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ABSTRACT: Surface-enhanced Raman scattering (SERS) has been
considered as a promising sensing technique to detect low-level analytes.
However, its practical application was hindered owing to the lack of
uniform SERS substrates for ultrasensitive and reproducible assay. Herein,
inspired by the natural cactus structure, we developed a cactus-like 3D
nanostructure with uniform and high-density hotspots for highly eﬃcient
SERS sensing by both grafting the silicon nanoneedles onto Ag dendrites
and subsequent decoration with Ag nanoparticles. The hierarchical scaﬀolds
and high-density hotspots throughout the whole substrate result in great
ampliﬁcation of SERS signal. A high Raman enhancement factor of crystal
violet up to 6.6 × 107 was achieved. Using malachite green (MG) as a
model target, the fabricated SERS substrates exhibited good reproducibility
(RSD ∼ 9.3%) and pushed the detection limit down to 10−13 M with a
wide linear range of 10−12 M to 10−7 M. Excellent selectivity was also
demonstrated by facilely distinguishing MG from its derivative, some organics, and coexistent metal ions. Finally, the practicality
and reliability of the 3D SERS substrates were conﬁrmed by the quantitative analysis of spiked MG in environmental water with
high recoveries (91.2% to 109.6%). By virtue of the excellent performance (good reproducibility, high sensitivity, and selectivity),
the cactus-like 3D SERS substrate has great potential to become a versatile sensing platform in environmental monitoring, food
safety, and medical diagnostics.
ﬁeld enhancements. Sun and co-workers20 synthesized the
micrometer-scale Ag dendrites in solutions with the enhancement factor (EF) of 5.78 × 103. Li et al.21 fabricated the Ag
dendrites on aluminum foil to obtain enhanced sensing
performance (EF was 4.3 × 105). In order to further boost
the SERS performance, a promising route is the construction of
3D hierarchical nanostructures. Notably, Ren et al.22 reported
the primitive 3D Ag dendrites with rod-like tips protruding in
random directions by the wet-chemical method. Nevertheless,
these tips were short and of low density, and the hydrophobic
surface challenged the detection of the analytes in water due to
the poor aﬃnity.23−26
Silicon (Si) nanomaterials have been reported as an excellent
SERS platform by He’s group because of their biocompatibility,
stable chemical structure, hydrophilic properties, and luminescence quenching.27 The needle-like Si tips rather than nanorods

S

urface-enhanced Raman scattering (SERS) has been
recognized as a promising technique for the eﬃcient
sensing of ultratrace analytes since its discovery in the mid1970s.1−4 It was widely pursued in various ﬁelds due to the rich
ﬁngerprinting information on analytes at trace levels or even at
single-molecule levels.5,6 However, the biggest obstacle to the
expansion of the scope of practical application for SERS sensing
is the lack of highly eﬃcient substrates with uniform and highdensity hotspots.7−9 Recently, extensive eﬀorts have been
devoted to construct diﬀerent SERS substrates from zerodimensional clusters (Au or Ag nanospheres,10,11 nanocubes12,13) to 3D hierarchical nanoscaﬀolds (nanoarrays,14,15
branched nanotrees,16,17 and nanobutterﬂy wing18,19). Notably,
3D nanostructures are far superior owing to their potential for
the arrangement of hotspots along the third dimension. In
addition, the hierarchical nanostructures can obtain larger
surface area for adsorbing more signal molecules, leading to
higher detection sensitivity.
Ag dendrites have been particularly attractive for SERS
substrate because their branches have unique electromagnetic
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Scheme 1. Schematic Illustration of the Fabrication Process of AgNPs Decorated 3D Ag Dendrites/Si Nanoneedles
Nanocactusa

a

(I) Preparation of Ag dendrites; (II) the decoration of AuNPs on the surface of Ag dendrites; (III) the growth of Si nanoneedles; and (IV)
nanoneedles were decorated by AgNPs.

