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ABSTRACT: Systematically tuning the structures and properties of noble-metal
nanoparticles through biomolecule-mediated overgrowth is of significant
importance for their applications in biosensing and imaging. Herein thiolated
biomolecules with different concentrations and sizes (molecular weight and
spatial structure) were used as a class of capping ligands to control the
longitudinal surface plasmon resonance (LSPR) property of gold nanorods
(GNRs). The LSPR peaks were red-shifted by increasing the capping agent
concentration. The size effect could be divided to two aspects: (1) When the
ligands are small molecules, the LSPR peak is blue-shifted as the size of the
capping ligand increases. (2) When the ligands are macromolecular proteins, the
LSPR property is similar to that of the overgrown nanoparticle (Au@gap@
GNR) without thiolated biomolecules as capping agents. Interestingly, thiol-free
and nonhomooligomeric DNA strands as capping agents present a similar
influence in shaping the overgrowth of GNRs by varying their concentrations
and sizes. In addition, the size effect of a DNA nanostructure was used to construct a ΔλLSPR-based catalytic nucleic acid biosensor
using a DNA dendritic nanostructure as a capping agent combined with LSPR signals generated from the Au@gap@GNRs with
morphological evolution. More importantly, the ΔλLSPR-based biosensor possesses three advantages in nucleic acid biosensing: (1) It
is completely label- and wash-free, (2) it has an ultrahigh sensitivity and signal-to-noise ratio, and (3) it can be visualized without any
instrumental aid, indicating a significant potential for ultrasensitive biosensing.

■ INTRODUCTION

Seed-mediated overgrowth of noble-metal nanoparticles using
functional capping ligands is a versatile and effective approach
to controlling the physical and chemical properties of
nanoparticles for various applications ranging from catalysis
to biosensing, imaging, electronics, and photonics.1−3 One of
the most specific properties of the overgrown nanoparticles is
the longitudinal surface plasmon resonance (LSPR), which is a
unique optical property of anisotropic noble-metal nano-
particles (such as gold nanorods (GNRs)) that can be tuned
by the morphological evolution of the nanoparticle.4−6 The
most general method to regulate the LSPR property is
employing different kinds of capping ligands that favor specific
facets of the nanoparticles in the overgrowth of GNRs.7−9 For
example, compared with the hexadecyltrimethylammonium
bromide (CTAB)−Au interactions on the (100) and (110)
side faces, CTAB−Au interactions on the (111) end faces have
a lower binding affinity, resulting in the preferential binding of
thiolated biomolecules to the end faces through the formation
of strong Au−S bonds.10−12 However, the effect of the
inherent concentration and size of molecular ligands on the
morphological evolution and LSPR property of GNRs has
been rarely studied. Notably, amino acids (L-cysteine (CYS)),

peptides (L-glutathione (GSH)), proteins (bovine serum
albumin (BSA)), and other thiolated biomolecules, which are
different in size, act in different manners in shaping in the
overgrowth of GNRs as capping agents.13,14

To fully investigate the mechanism of GNR overgrowth
using capping ligands with different sizes, DNA molecules as a
class of capping ligands were used to control the morphological
and optical properties of GNRs.15,16 Because of their unique
programmable and functional ability following the highly
specific Watson−Crick base-pairing rule, DNA sequences can
form various geometries and motifs and can even precisely
assemble into DNA nanostructures (1D, 2D, and 3D
structures) of different sizes.17−19 In addition, because of
their varying charge, length, affinity, and functional groups,
DNA molecules as capping agents show extra capability for
precisely tuning the properties of the overgrowth of GNRs as
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thiolated molecules.20 Recently, homooligomeric DNA mole-
cules have been used as the capping agents to control the
morphologies and LSPR properties of GNRs due to the
different binding affinities between DNA nucleobases and
nanoparticles.21 However, the sequence-dependent “DNA-
encoded” overgrowth of nanoparticles limits the application of
DNA nanotechnology in combination with optical signals
generated by the morphological evolution of nanoparticles.22,23

