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ABSTRACT: Atomically ﬂat surfaces of single-crystalline Au nanoplates can maximize the functionality of biomolecules, thus
realizing extremely high-performance biosensors. Here, we report both highly speciﬁc and supersensitive detection of C-reactive
protein (CRP) by employing atomically ﬂat Au nanoplates. CRP is a protein biomarker for inﬂammation and infection and can
be used as a predictive or prognostic marker for various cardiovascular diseases. To maximize the binding capacity for CRP, we
carefully optimized the Au nanoplate-Cys3-protein G-anti-CRP structure by observing atomic force microscopy (AFM) images.
The optimally anti-CRP-immobilized Au nanoplates allowed extremely speciﬁc detection of CRP at the attomolar level. To
conﬁrm the binding of CRP onto the Au nanoplate, we assembled Au nanoparticles (NPs) onto the CRP-captured Au
nanoplate by sandwich immunoreaction and obtained surface-enhanced Raman scattering (SERS) spectra and scanning
electron microscopy (SEM) images. Both the SERS and SEM results showed that we completely eliminated the nonspeciﬁc
binding of Au NPs onto the optimally anti-CRP-immobilized Au nanoplate. Compared with the anti-CRP-immobilized rough
Au ﬁlm and the randomly anti-CRP-attached Au nanoplate, the optimally anti-CRP-immobilized Au nanoplate provided a
highly improved detection limit of 10−17 M. In this study, it was validated that ultraclean and ultraﬂat Au nanoplates can
maximize the sensing capability of CRP. We expect that these Au nanoplates will enable the feasible detection of many
important biomarkers with high speciﬁcity and high sensitivity.
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1. INTRODUCTION
Atomically ﬂat surfaces of nanomaterials have been employed
to establish eﬀective interfaces with various systems, thus
innovatively improving nanomaterial-based devices.1,2 For
example, atomically ﬂat surfaces can exhibit advanced performances for optical and electronic devices because the surfaces
can signiﬁcantly reduce the scattering loss of photons and
electrons.3−5 In the development of high-performance biological sensors, it is critical to construct optimally bioactive
surfaces that can maximize the functionality of immobilized
molecules onto the surfaces.6 Atomically ﬂat and ultraclean Au
nanoplates are promising materials for these bioactive surfaces
because biological molecules can be uniformly and optimally
immobilized on Au surfaces.7 As a ﬁrst step toward the
construction of optimally bioactive Au surfaces, we previously
reported the synthesis of single-crystalline Au nanoplates in the
vapor phase.7 The synthesized Au nanoplates are ultraﬂat and
ultraclean and have no grain boundaries.7 Because these
superior properties of single-crystalline Au nanoplates have
© 2019 American Chemical Society

improved the biological sensing performance, Au nanoplates
have emerged as novel building blocks for high-performance
biological sensors.8
For the realization of high-performance biosensors employing Au nanoplates, an important task to complete is the dense,
homogeneous, and stable immobilization of bioreceptors onto
Au surfaces.9 Among many kinds of bioreceptors, antibodies
have been the most widely used for the detection of
biomolecules.10,11 To maximize the binding capacity of an
antibody against an antigen, it should be immobilized on the
Au surface uniformly with an optimal orientation.12 In
particular, the oriented immobilization of the antibody is
highly important so that the antibody has the optimal
conformation for its interaction with the antigen.13 Previous
studies suggested that a well-ordered antibody could improve
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Figure 1. (a) Schematic illustration of anti-CRP immobilization onto an Au nanoplate. (b) AFM image of an atomically ﬂat Au nanoplate. (c) AFM
image of a Cys3-protein G-immobilized Au nanoplate. (d) AFM image of an anti-CRP-immobilized Au nanoplate.