RSD values (<10%) owing to the uniform and high-density
hotspots throughout the substrate. Our constructed SERS
platform also exhibited excellent selectivity for MG against its
derivative as well as coexistent metal ions even in complex
mixtures. Furthermore, we demonstrated the practicality and
reliability of the 3D SERS substrates via the successful analysis
of MG spiked environmental water samples.

or spherical particles were chosen as building blocks to oﬀer
additional SERS enhancement by the optical antenna eﬀect.28
Additionally, grafting the Si nanoneedles onto Ag dendrites also
has several other advantages: (1) The Si nanoneedles were used
as the scaﬀolds of Ag nanoparticles (NPs), and they were
crucial for chasing high-density hotspots. (2) The hierarchical
spatial distribution of Si nanoneedles endowed the Ag dendrites
with improved sensitivity and reproducibility. (3) Higher
surface area of the 3D nanostructure was responsible for
adsorbing more analyte molecules. (4) The hydrophilic
nanostructure was very attractive for sensing the analytes in
water.
In our previous research, the ZnO nanorods/Si nanoneedles
3D hierarchical nanostructure had been fabricated successfully.29 However, the preparation of ZnO nanorods arrays
suﬀered from complicated process as well as time-consuming
steps and required expensive instruments and very high
operating temperature (950 °C). Herein, inspired by these
works and the natural cactus composite structure, we developed
a unique cactus-like 3D substrate by grafting the Si nanoneedles
onto Ag dendrites. The Ag dendrites were exploited as an
alternative biocompatible support to overcome the identiﬁed
deﬁciencies, in terms of reaction time, growth temperature, and
equipment situation. First, it was prepared in beakers at room
temperature in a few minutes. Then the Si nanoneedles were
grafted onto the Ag dendrites and decorated with AgNPs
subsequently. Finally, the prepared SERS substrate was
employed for detection of malachite green (MG), a forbidden
triphenylmethane dyes in aquaculture that has been reported to
cause carcinogenesis, mutagenesis, and chromosomal fractures.30 The detection limit of MG as low as 10−13 M was
obtained. Also good reproducibility was demonstrated with low

■

EXPERIMENTAL SECTION
Fabrication of Ag Dendrites. Commercial silicon wafer
was cut into 2 × 2 cm2 slices and rinsed with acetone and water
for degreasing. Immersion in concentrated 5% hydroﬂuoric acid
was carried out for 30 s to remove the native oxide layer. After
rinsing in distilled water and drying in nitrogen atmosphere, the
silicon slices were immediately immersed in the mixing of silver
nitrate solution (5 mL, 20 mM) and hydroﬂuoric acid solution
(5 mL, 50 mM) for 1 h at room temperature. A large amount of
Ag dendrites were formed all over the silicon wafer. Ag
dendrites were subsequently rinsed with distilled water twice
and then dried in air.
Fabrication of Ag Dendrites/Si Nanoneedles Nanocactus. Si nanoneedles were grafted onto the Ag dendrites by a
bottom-up growth process (based on VLS growth mechanism),
which was conducted inside plasma enhanced chemical vapor
deposition (PECVD) system. The as-prepared Ag dendrites
slices were used as the growth substrates, and a mixed silane
(10% in hydrogen) was used as the source material for VLS
growth. The Ag dendrites slices were coated with a ∼10 nm
thick Au layer by ion spurting prior to the PECVD growth.
Then, it was placed in a reaction chamber, where the
temperature was set at 600 °C. Hydrogen (ﬂow rate, 20
sccm) was used as the carrier gas to transport silane (ﬂow rate,
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Scanning electron microscope (SEM) images show the
evolution from Ag dendrites to 3D AgNPs decorated Ag
dendrites/Si nanoneedles substrates. The initial Ag dendrites
(Figure 1a1−a3) were smooth and lain on the substrate with

20 sccm) to the reaction zone. The power of radio frequency
(rf) was set at 30 W, the deposition pressure was held at 40 Pa,
and the deposition duration varied from 15 to 45 min.
AgNPs Decorated Ag Dendrites/Si Nanoneedles
Nanocactus. AgNPs were deposited on the Ag dendrites/Si
nanoneedles hierarchical structure by a facile galvanic displacement. First, the as-prepared nanocactus were immersed into 5%
hydroﬂuoric acid solution for 2 min (obtain the hydrogen
passivation surface). Next, dip the chip into silver nitrate
solution for 1 min. The silver ions, which adsorb to the Si
nanoneedles, were reduced on the hydrogen passivation surface
at the same time. Finally, the samples were carefully washed
with double-distilled water and then dried by nitrogen ﬂow for
further applications.