For example, sequence-dependent DNA cannot form DNA
nanostructures with different sizes and shapes as capping
agents to control the morphologies and LSPR properties of the
overgrown nanoparticles. Therefore, nonhomooligomeric
DNA molecules, as capping ligands and modules of DNA
nanotechnology in the overgrowth of GNRs, are of great value
for exploring the synthetic mechanisms and applications of the
generated overgrown nanoparticles with tunable geometric and
plasmonic properties.
Surface plasmon resonance (SPR) intensity-based absorp-

tion analysis is not reliable considering the broad Vis−NIR
spectra among the variation in SPR peak positions.24,25 It is
also difficult to achieve complete quenching using switch-based
fluorescence analysis, which also increases the background.26,27

Fortunately, LSPR peak-shift-based biosensors possess unique
advantages in sensing and detecting biomolecules due to their
ultrahigh sensitivity and signal-to-noise ratio.28,29 Recently,
LSPR peak shifts as detection signals have generally been
regulated by assembling nanoparticles, which require a specific
surface modification of GNRs under extremely harsh
experimental conditions.30 In addition, the stability of the
LSPR property is a critical issue because the aggregation and
disassembly of GNRs cause the variation and even the
disappearance of signals.31 To solve the stability issues, a few
strategies were used to precisely tune the LSPR property by
controlling the morphologies of overgrown nanoparticles.32,33

One of the methods is the seed-mediated overgrowth of noble-
metal nanoparticles using functional capping ligands.
In this work, thiolated biomolecules (such as CYS, GSH,

and BSA) with different concentrations and sizes were used as
capping ligands to shape the morphologies and the LSPR
property of GNRs (Scheme 1A). The tuning mechanisms of
the LSPR property, depending on the capping ligand, were also
investigated. It was found that the red shift of the LSPR peak
was achieved by increasing the concentration of the capping

agent; the size effect of the capping agent can be divided into
two situations: When the ligands are small molecules, the
LSPR peak is blue-shifted and the color of the solution changes
from blue to purple with the increase in the size of capping
agent under the same concentration; when the ligands are
macromolecular proteins, the size of the capping ligands is too
large to be wrapped, resulting in morphologies and LSPR
properties similar to the overgrown nanoparticles (Au@gap@
GNRs) without capping agents. Interestingly, we have shown
that thiol-free and nonhomooligomeric DNA strands have a
similar influence in the overgrowth of GNRs. In understanding
the mechanism of the concentration effect from DNA strands,
two observations were noted in the overgrowth: (1) The red
shift of the LSPR peak is independent of the DNA
nucleobases, except for T, and (2) the transverse surface
plasmon resonance (TSPR) peak is dependent on the DNA
nucleobases, except for T. DNA molecules are excellent
material modules for assembling nanostructures with different
sizes, providing spatial and dynamic control due to their
programmability and predictable base−pair interactions. DNA
nanostructures with different sizes act as capping agents in the
overgrowth of GNRs, extending the application of DNA
nanotechnology in combination with the LSPR property
resulting from the morphological evolution of GNRs. More
importantly, the LSPR peak-shift-based DNA dendritic nano-
structured biosensor possesses three advantages in sensing and
detecting target nucleic acids: (1) It is completely label- and
wash-free, (2) it has an ultrahigh sensitivity and signal-to-noise
ratio, and (3) it can be visualized without any instrumental aid,
indicating its potential in the application of ultrasensitive
bioanalyte assays and clinical diagnosis (Scheme 1).