Figure 2. (a) AFM images of Cys3-protein G-immobilized Au nanoplates by varying the concentration of Cys3-protein G from 0.5 to 50 nM. (b)
AFM images of anti-CRP-immobilized Au nanoplates by varying the concentration of anti-CRP from 0.3 to 33 nM.

microscopy (AFM) observation. After the optimal immobilization of protein G and anti-CRP onto the Au nanoplates, CRP
detection was accomplished. In particular, we employed the
anti-CRP-attached Au nanoparticle (NP) as a probe for the
conﬁrmation of CRP binding onto the optimally anti-CRPimmobilized Au nanoplate. The Au NPs were assembled onto
the Au nanoplate in the presence of only CRP, leading to the
formation of the NPs-on-nanoplate architecture. The CRPdetected NPs-on-nanoplate structure was clearly observed by
scanning electron microscopy (SEM) measurements. Moreover, we quantitatively analyzed CRP by measuring the
surface-enhanced Raman scattering (SERS) signals, which are
strongly enhanced in the nanogap of the NPs-on-nanoplate
structure.1,7,8,24 As a result, 10−17 M of CRP was detectable
using the optimally anti-CRP-immobilized Au nanoplate.
Furthermore, the optimally anti-CRP-immobilized Au nanoplate did not interact with proteins other than CRP, and it
completely suppressed the nonspeciﬁc binding of Au NPs.
Through comparative experiments with an anti-CRP-immobilized rough Au ﬁlm and a randomly anti-CRP-attached Au
nanoplate, it was determined that the optimally anti-CRPimmobilized Au nanoplate was able to detect CRP with perfect
speciﬁcity and attomolar sensitivity. Based on these results, we
anticipate that the realization of high-performance biosensors
is feasible by optimally immobilizing several bioreceptors on
Au nanoplates.