■

RESULTS AND DISCUSSION
Preparation and Characterization of Cactus-Like 3D
SERS Substrates. Recently, increasing attention has been paid
to the fabrication of 3D hierarchical nanostructures for sensing
applications.31,32 Interestingly, by grafting both Si nanoneedles
and AgNPs onto quasi-3D substrate, a cactus-like 3D
hierarchical SERS substrate has been developed. Scheme 1
shows the fabrication procedure of such a 3D nanocactus
substrate, which comprises SERS-functionalized Ag dendrites
(trunk), a large number of hydrophilic Si nanoneedles
(branch), and an outer decoration of AgNPs. First, silicon
wafer was cut into slices (2 × 2 cm2) and immersed into
concentrated hydroﬂuoric acid to remove the native oxide layer.
Ag dendrites were prepared by immersing the treated slices in
the mixture of silver nitrate and hydroﬂuoric acid (steps I in
Scheme 1) by Feng et al.33 This process transformed the ﬂat Si
wafer into quasi-3D Ag dendrites and deﬁned the length and
interval of the branches, and the diameter of the backbones
(with a diameter of ∼300 nm, a branch interval of 100−200
nm, and the length of 1.6−4 μm). Second, the Si nanoneedles
were grafted onto the Ag dendrites through a VLS mechanism
in PECVD. The as-prepared Ag dendrites were coated with Au
seed before being placed inside the reaction chamber (steps II).
As the temperature rises (∼600 °C), the catalytic droplets
formed on the surface of Ag dendrites. A dilute mixture of
silane in hydrogen was initiated with a radio frequency power,
which results in the pyrolysis of the silane and the initiation of
SiHx cluster growth (steps III). The SiHx precipitated at the
liquid−substrate interface, and the nanoneedles grew in a layerby-layer process.
In our experimental conditions, the size of Au droplet gets
smaller and smaller owing to the loss and shrinkage, which
leads to gradual tapering nanoneedles taking place (A detailed
growth mechanism was shown in Scheme S1, Supporting
Information). Prior studies have also shown that tapered Si
nanowires were synthesized in an ultrahigh vacuum CVD
system because of the shrinking seed.34 After the Si branches
were grafted onto the trunk, dense monolayers of AgNPs were
attached onto their surfaces by galvanic displacement (step IV,
the Si nanoneedles act as reducing agent for the reduction of
silver ions). Although Ag dendrites can be used as the SERS
substrates directly, the 3D AgNPs decorated Ag dendrites/Si
nanoneedles substrates were fabricated here for achieving a
much stronger enhancement. It is advantageous for the ordered
arrangement of the high-density hotspots along the third
dimension direction. Meanwhile, the hierarchical scaﬀolds and
the hydrophilic performance can endow the substrates with
improved sensitivity and reproducibility.

Figure 1. SEM images of the (a1−a3) Ag dendrites, (b1−b3) Ag
dendrites/Si nanoneedles nanocactus, and (c1−c3) AgNPs decorated
Ag dendrites/Si nanoneedles SERS substrates, at diﬀerent magniﬁcations.

excellent uniformity that was consistent with most of the
previous reports.35 Once the graft achieved by PECVD, the
original smooth dendrites branched out to form 3D cactus-like
nanostructure. The typical images of as-prepared Ag dendrites/
Si nanoneedles nanocacti are shown in Figure 1b1−b3 at
diﬀerent magniﬁcations. The silicon nanoneedles show conelike morphology with a typical branch length from 600 nm to
1.2 μm. The bottom diameter of Si nanoneedle is about 150 nm
and gradually decreases from the root to the tip which
attributes to the loss and shrinkage of the alloy droplet. It is
quite clear that this step generates a large number of
homogeneous cactus spines (Si nanoneedles), which are
employed to improve the wettability and enhance the loading
capacity of Ag dendrites scaﬀolds signiﬁcantly.
By changing the experimental conditions (such as deposition
duration), the size of the branches could be tuned accordingly.
As shown in Figure S1, the length of the Si nanoneedles
changed from 200 nm to 1.2 μm, and the elements distributions
of the trunks and branches were carried out by energy
dispersive spectrometer (EDS) in Figure S2 (see Supporting
Information). An adjustable size of the branches oﬀers a new
opportunity to improve the wettability and SERS properties
(owing to its high surface area, hydrophilic performance, and
considerable loading capacity). In Figure 1, panels c1−c3 show
the representative SEM images of Ag dendrites/Si nanoneedles
nanocactus decorated with AgNPs at diﬀerent magniﬁcations.
The average size of AgNPs was approximately 27.0 ± 8.3 nm
via the rough statistics. Once AgNPs were immobilized on the
Si nanoneedles, a highly eﬃcient SERS substrate formed for
sensing detection. To our surprise, the wettability and water
contact angle (WCA) diﬀers from the original Ag dendrites
(the WCA of Ag dendrites is 129.0°). Our results clearly
indicate that the WCA ﬁrst decreases sharply from 129.0° to
11.4° along with the grafting of Si nanoneedles. When AgNPs
were decorated on the surface of Si nanoneedles, it only
increases from 11.4° to 14.0°. (A detailed process is shown in
Figure S3, Supporting Information.)
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instruments and well-trained operators, etc. Therefore, it is of
great signiﬁcance to develop reliable sensing method in terms
of sensitivity, reproducibility, assay time, and on-site applicability.
SERS sensing has been focused in diﬀerent kinds of domains
due to their ultrasensitivity and ﬁngerlike structural information. Taking the advantages of the high-density hotspots and
the hydrophilic performance of the 3D hierarchical nanostructures, MG molecules can be detected sensitively by SERS
sensors. Here, the stock solutions of MG were prepared and
diluted in a range of 10−6 M to 10−13 M. The substrates were
immersed into the MG aqueous solution for 20 min before
SERS measurement. Figure 2a shows the SERS spectra of MG