■ EXPERIMENTAL SECTION

Thiolated Molecule (CYS, GSH, BSA)-Mediated Over-
growth of GNRs. GNRs were prepared by the previously
reported seed-mediated growth approach.34 The colorimetric
assay of CYS (GSH or BSA) was conducted by using the
following procedure: 1.0 mL of 40 mM hexadecyltrimethy-
lammonium chloride (CTAC), 20 μL of 100 mM L-ascorbic
acid (AA), 25 μL of 1.0 mM HAuCl4, and different
concentrations of CYS (GSH or BSA) were loaded into a
1.5 mL tube. Subsequently, 250 μL of 0.10 nM GNRs was
added into the different concentrations of CYS (GSH or BSA)-

Scheme 1. (A) Synthesis of Au@gap@GNRs via Seed-Mediated Growth Using Different Sizes of Thiolated Molecules or a
DNA/DNA Dendrimer Nanostructure and (B) Components and Reaction Pathway of the DNA Dendrimers
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containing solution, and the mixture was gently shaken for
several seconds to form solution 1. After incubation for 0.5 h at
25 °C, 25 μL of 10 mM HAuCl4 was added to each tube to
form solution 2. A color change was observed in seconds, and
the tubes were incubated for another 0.5 h at 25 °C. The Au@
gap@GNRs were washed twice at 5000 rpm for 20 min and
finally stored in the same volume of water solution for
transmission electron microscopy (TEM) characterization.
The absorption spectra of the GNRs in the presence of
different concentrations of CYS (GSH or BSA) were recorded.
Synthesis of DNA Dendrimers by Nonlinear Hybrid-

ization Chain Reaction. DNA dendrimers were prepared by
the previously reported nonlinear hybridization chain reaction
(HCR).35 The sequences of the oligonucleotides are listed in
Table S1. Experiments were performed in 1× TAE buffer (40
mM Tris, 20 mM HAc, 1 mM EDTA) supplemented with 12.5
mM Mg2+ (pH 8.0). Substrates A and B were separately
prepared by heating the mixture of the substrate A (substrate
B) strand and the substrate Ac (substrate Bc) strand to 95 °C
for 5 min in a ratio of 1:1 and cooling to room temperature.
The mixture of annealed substrates A and B was mixed with
assistants A and B, respectively, and the resulting solutions
were mixed with A (70 nM substrate A, 140 nM assistant A)
and B (140 nM substrate B, 280 nM assistant B) in a ratio of
1:2. After the addition of certain amounts of target DNA, the
tubes were incubated for 2 h at 30 °C. The next overgrowth
process was the same as thiolated molecule-mediated growth
of GNRs.

■ RESULTS AND DISCUSSION

Roles of Thiolated Biomolecules as Capping Agents
in the Overgrowth of GNRs. In our previous work, we
achieved the fine control of GNR overgrowth with tunable
LSPR properties by adding different concentrations of
thiolated peptides.36 To fully explore the mechanism of the
capping ligand size-dependent LSPR property, research was

first conducted using the different sizes of thiolated amino
acids, peptides, and proteins as classes of capping ligands in the
overgrowth of GNRs. First, the synthetic GNRs displayed a
light-brown color with LSPR absorptions at 700 nm and an
average aspect ratio of 3.73 (length: 64.67 ± 5.83 nm; width:
17.33 ± 1.14 nm, Figure S1). As shown in Figure 1A,B,E,F,
increasing the concentration of CYS and GSH resulted in the
red shift of the LSPR peak and a colorimetric change from pink
to purple and even to blue, which was detectable by the naked
eye. An increase in the number of tips and the aspect ratio of
the Au@gap@GNRs could also be observed (Figure S2, Table
S2) because the thiolated biomolecules could readily replace
CTAB at the ends of the GNRs (111) instead of the sides of
the GNRs (100, 110). Furthermore, CTAB has a lower
packing density on the (111) end face than on the (100) side
face, and the exposed (111) end face of the GNR with high
active sites has a preferential tendency to bind to thiolated
molecules.37 Subsequently, it is expected that the overgrowth
of the GNRs from the GNR surface experienced an
electrostatic interaction between the thiolated molecules and
AuCl4

