, the col-
loidal solution was brought to 0.05 M NaCl in 10 mM phosphate
buffer (PB) by dropwise addition of concentrated buffer solu-
tion (1 M NaCl and 0.1 M PB), and allowed to stand for 12 h, then
salted to 0.1 M NaCl and aged for another 12 h. To remove ex-
cess DNA, the particle solution was centrifuged at 11000 rpm for
30 min and the red color precipitates were resuspended in 0.1
M PBS buffer (10 mM PB and 0.1 M NaCl, pH 7.4). The washing
steps were repeated three times. The final ssDNA-AuNPs conju-
gates were redispersed in 195 pL of DNA annealing buffer (0.1 M
PBS and 0.001 M EDTA, pH 7.4), and 5 pL of unmodified cDNA
(100 M) (three bases shorter than the sense strand) was added
for hybridization. The solution was heated at 90 °C for 5 min
and slowly cooled down to room temperature for 30 min. Fi-
nally, the as-prepared double-stranded (ds)DNA-AuNPs conju-
gates (with three-base sticky ends) were redispersed in 200 pL
of 0.1 M PBS buffer solution, after washing twice by centrifuga-
tion at 11000 rpm for 15 min. Similar procedure was applied for
the preparation of DNA-AgNPs conjugates, except that the salt-
aging process was carried out in four consecutive steps in every
6 h due to the instability of AgNPs solution.

Protein—DNA Binding Assays. The assay was performed by first
mixing two sets of dsDNA—mNPs conjugates (in 0.1 M PBS)
with complementary overhang (e.g., v1 and v2) at a 1:1 ratio (40
wL each). A 20 pL portion of ERa in protein binding buffer (0.1 M
PBS, 0.5 mM EDTA, 1 mM DTT, 5% of glycerol, and desirable
amount of KCl) was then added to the 80 pL of nanoparticles
mixture. The final ERa concentration in the protein—particle mix-
ture solutions is 25, 50, 100, or 200 nM, and the final KCl concen-
tration is either 25 or 50 mM. A series of negative control experi-
ments were carried out by replacing complementary v1—v2 NPs
mixture with either s1—s2 NPs mixture (40 pL each), as-prepared
dsDNA—NPs alone (e.g., v1—NPs, 80 pL), or noncomplementary
v1—s1 NPs mixture (40 pL each). An irrelevant protein (i.e., BSA)
was also used to replace ERa as reference for sequence-specific
binding assay.
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