Additionally, the size, density, and gap of AgNPs were
optimized by changing the concentrations of AgNO3, and their
SERS properties were shown in Figures S4 and S5. To ensure
the assembly quality and obtain relevant structural characteristics, each step of substrate assembly was tracked by X-ray
diﬀraction (XRD), X-ray photoelectron spectroscopy (XPS),
and energy dispersive spectrometer (EDS) (Figures S6 and S7,
Supporting Information).
Evaluating Sensitivity and Raman Enhancement of 3D
SERS Substrates. SERS has been proved as an ultrasensitive
method for rapid and label-free detection of illegal ingredient in
diﬀerent ﬁelds. Here, the 633 nm laser is chosen for SERS
evaluation (Figure S6f, Supporting Information). A widely used
SERS probe, CV, was employed to preliminarily evaluate the
sensitivity of SERS substrates. First, the lengths of Si
nanoneedles, the sizes of AgNPs, the gaps between the
neighboring AgNPs, and the hydrophilic performance were
eﬀectively adjusted for generating the highest SERS signal
intensity. Then, the SERS spectra of CV with diﬀerent
concentrations (from 10−6 M to 10−12 M) adsorbed on the
optimal SERS substrates were measured. As shown in Figure
S8a (Supporting Information), the characteristic bands of CV
can be identiﬁed clearly even at a concentration as low as 10−12
M, demonstrating the high sensitivity of SERS substrates. The
assignments of all characteristic peaks are listed in Table S1
(Supporting Information). The SERS capability of the asprepared substrates were evaluated by the EF.36 A volume of 10
μL of CV aqueous solution with a certain concentration (10−9
M) was directly dropped on the as-prepared SERS substrate
with an area of 9 mm2(Figure S8b,curve ii, Supporting
Information). Considering an area ratio of approximately 1.1
× 107 between the deposition area and the laser spot (9 mm2/π
× 0.25 μm2), there was ∼6.0 × 109 molecules (10 μL × 10−9 M
× 6.02 × 1023) within the scope of the laser spot (∼1 μm in
diameter) (assuming uniform distributions of the adsorbed
molecules). Besides, the normal Raman spectrum of 0.01 M CV
aqueous solution dried on Si wafer was used as the reference
(Figure S8b, curve (i)). The SERS EF was estimated to be 6.6
× 107, indicating an excellent enhancement of our SERS
platform. It was based on the intensity ratio of typical scattering
band at approximately 1179 cm−1 from SERS and normal
Raman spectra of CV (details were given in the Supporting
Information).
Rapid and Ultrasensitive Detection of MG. In recent
years, emerging harmful substances and unapproved drug
residues in food or drinking water have attracted people’s great
attention.37,38 Triphenylmethane dyes, malachite green (MG)
has been widely used as eﬀective antifungal and antiparasitic
agents in aquaculture since the 1930s. Because of its
carcinogenesis, mutagenesis, and toxic eﬀects, it was banned
for use in aquaculture operations in many countries.39
Nevertheless, to be driven by the economic beneﬁts, it
probably was illegally used in some small aquaculture farm
and discharged into environmental water.40 Development of a
rapid, simple, and sensitive method for detection of these
hazardous substances are highly desirable. Currently, several
principal strategies have been demonstrated in laboratories,
including high-performance liquid chromatography (HPLC),41
mass spectroscopy (MS),42 colorimetric detection,43 electrochemical analyses,44 and enzyme-linked immunosorbent assay
(ELISA), etc.45,46 However, most of the above approaches are
restricted in real life because of the time-consuming steps,
complicated sample preparation, as well as requiring expensive