− after the thiolated molecules anchored onto the
GNRs.38 More TEM images were selected to prove that GSH
preferentially binds to the ends of GNRs (Figure S3). The
lattice fringes with distances of 0.235 nm in the high-resolution
TEM images were assigned to the (111) Au crystalline planes
(Figure S4). The scanning TEM and corresponding energy-
dispersive spectroscopy (EDS) mapping revealed the presence
of sulfur from GSH molecules on the surface of the GNRs after
centrifugal purification (Figure S5). In fact, with the same
concentration of capping agents (300 nM), larger-sized
peptides experienced a greater blue shift of the LSPR peak
than the amino acids in the overgrowth of the GNR (Figure
1D). Moreover, with 300 nM thiolated molecules, CYS could
reach blue, whereas GSH could only reach purple in the
overgrowth of GNRs because the steric hindrance of the
thiolated molecules resulted in a decrease in the adsorption

Figure 1. (A−C) Vis−NIR spectra and (E−G) corresponding photographs of the Au@gap@GNRs prepared at different concentrations of CYS,
GSH, and BSA: 60, 180, 240, and 300 nM, respectively. (D) Plot of λLSPR and (H) corresponding photograph. (I−L) TEM images of the Au@
gap@GNRs prepared at a 0 nM thiolated molecule and 300 nM of CYS, GSH, and BSA, respectively.
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rate of the GSH molecules on the end of the GNRs (Figure
1H). However, the LSPR property and the color of the
solution showed a negligible change with BSA (66 kDa) as a
capping ligand because its inherent size is too large to be
entrapped (Figure 1C,D,G,H). In addition, metallothioneins, a
group of cysteine-rich proteins with a low molecular weight
(6.5 kDa),39 experience the same phenomenon as BSA,
without any color change in the solution (Figure S6). In
detail, the morphological evolution of Au@gap@GNRs
prepared at a 0 nM thiolated molecule and at 300 nM of
CYS, GSH, and BSA, respectively, is shown in Figure 1I−L.
The corresponding LSPR peak, aspect ratio, and sizes of CYS,
GSH, and BSA are shown in Table 1. The sizes of CYS and

GSH were calculated (CYS: 0.9 nm × 0.6 nm × 0.5 nm; GSH:
1.8 nm × 0.9 nm × 0.7 nm, Figure S7), and the size of BSA
was obtained from the literature (14 nm × 3.8 nm × 3.8
nm).40 This shows that the size of the capping agent is also an
important factor in regulating LSPR properties, in addition to
the concentration of the capping agent. To verify the
effectiveness of the thiol, thiol-free amino acids (such as
glycine, lysine, arginine, and proline) were used for a similar
overgrowth of the GNR (Figure S8). The results show that like
the large-sized BSA and the absence of thiolated biomolecules,
thiol-free amino acids as capping ligands have no obvious
changes in the overgrowth of the GNR as well. This indicates
that the thiol group is another important factor in regulating

LSPR properties in addition to the concentration and size of
the capping ligand.
In summary, different concentrations and sizes of thiolated

biomolecules as capping ligands to control the overgrowth of
GNRs are proposed herein, resulting in Au@gap@GNRs with
tunable geometric and plasmonic properties. Detailed exper-
imental studies showed three representative factors for the
morphological control and LSPR properties using the thiolated
biomolecules as capping ligands. One was influenced by the
presence of thiol that promoted longitudinal growth due to
selective binding to the ends of the GNRs, which increased
their aspect ratio. The second was influenced by the
concentration of the capping ligands that induced more
reaction sites and tips at the ends of the GNRs, also leading to
a further increase in the aspect ratio of the Au@gap@GNRs.
The last factor was the size of the capping ligands, which could
be divided into two situations: (1) When the capping ligands
are small molecules (such as CYS, GSH), the gold shell
growing behind could wrap small molecules. In other words,
small molecules have been entrapped within the internal gap of
Au@gap@GNR. Also, the LSPR peak is blue-shifted as the size
of the capping ligand increases because the steric hindrance
results in a decrease in the adsorption rate of the capping
ligand on the GNRs. (2) When the capping ligands are
macromolecular proteins (such as BSA, metallothioneins), the
gold shell growing behind cannot wrap the proteins due to its
large size. This results in a morphology and spectra similar to
the Au@gap@GNRs without thiolated biomolecules as
capping ligands. A combination of the above three factors
can explain the mechanism of Au@gap@GNR with tunable
morphologies and LSPR properties encoded by thiolated
molecules.