the antigen binding capacity by up to 8-fold over that of the
random-ordered antibody.14 Various antibody immobilization
techniques have been developed by employing adsorption,
covalent bonding, antibody tagging, antibody binding proteins,
recombinant antibodies, and so forth.15 Among these
techniques, antibody binding proteins such as proteins
G,12−14 A,16 and L17 have been frequently used because they
can eﬀectively expose the binding site of the antibody to the
antigen. Therefore, we tried to uniformly modify protein G
onto the Au nanoplate and then immobilize the antibody onto
the Au nanoplate sequentially for the construction of the
optimal antibody-immobilized Au surface. The optimally
immobilized antibody on the ultraﬂat and ultraclean Au
nanoplate may enable the realization of a high-performance
biosensor.
As a proof-of-concept, we immobilized the antibody against
C-reactive protein (CRP) onto the Au nanoplates in an
optimal orientation and applied them to CRP detection. CRP
is a well-characterized biomarker for inﬂammation and is an
independent predictor of future cardiovascular events.18,19
Moreover, accumulating evidence suggests that the CRP level
is implicated in the development of type 2 diabetes mellitus
and the pathogenesis of metabolic syndrome.20,21 Therefore, it
is important to detect CRP in a highly sensitive and speciﬁc
manner.22,23 To fabricate a Au surface with maximum binding
capacity for CRP, we carefully optimized the Au nanoplateCys3-protein G-anti-CRP structure under atomic force
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2. RESULTS AND DISCUSSION
Figure 1a shows a schematic illustration of anti-CRP
immobilization onto the Au nanoplate. The ultraﬂat, ultraclean, and single-crystalline Au nanoplates were synthesized on
a sapphire substrate by a simple vapor transport method, as
reported previously. The single-crystalline Au nanoplates are
triangularly shaped and have 20−30 μm of edge length and
100−200 nm of thickness. The surface of the Au nanoplate was
ﬁrst modiﬁed with Cys3-protein G after 12 h of incubation and
washing. Three cysteine residues of Cys3-protein G were
eﬃciently bound to the Au surface by Au−S bonding. Next,
the anti-CRP was immobilized on the Cys3-protein Gmodiﬁed Au nanoplate after 12 h of incubation and washing.
Because protein G binds speciﬁcally to the Fc region of the
human IgG antibody, the anti-CRP can be immobilized on the
Au nanoplate in the proper orientation for CRP binding.
Notably, a previous report suggested that compared with tagfree protein G, Cys3-protein G could improve the antibody
binding aﬃnity and antigen detection sensitivity by 4 times and
10 times, respectively. Figure 1b is the AFM topographic image
of an Au nanoplate. The surface-height variation in the Au
nanoplate is 0.10 nm (Ra) with a 0.13 nm root-mean-square
(rms) roughness. Considering that the atomic radius of Au is
∼0.14 nm, this value is quite impressive. The AFM results
clearly veriﬁed that the surface of the Au nanoplate was
atomically ﬂat. Figure 1c,d is the AFM images of Cys3-protein
G-immobilized and anti-CRP-immobilized Au nanoplates,
indicating that Cys3-protein G and anti-CRP are uniformly
immobilized onto the atomically ﬂat Au nanoplates.
For the construction of a well-deﬁned anti-CRP-immobilized
Au nanoplate, we optimized the Cys3-protein G and antibody
immobilization conditions under AFM monitoring. First, the
surface of the Au nanoplate was modiﬁed with Cys3-protein G
over a concentration range from 0.5 to 50 nM (Figures 2a and
S1a). When the Au nanoplate was incubated in 0.5 nM of
Cys3-protein G solution, the resultant AFM image showed
sparsely attached Cys3-protein G residues (bottom panel of
Figure 2a). When the Au nanoplate was modiﬁed with 5 nM of
Cys3-protein G solution, the surface of the Au nanoplate was
uniformly and densely coated with Cys3-protein G (middle
panel of Figure 2a). From this nanoplate, the height was
measured to be 2.09 ± 0.25 nm, and the rms roughness was
measured to be 1.34 nm. When the concentration of the Cys3protein G solution was increased to 50 nM, aggregated
proteins were frequently observed on the Au nanoplate, as
shown in the top panel of Figure 2a. The height was also
increased to 4.28 ± 1.23. Based on the AFM analysis results,
we adopted 5 nM of Cys3-protein G solution to optimally
modify the surface of the Au nanoplate. Second, anti-CRP was
attached on the Cys3-protein G-immobilized Au nanoplate by
varying the concentration from 0.3 to 33 nM (Figures 2b and
S1b). When the Cys3-protein G-immobilized Au nanoplate
was incubated in 0.3 nM of anti-CRP solution, the AFM image
shows that the anti-CRP was slightly coated on the Au
nanoplate (bottom panel of Figure 2b). When 3 nM of antiCRP solution was employed, we observed densely and
uniformly immobilized anti-CRP on the Au nanoplate (middle
panel of Figure 2b). The measured height was 3.28 ± 0.82 nm,
and the rms roughness was 1.36 nm. When 33 nM of anti-CRP
solution was used, slightly aggregated antibodies were
observed. Taken together, we optimally immobilized Cys3protein G and anti-CRP onto the single-crystalline Au

nanoplate through the sequential incubation of Cys3-protein
G (5 nM) and anti-CRP (3 nM) solutions.
The optimally anti-CRP-immobilized Au nanoplate may
exhibit a highly improved binding ability to CRP. For proof of
this ability, we tried to detect CRP by employing the optimally
anti-CRP-immobilized Au nanoplate as depicted in Figure 3a.

Figure 3. (a) Schematic illustration of CRP detection using an
optimally anti-CRP-immobilized Au nanoplate. After preparation of
the anti-CRP-immobilized Au nanoplate, the CRP solution was
reacted with the nanoplate. Then, anti-CRP-attached Au NP probes
were incubated for the construction of the NPs-on-nanoplate
architecture. (b) SERS spectra of RBITC obtained from Au NPson-nanoplate structures by varying the concentration of CRP from 0
to 10−9 M. (c) Plot of the band intensity at 1643 cm−1 as a function of
the CRP concentration (0−10−9 M). The inset is the magniﬁed plot
of intensity as a function of CRP concentration (0−10−16 M). Data
represent the average ± standard deviation from 10 measurements.