Figure 2. Results for the quantitative detection of MG, (a)
concentration-dependent SERS spectra for MG detection at various
concentrations (from 10−13 M to 10−6 M) on substrates, (b) plot of
the peak intensity at 1173 cm−1 as a function of MG concentration.
The inset represents the linear relationship from 10−12 M to 10−7 M.

adsorbed on substrates with various concentrations. The
recorded spectra were dominated by a set of peaks located at
917, 1173, 1217, 1368, and 1617 cm−1. The vibrational
assignments of these peaks were summarized in Table S1
(Supporting Information). Those characteristic bands were
distinguishable even at a concentration as low as 10−13 M.
Obviously, our SERS sensing demonstrated a better sensitivity
as compared to the traditional detection methods. Such
sensitivity was suﬃcient for detection of a typical MG overdose
concentration, which was generally at parts-per-million (ppm)
level.
Another crucial aspect of SERS sensing for routine
applications is to ensure reliable and excellent signal
reproducibility. Owing to a large number of hierarchical
scaﬀolds and AgNPs were decorated on the substrates, the
SERS hotspots distributed uniformly and endowed high signal
reproducibility across the whole substrate. It was investigated
by collecting and superimposing the SERS signal of 30 random
spots on substrates (see Figure S9a, Supporting Information).
All of those Raman spectra presented clear ﬁngerprint peaks of
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MG. The intensities of peak at 1619 cm−1 were plotted as
histogram, the mean and standard deviation was 695 ± 64.7
counts as indicated by the red dot-line (Figure S9b, Supporting
Information). A statistical relative standard deviation (RSD) of
these SERS intensities was 9.3% as indicated by the green
shadow area. The results demonstrated a spot to spot variance
of 9.3% for MG characteristic peak intensity, which was lower
than the original Ag dendrites substrates (∼21.3%, in Figure
S10, Supporting Information), implies an excellent signal
reproducibility of 3D SERS substrates.
Considering the change of nanostructure, maybe there are
some main factors that contribute to the excellent reproducibility and uniformity. The ﬁrst one is the great increase in the
number of SERS hotspots. The hierarchical superstructure
creates a 3D SERS hot-volume, which breaks the traditional
limitation of 2D (or quasi-3D) substrates and extends the
hotspots into the third dimension. The great improvement of
the SERS hotspots (along the z-axis) will boost the signal
uniformity of the substrates. The second one is the remarkable
increase of adsorption area. The 3D superstructures oﬀer a wide
range of scaﬀolds, which brings about a larger overall surface
area (more target molecules to be adsorbed). Finally, the
hydrophilic surface enhances the aﬃnity of the substrates
signiﬁcantly.
Beyond the high sensitivity and reproducibility, we further
show that it is able to quantify the amount of MG present in
aqueous solution. The band around 1173 cm−1, which is
assigned to the in-plane vibrations of ring C−H, is selected to
depict the relationship between concentration and peak
intensity. A plot of the dominant peak intensity against the
MG concentration revealed a simple adsorption-saturation
Langmuir relationship (Figure 2b). The intensities of bands
increase monotonously with the concentration of MG
molecule. At the low concentration range (10−12 to 10−7 M),
a linear relationship between the peak intensity and the
logarithm of MG concentration was observed (the inset of
Figure 2b). The linear regression gave the following empirical
ruler equation: ISERS = 2550 log [MG] + 31687, with r = 0.97,
where ISERS and [MG] are the intensity of the 1173 cm−1 peak
and concentration of the adsorbed MG, respectively. These
excellent quantitative behaviors highlight the eﬀectiveness of
our 3D substrates for accurate SERS quantitative analysis of
harmful substances and unapproved drugs.
In order to evaluate the selectivity of the SERS substrate
toward MG, control experiments were conducted by incubating
the SERS substrate in MG aqueous solution containing urea,
glucose, BSA, and L-glutamine, respectively (in Figure 3a). It
can be seen that exposure to some diﬀerent biological organics
induced a negligible response of the SERS substrate although
they were the diﬀerent kinds of chemical structures. As shown
in Figure 3b, none of these organics caused obvious Raman
signal alteration at 1617 cm−1, except the amplitude and
intensity of SERS signal declined slightly. Obviously, more
peaks and a large background were observed in glucose, BSA,
and L-glutamine contaminated MG aqueous solution (from 300
to 1500 cm−1, in Figure 3a) compared with the urea
contaminated MG aqueous solution and pure MG aqueous
solution (without organics). This is likely due to these organics
contain the organic functional groups including the −CH2OH,
−CHOH−, −NH2, −CO−, which showed the impurities
sensing. Surprisingly, we still obtained distinguishable SERS
intensity of the characteristic Raman peak of MG at 1617 cm−1,
which does not interfere with the detection of MG and shows