Roles of Thiol-Free and Nonhomooligomeric DNA as
Capping Ligands in Synthesizing Au@gap@GNRs.
Among all known biomolecules as capping ligands, DNA, as
an excellent material module, has a uniquely programmable
and functional ability, following the highly specific Watson−
Crick base-pairing rule. It can form various geometries and
motifs and precisely assemble into different sizes of DNA
nanostructures compared with amino acids, peptides, and

Table 1. Characteristics of Au@gap@GNR Prepared at a 0
nM Thiolated Molecule and 300 nM of CYS, GSH, and BSA,
Respectively

capping agent
R0 of thiolated molecules

(nm)a
λLSPR
(nm)

aspect
ratio

no thiolated
molecule

668 ± 3 2.24

CYS 0.40 848 ± 3 2.61
GSH 0.65 780 ± 4 2.47
BSA 3.64 665 ± 3 2.22
aR0: The radius of 3D thiolated biomolecules simulated as spheres.

Figure 2. (A) Vis−NIR spectra and (C) corresponding photographs of the DNA-mediated Au@gap@GNRs prepared at different concentrations
of DNA: 0, 10, 16, 40, 80, 100, 120, 160, 200, 400, 600, 800, and 1000 nM, respectively. (B) Red-shifted wavelength of the LSPR peak (ΔλLSPR) of
the DNA-mediated GNRs as a function of DNA concentration for the detection.
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proteins. In addition, DNA with a functional group can also be
modified and adsorbed to the surface of noble nanoparticles.
As a result, DNA, as a capping ligand, perfectly conforms to the
above three factors in regulating the morphology and LSPR
properties of Au@gap@GNR. Various research efforts have
been conducted on the use of homooligomeric DNA as an
engineered code for regulating the morphology in the
overgrowth of mono- and bimetallic nanoparticles due to the
different affinities of DNA bases to the surface of a GNR.41,42

However, sequence-dependent systems hinder the widespread
applications of DNA nanotechnology. Interestingly, we have
shown that thiol-free and nonhomooligomeric DNA strands
(random-DNA: ATCG ATCG ATCG) have a similar
phenomenon as that of thiolated biomolecules in the
concentration effect on the overgrowth of GNRs. Namely, as
the concentration of capping ligands increases, a red shift of
the LSPR peak and apparent colorimetric changes of the
solutions ranging from pink to purple, and even to blue, can be
observed (Figure 2). We have also found that a much lower
concentration of DNA (120 nM) compared with CYS (200
nM) and GSH (300 nM) could lead to the same red shift (780
nm) of the LSPR peak of GNRs. This also proves that DNA
strands have a stronger ability to shape the morphology of
GNRs compared with thiolated molecules.
To further explain the role of thiol-free and nonhomooligo-

meric DNA strands in regulating the geometric properties of
Au@gap@GNRs, TEM was used to image the resulting Au@
gap@GNRs. We found that thiol-free DNA strands can also be
selectively adsorbed to the ends of GNRs without modified
functional groups in the DNA in the overgrowth of GNRs,
accompanied by an increase in the aspect ratio (Figure 3,