After the preparation of the anti-CRP-immobilized Au
nanoplates, a variety of concentrated CRP solutions were
reacted with the nanoplates and washed thoroughly. Then, Au
NP probes were incubated for the construction of NPs-onnanoplate architectures. Because the Au NPs were also
conjugated with anti-CRP, a sandwich immunoreaction can
occur between the nanoplate and the Au NP probes in the
presence of CRP. In other words, the formation of Au NPs-onnanoplate structures implies the successful detection of CRP.
The Au NPs-on-Au nanoplate structures have been regarded as
eﬃcient SERS-active platforms because the SERS signals of
molecules can be remarkably enhanced at the nanogaps
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Figure 4. (a) SEM images of Au NPs-on-nanoplate structures at various concentrations of CRP (0, 10−18, 10−17, 10−16, 10−14, and 10−10 M). (b)
Plot of the band intensity at 1643 cm−1 and the number of Au NP probes on nanoplates (1 μm × 1 μm) as a function of the CRP concentration
(0−10−9 M). Data represent the average ± standard deviation from 10 measurements.

the Au nanoplate. As the concentration of CRP decreased, the
number of Au NP probes decreased and ﬁnally became zero in
the blank sample. This result agrees well with the SERS results
for CRP detection, indicating that the Au NPs-on-nanoplate
structures can provide enhanced Raman signals of molecules.
Figure 4b shows the plots of the SERS intensity for the 1643
cm−1 band and the number of Au NP probes versus the
concentration of CRP. The number of Au NPs was determined
by counting the NPs on the 1 μm2 nanoplate, corresponding to
the laser focused area. From the detection of 10−9 M CRP on
Au nanoplates, we observed an average of 141.3 Au NP probes.
The number of Au NPs decreased as the concentration of CRP
decreased, and only 6.0 NPs were found on the Au nanoplate
for the detection of 10−17 M CRP. Moreover, we found only
one or two Au NPs and sometimes zero NPs on the Au
nanoplate sensing 10−18 M CRP. This observation can explain
the blinking SERS signals. After the treatment of blank
samples, no Au NP probe was observed on the Au nanoplates.
This result suggests that the atomically ﬂat Au nanoplates and
optimally immobilized anti-CRP synergistically contributed to
the elimination of nonspeciﬁc binding of Au NP probes,
enabling us to detect CRP at the attomolar level.
The anti-CRP-immobilized Au nanoplates allowed us to
detect CRP extremely sensitively by suppressing nonspeciﬁc
binding. To further explore this speciﬁc sensing of CRP, we
tried to detect not only CRP but also other proteins, such as
bovine serum albumin (BSA), heparin, tumor necrosis factor-α
(TNF-α), and Troponin I (cTnI), using optimally anti-CRPimmobilized Au nanoplates. Figure 5a shows SEM images of
Au nanoplates after the detection of ﬁve kinds of proteins. In
the presence of CRP (10−9 M), the Au NP probes were well
assembled onto the anti-CRP-immobilized Au nanoplate (top
panel of Figure 5a), and strong SERS signals of RBITC were
obtained (top panel of Figure 5b). In the presence of BSA (8 ×
10−9 M), heparin (5 × 10−7 M), TNF-α (10−9 M), and cTnI
(10−9 M), no Au NP probe was found on the nanoplates
(middle and bottom panels of Figure 5a), and negligible SERS
signals were measured (bottom panel of Figure 5b). This result
indicates that the optimally antibody-immobilized Au nanoplates can recognize the target antigen highly speciﬁcally and
greatly reduce the nonspeciﬁc binding of other proteins and
even NPs. Because one of the most challenging tasks in
immunoassays is to reduce nonspeciﬁc binding, the present
ultraspeciﬁc sensing ability of atomically ﬂat Au nanoplates is
quite impressive.
Next, we compared the sensing performances of ﬂat Au
nanoplates and rough Au ﬁlms. Cys3-protein G (5 nM) and
anti-CRP (3 nM) were sequentially modiﬁed on the Au ﬁlm