Table S3). DNA is in the gap between the gold shell formed
later and GNRs as seeds. This is the origin of the tips on the
ends of GNRs. To further investigate the impact of different
DNA nucleobases on the formation of the Au@gap@GNRs,
we conducted syntheses with oligo dA12 (A12), oligo dT12
(T12), oligo dC12 (C12), and oligo dG12 (G12). A12, C12, and
G12 resulted in a red shift of the LSPR peak and a colorimetric
change, except for T12, in the overgrowth of the GNRs (Figure
4A−H). However, the TSPR peak changes of A12, C12, and G12
were different. This is because CTAB has a lower packing
density on the (111) end face than on the (100) side face, and
the exposed (111) end face of the GNR with highly active sites

has a preferential tendency to bind to DNA molecules.
Furthermore, the competitive adsorption experiments on the
gold surface show that the relative adsorption affinity of the
DNA nucleobases is A > C > G > T.2,43 By increasing the A12
concentration, A12 could be adsorbed longitudinally as well as
transversely because A has the strongest adsorption affinity
(Figure 4A,I, Figure S9A−C). Therefore, the width of the
GNRs was slightly increased by 5 nm, and the length increase
(∼15 nm) was more obvious in the A12-mediated overgrowth
of the GNR with the increase in A12 concentration (Table S4).
Because G does not have a particularly strong adsorption
affinity on the gold surface, it preferably bonds to the two ends
of the GNR (Figure 4L, Figure S9J−L). As such, the
adsorption affinity of C is between that of A and G, which
results in the shape of the Au@gap@GNR with C12 as a
capping agent between the shapes of the A12- and G12-
mediated overgrowth of the GNR. Therefore, the TSPR peak
of the C12-mediated overgrowth of GNRs was broadened (by
100 nm) because a smaller part of C12 was adsorbed
transversely on the GNR, resulting in an uneven transverse
size (Figure 4C,K, Figure S9G−I). T12, like BSA, did not result
in any change, suggesting that the majority of the T12 did not
adsorb to the surface of the GNR because the adsorption
affinity on the gold surface was too weak (Figure 4B,J, Figure
S9D−F). Therefore, the red shift of the LSPR peak depends on
A, C, and G. In general, DNA nanotechnology involves these
three bases almost exclusively. By taking advantage of the DNA
strands as capping agents and the LSPR property from the
morphological evolution of the GNR, the ΔλLSPR-based
biosensor exhibited promising detection and imaging results.

Application of Capping Ligand Size-Dependent LSPR
Property. Taking advantage of the high predictability and the
resulting spatial nanostructures, DNA nanotechnology has
been rapidly expanded and enriched, facilitating the significant
potential for applications including nanoscale devices as well as
optical and plasmonic sensors. We have found that DNA
nanostructures with varying spatial sizes as capping ligands can
control the evolution of the geometric and plasmonic
properties of the Au@gap@GNR. The ΔλLSPR-based biosensor
via DNA nanostructure-mediate GNR overgrowth has three
representative advantages: (1) It is a label- and wash-free
platform for the detection of target DNA, (2) the ΔλLSPR-based
biosensor has an ultrahigh sensitivity and signal-to-noise ratio,
and (3) ultrasensitive visualization is possible without any
instrumental aid. Therefore, we constructed a nonlinear HCR
platform in which target DNA initiates the self-sustained
assembly of double-stranded substrates into DNA dendritic
nanostructures according to what was previously reported
(Scheme 1B). Next, DNA dendrimers were used as capping
agents to promote the overgrowth of the GNR. The
mechanism of the ΔλLSPR-based biosensor corresponded to
the size effect of thiolated molecules in the overgrowth of the
GNRs. As shown in Figure 5A−C, the resulting phenomenon
is divided into two stages in the increase in the target DNA
concentration: (1) DNA strands gradually assemble into DNA
dendrimers, which leads to a reduction in the effective
adsorption on the surface of the GNRs because the larger
size of DNA dendrimers has more steric hindrance compared
with DNA strands, resulting in a blue shift in the LSPR peak
(807−760 nm), in which the color of the solution changes
from blue to purple. (2) As the concentration of the target
DNA further increases, the increased number of reaction sites
leads to a decrease in the average molecular weight of the DNA

Figure 3. (A−F) TEM images of the DNA-mediated Au@gap@
GNRs produced with 10, 80, 120, 200, 400, and 1000 nM random-
DNA, respectively.
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nanostructure.44 The smaller DNA nanostructures adsorbed to
the ends of the GNR also increase, causing the LSPR peak to
red shift (760−819 nm) and the color of the solution to
change from purple to blue. Furthermore, native polyacryla-
mide gel electrophoresis (PAGE) also verified that the average
molecular weight of the nonlinear HCR products varied

inversely with the target DNA concentration (Figure S10). In
addition, the TEM images indicated that in the resulting Au@
gap@GNRs the aspect ratio becomes smaller (2.49−2.36) and
then becomes larger (2.36−2.51, Figure 5D−F). Whereas the
concentration of noncomplementary target DNA strands (Nc)
increases, there is no two-stage change in the overgrowth of the

Figure 4. (A−D) Vis−NIR spectra and (E−H) corresponding photographs of the Au@gap@GNRs prepared at different concentrations of A12,
T12, C12, and G12: 6, 18, 24, and 30 nM, respectively. (I−L) TEM images of the Au@gap@GNRs prepared at 30 nM of A12, T12, C12 and G12,
respectively.

Figure 5. (A) Vis−NIR spectra of the DNA dendrimer-mediated Au@gap@GNRs prepared at different concentrations of target DNA: 0, 0.07,
0.14, 0.35, 0.42, and 0.56 nM, respectively. (B) Vis−NIR spectra of the DNA dendrimer-mediated Au@gap@GNRs prepared at different
concentrations of target DNA: 0.7, 0.84, 1.05, 1.4, 2.8, and 3.5 nM, respectively. (C) Corresponding photographs of the DNA dendrimer-mediated
Au@gap@GNRs prepared at different concentrations of DNA from 0 to 3.5 nM. (D−F) TEM images of the DNA dendrimer-mediated Au@gap@
GNRs produced with 0.07, 0.56, and 3.5 nM target DNA, respectively.
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GNR and the continuous red shift process of the LSPR peak,
indicating that there is no generation of DNA nanostructures
(Figure S11). The ΔλLSPR-based biosensor used large dendritic
nanostructures as capping agents with a detection limit of 19
pM (Figure 6). More importantly, the ΔλLSPR-based biosensor
was more convincing based on the size of the capping ligand
compared with traditional and high-background-absorption
peak-intensity-based colorimetric analyses and quenched
group-based fluorescence analyses.

■ CONCLUSIONS
We have demonstrated the use of thiolated biomolecules with
different concentrations and sizes to control the overgrowth of
GNRs, resulting in nanoparticles with tunable geometric and
plasmonic properties. The LSPR property, color, and
morphological evolution of Au@gap@GNRs showed the
size-dependent effect of the capping ligand. Interestingly, by
increasing the concentration of thiol-free and nonhomooligo-
meric DNA strands, the red shift of the LSPR peak was similar
to that using thiolated molecules as capping agents in GNR
overgrowth. Studies with DNA strands as a capping agent
revealed two representative pathways for the morphological
evolution of GNRs. DNA molecules are excellent material
modules for assembling nanostructures with different sizes and
shapes. Therefore, we explored the mechanism and application
of the DNA dendritic nanostructure as a capping agent
combined with LSPR signals generated by the morphological
evolution of Au@gap@GNR. More importantly, the ΔλLSPR-
based biosensor has an ultrahigh sensitivity and signal-to-noise
ratio compared with traditional colorimetric and fluorescence
analyses. Therefore, by taking advantage of DNA strands as
capping agents and the LSPR property from the morphological
evolution of GNRs, the ΔλLSPR-based biosensor exhibits
potential applications in biorecognition, sensing, and therapy.
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