between the two noble metal structures. Hence, we were able
to conﬁrm the construction of NPs-on-nanoplate structures,
corresponding to the detection of CRP, by measuring the
SERS signals. Figure 3b shows the SERS spectra of rhodamine
B isothiocyanate (RBITC) obtained from the NPs-onnanoplate structures by varying the concentration of CRP
from 0 to 10−9 M. Because the RBITC was attached to the Au
NPs only, the strong SERS signals of RBITC clearly proved the
formation of NPs-on-nanoplate structures. The peaks are
assigned in Table S1. As shown in Figure 3b, the SERS signals
gradually increased as the concentration of CRP increased. It is
noteworthy that the SERS signals of RBITC were barely
detectable when CRP was absent. However, the SERS signals
were observable even at an extremely low concentration of
10−17 M CRP, corresponding to 5 zmol in a 500 μL sample
volume. For quantitative analysis, we plotted the SERS
intensity for the 1643 cm−1 band as a function of the
concentration of CRP (Figure 3c). The raw spectra and ﬁtted
line are also shown in Figures S2 and S3. The plot also shows
that the SERS intensity gradually increased as the CRP
concentration increased from 0 to 10−9 M. The inset is the
magniﬁed plot of the SERS intensity versus the concentration
of CRP from 0 to 10−16 M. When the blank samples were
tested, no SERS signals of RBTIC were observed. Even though
we measured tens of samples, we only obtained noise signals
originating from the equipment. This result indicates that the
nonspeciﬁc adsorption of Au NP probes was signiﬁcantly
suppressed by using the atomically ﬂat Au nanoplates. When
the attomolar CRP samples (10−18 M) were tested, weak SERS
signals of RBITC were observed. Particularly in these samples,
we found that the SERS signals blinked according to the
measurements. This ﬁnding suggests that one or two Au NPs
were present in the illuminated area of the Au nanoplate and
that, often, no Au NP was in the area of the nanoplate. When
the 10−17 M CRP samples were employed, we could obtain
SERS spectra from all samples without blinking. This result
demonstrates that the optimally antibody-immobilized Au
nanoplates can detect the antigen at the attomolar level.
Considering that the lowest detection limit of CRP was 10−16
M,25 the optimally anti-CRP-immobilized Au nanoplates were
able to sensitively detect CRP at an order of magnitude greater
than the lowest detection limit.
To further investigate attomolar CRP detection using
atomically ﬂat Au nanoplates, we directly observed Au NPson-nanoplate structures by SEM. Figures 4a and S4 show the
SEM images of Au NPs-on-nanoplates by varying the
concentration of CRP. When a CRP sample of 10−10 M was
used, several well-dispersed Au NP probes were observed on
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Au ﬁlms, we tried to detect CRP. Figures 6a and S6 are the
SEM images of Au NPs-on-ﬁlm structures after the detection
of samples with various concentrations of CRP. When the 10−9
M CRP sample was detected, several Au NP probes were
shown on the Au ﬁlm. However, the SEM images for the other
samples (0−10−10 M) showed sparsely distributed Au NPs,
making it diﬃcult to quantitatively identify CRP. The plots of
the SERS intensity and the number of Au NPs versus the
concentration of CRP further showed that the anti-CRPimmobilized Au ﬁlm could detect CRP at the nanomolar level
(Figure 6b). The corresponding full SERS spectra are
displayed in Figure S7. Compared to the optimally antiCRP-immobilized Au nanoplates, the Au ﬁlms provided a
signiﬁcantly reduced number of Au NP probes and SERS
intensities after the detection of CRP. When the 10−9 M CRP
sample was examined, the average numbers of Au NP probes
on the Au nanoplate and the Au ﬁlm were 141.3 and 59.6,
respectively, and the SERS intensities were 2115 and 540,
respectively. This diﬀerence could be attributed to the fact that
more antibodies were immobilized on the ﬂat Au nanoplates
than on the rough Au ﬁlms. Because Cys3-protein G could be
assembled uniformly and densely on the atomically ﬂat Au
nanoplates, more anti-CRP molecules could be immobilized on
the Au nanoplates than on the Au ﬁlms. Moreover, we found
that more nonspeciﬁcally attached Au NPs were observed on
the Au ﬁlms than on the Au nanoplates. These nonspeciﬁc
adsorptions may be caused by van der Waals or electrostatic
forces on the partially exposed Au ﬁlm surfaces. The rough Au
ﬁlms increased the background signals by the nonspeciﬁc
bindings and decreased the CRP detection signals by sparsely
immobilized antibodies, providing a nanomolar sensitivity for
CRP. On the other hand, the atomically ﬂat Au nanoplates
enabled the attomolar sensing of CRP by the suppression of
nonspeciﬁc binding and the well-deﬁned immobilization of
antibodies.

Figure 5. (a) SEM images of Au nanoplates after detection of CRP
(10−9 M), BSA (8 × 10−9 M), heparin (5 × 10−7 M), TNF-α (10−9
M), and cTnI (10−9 M). (b) SERS spectra of RBITC obtained from
Au nanoplates after detection of CRP (magenta spectrum in the top
panel), BSA (green spectrum in the bottom panel), heparin (blue
spectrum in the bottom panel), TNF-α (violet spectrum in the
bottom panel), and cTnI (orange spectrum in the bottom panel).

through the same procedures as those used for Au nanoplates.
Figure S5a is the topological AFM image of the Cys3-protein
G-immobilized Au ﬁlm, showing a height of 5.34 ± 0.98 nm,
an Ra value of 1.26 nm, and an rms roughness of 1.60 nm. After
the anti-CRP attachment onto the Cys3-protein G-modiﬁed
Au ﬁlm, the height, Ra value, and rms roughness increased to
8.24 ± 1.85, 2.70, and 2.08 nm, respectively (Figure S5b).
Compared to the AFM images for Au nanoplates, those for the
Au ﬁlm show rougher surfaces. By using anti-CRP-immobilized

Figure 6. CRP detection results using (a,b) anti-CRP-immobilized rough Au ﬁlms and (c,d) randomly anti-CRP-immobilized Au nanoplates. (a)
SEM images of Au NP-on-ﬁlm structures at various concentrations of CRP (0, 10−18, 10−17, 10−16, 10−14, and 10−10 M). (b) Plot of the band
intensity at 1643 cm−1 and the number of Au NP probes on ﬁlms (1 μm × 1 μm) as a function of the CRP concentration (0−10−9 M). (c) SEM
images of Au NPs-on-nanoplate structures at various concentrations of CRP (0, 10−18, 10−17, 10−16, 10−14, and 10−10 M). (d) Plot of the band
intensity at 1643 cm−1 and the number of Au NP probes on ﬁlms (1 μm × 1 μm) as a function of CRP concentration (0−10−9 M). Data represent
the average ± standard deviation from 10 measurements.
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4. EXPERIMENTAL SECTION

Finally, we tried to detect CRP by employing randomly antiCRP-immobilized Au nanoplates. For the preparation of antiCRP with a random orientation, we assembled linker
molecules (HS−(CH2)10−NHS) onto the Au nanoplates and
then coupled the anti-CRP through the 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC)/N-hydroxysuccinimide (NHS) reaction. The AFM images of the linker
molecule-assembled Au nanoplate and the randomly antibodyimmobilized Au nanoplate are displayed in Figure S5c,d. After
the detection of CRP using randomly antibody-immobilized
Au nanoplates, we obtained SEM images of Au NPs-onnanoplate structures (Figures 6c and S8) and the corresponding SERS spectra (Figure S9). The analyzed plots of the SERS
intensity and the number of Au NPs versus the concentration
of CRP are also shown in Figure 6d. When the 10−9 M CRP
sample was detected by using randomly anti-CRP-immobilized
Au nanoplates, 105.9 Au NP probes on average were observed.
This value is lower than that (141.3) of the optimally antiCRP-immobilized Au nanoplate but higher than that (59.6) of
the rough Au ﬁlm. As shown in Figure 6d, the number of Au
NPs and the SERS intensities decreased as the concentration
of CRP decreased from 10−9 to 10−14 M. Below 10−14 M CRP,
however, both the SERS signals and the number of Au NPs
were undistinguishable. Although the atomically ﬂat Au
nanoplates were employed, we might detect CRP at a low
concentration of 10−14 M with the randomly oriented
antibody. Because the well-ordered antibody can improve the
antigen binding capacity compared with the random-ordered
antibody, this result is reasonable. The comparative experimental results veriﬁed that only the optimally anti-CRPimmobilized Au nanoplates make the attomolar detection of
CRP feasible. We anticipate that the well-immobilized
bioreceptors on the atomically ﬂat Au nanoplates will allow
us to realize high-performance biosensors for disease diagnosis
and prognosis, environmental monitoring, and food safety.

4.1. Materials. Recombinant human CRP, mouse monoclonal
antibody against CRP, sheep polyclonal antibody against CRP, and
recombinant human TNF-α were purchased from R&D systems Au
slug, Au NPs (20 nm), RBITC, BSA, and heparin sodium salt from
porcine intestinal mucosa were purchased from Sigma-Aldrich.
Ethanol was purchased from Merck. The phosphate buﬀered saline
(PBS; 10 mM phosphate buﬀer, pH 7.4, containing 140 mM NaCl)
and Tween 20 were purchased from Gibco (Invitrogen). Cys3-protein
G was purchased from MiCoBioMed (Korea). The linker molecule
(HS−(CH2)10−NHS) was purchased from ProChimia. cTnI and
coupling buﬀer (20 mM Tris-HCl, 300 mM NaCl, 20% (w/v)
glycerol, 0.5 mM beta-mercaptoethanol, 0.05% Tween 20, pH 8.0)
were kindly provided by POSTECH (Korea).
4.2. Synthesis of Au Nanoplates. The ultraﬂat, ultraclean, and
twin-free single-crystalline Au nanoplates were synthesized in a
horizontal hot-wall single-zone furnace system with a 1 in diameter
inner quartz tube.7 The system was equipped with pressure and mass
ﬂow controllers. In a quartz tube, an Au slug-containing alumina boat
was placed at the center of a heating zone. Before the reaction, the
quartz tube was purged with N2 gas for 30 min to maintain an inert
atmosphere, and the pressure was lowered to 5−10 Torr with a gas
ﬂow rate of 100 sccm. The Au slug-containing alumina boat was
heated to 1100−1170 °C, and the reaction time was 60−90 min.
During the reaction, Au vapor was transported by the carrier gas from
the high-temperature zone to the low-temperature zone, where
sapphire substrates were present. After the reaction, the singlecrystalline Au nanoplates could be obtained on the substrates. Au
ﬁlms were prepared by electron beam-assisted deposition of 10 nm Cr
followed by 300 nm Au on a Si wafer.
4.3. Immobilization of the Antibody on Au Nanoplates. The
single-crystalline Au nanoplates were transferred from the sapphire
substrate to a Si wafer by a simple attachment and detachment
process with a lubricant of distilled water. The transferred Au
nanoplates were incubated in PBS containing 5 nM Cys3-protein G at
room temperature for 12 h. After incubation, the Cys3-protein Gmodiﬁed Au nanoplates were immersed in a 3 nM monoclonal antiCRP solution for 12 h at room temperature. The resultant anti-CRPimmobilized Au nanoplates were rinsed twice with PBST (10 mM
PBS, 0.05% Tween 20, pH 7.4). The same experimental procedure
was performed using Au ﬁlms instead of Au nanoplates for
comparison. For the preparation of randomly anti-CRP-immobilized
Au nanoplates, the bare nanoplates were incubated in a 1 mM linker
molecule-dissolved ethanol solution at room temperature for 12 h.
The linker molecule-modiﬁed Au nanoplates were immersed in a 3
nM monoclonal anti-CRP solution for 12 h at room temperature and
rinsed twice with PBST.
4.4. Detection of CRP Using the Anti-CRP-Immobilized Au
Nanoplates. The CRP solution was prepared by dissolving the CRP
in a coupling buﬀer. For the preparation of the Au NP probe solution,
an ethanolic solution of RBITC was added to an Au NP solution to a
volume of 1 mL with a ﬁnal RBITC concentration of 1 μM, and this
solution was incubated for 1 h at 25 °C. Simultaneously, we prepared
a mixture of 10 μL of linker molecule-dissolved ethanol solution (100
μM) and 100 μL of polyclonal anti-CRP solution (1 ng/mL) in an
Eppendorf tube for 1 h at 25 °C. Next, 50 μL of the mixture was
added to the RBITC-conjugated Au NP probe solution. This solution
was incubated for 1 h at room temperature, centrifuged (13 000 rpm)
for 15 min, and resuspended in 1 mL of PBST. For the detection of
CRP, the prepared CRP solution was added to the anti-CRPimmobilized Au nanoplates or ﬁlms for 6 h at 25 °C followed by
thorough washing with coupling buﬀer and PBST. Subsequently, the
CRP-conjugated Au nanoplates were immersed in an Au NP probe
solution at 25 °C for 2 h. The CRP-captured NPs-on-Au nanoplate
structures were washed with PBST and distilled water. After drying
with N2 gas, SERS and SEM measurements were performed. The
same experimental procedure was performed using BSA, heparin,
TNF-α, and cTnI instead of CRP for the selectivity test.

3. CONCLUSIONS
We report that atomically ﬂat Au nanoplates enable the
completely speciﬁc and attomolar detection of CRP. Welldeﬁned Au nanoplate-Cys3-protein G-anti-CRP platforms
were constructed under AFM monitoring, and then CRP was
detected using the platforms. For the conﬁrmation of CRP
binding onto the optimally anti-CRP-immobilized Au nanoplates, anti-CRP-attached Au NPs were employed, and SEM
and SERS measurements were performed. From the resultant
SEM images and SERS spectra, we proved that the atomically
ﬂat Au nanoplates remarkably suppressed the nonspeciﬁc
adsorptions of Au NP probes, allowing us to detect CRP at a
low concentration of 10−17 M. Moreover, the selectivity test
suggested that the optimally antibody-immobilized Au nanoplates could recognize the target antigen accurately. The
comparative experiments with anti-CRP-immobilized rough Au
ﬁlms and randomly anti-CRP-attached Au nanoplates further
veriﬁed that attomolar sensitivity and complete speciﬁcity
could be synergistically achieved by ﬂat Au nanoplates and the
optimal immobilization of the antibody. We expect that
atomically ﬂat Au nanoplate platforms can maximize the
functionality of biomolecules, thus realizing extremely highperformance biosensors for disease diagnosis and prognosis,
environmental monitoring, food safety, and so forth.
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4.5. Instrumentation. The SEM images were taken on Nova230
(FEI Company). The AFM images were obtained using VEECO and
XE-100. The SERS spectra were measured using a high-resolution
dispersive Raman microscope (Horiba Jobin Yvon) in which a 633
nm laser with a power of 2 mW was focused on the sample surface
with a beam diameter of 1 μm.
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