Figure 3. (a) SERS spectra of MG aqueous solutions (10−11 M) and
the addition of L-glutamine, BSA, glucose, and urea with the
concentration of 10−11 M (the laser power was 1.7 mW; the exposure
time was 1 s). (b) The magniﬁcation of peak at 1617 cm−1 in part a.

excellent selectivity over other organic contaminants. Therefore, it is a convenient detection for MG without separating the
organics from MG aqueous solution. Our experimental results
clearly demonstrate that our SERS substrates can be used for
the detection of MG from MG simulating solutions to complex
environment solution.
Besides those organics, CV, a more similar chemical
structures to MG, were added further for selectivity test. As
shown in Figure S8a and Figure 2a, the Raman spectra of CV
and MG are very close to each other, owing to their similar
molecular structures. So, how to distinguish the MG molecules
and estimate the content of MG (or CV) in the mixed aqueous
solution remains a signiﬁcant challenge. Exhilaratingly, the
intensity of the characteristic bands of 1171 cm−1 (Figure 4a)
nearly showed a progressive increase and the characteristic
bands of 1219 cm−1 decrease with the increasing CV.
Obviously, the ratio of peak intensity of 1171 over 1219
cm−1 was much higher in CV (bottom curve, Figure 4a) than
that in MG (top curve, Figure 4a). One noticeable diﬀerence
between them in Raman spectra was the ratio of peak intensity
of 1171 over 1219 cm−1, which were assigned to be the in-plane
vibrations of ring C−H and C−H rocking, respectively.
To diﬀerentiate these two chemicals, the Raman spectra of
mixed samples were tested (Figure 4a) and the value of the
ratio of peak intensity of 1171 over 1219 cm−1 may be used to
calculate the percentages of CV and MG in the mixture.
Therefore, if we plot the relative Raman intensity of 1171
cm−1/1219 cm−1 with the ratio of CV/(CV + MG) for the
seven Raman spectra in Figure 4b, we may extract some
quantitative information. Figure 4b shows an unbelievably
linear relationship, and such linearity suggests that a
quantitative relationship can be established between the relative
Raman intensity and the ratio of CV. In other words, the
substrates allows us to detect chemicals with similar molecular
structures, such as CV, MG, and their mixture that have
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Figure 5. (a) SERS spectra of MG aqueous solutions (10−10 M) and
the addition of K+, Na+, Ca2+, Mg2+, Cu2+, Ni2+, and Fe3+ with the
concentration of 10−10 M (the laser power was 1.7 mW; the exposure
time was 5 s). (b) The histograms of the peak at 1617 cm−1 which
collected from part a.

Figure 4. (a) SERS spectra of a set of mixture composed of diﬀerent
component of CV (the laser power was 1.7 mW; the exposure time
was 5 s; the concentration of the CV (or MG) was 10−10 M), and in
which CV% = CV/(MG + CV), (b) normalized SERS intensity at the
ratio of 1173 cm−1/1217 cm−1 versus concentration.

selectivity (small molecule drug has limited sensitivity due to
the intrinsic SERS spectra at relatively low concentrations; and
it exhibits poor selectivity in some complex mixtures owing to
the overlapping Raman bands).
In order to verify the practicability of the proposed 3D SERS
substrate, the detection of MG in spiked lake water samples was
demonstrated, and the results were depicted in Figure 6. An

diﬀerent CV or MG contents, which is very important for fast
screening. These results demonstrate that chemicals with
similar molecular structures can be diﬀerentiated by SERS
methods in conjunction with the use of our SERS substrates.
Additionally, other slight diﬀerences between relative peak
intensities at several positions (e.g., 916, 1380, and 1420 cm−1,
etc.) were also found between CV and MG. Obviously, a broad
strong peak was divided into two weak peaks at 1380 cm−1.
These diﬀerences were likely attributed to the presence of one
more CH3−N−CH3 in CV than in MG.
To assess the anti-interference performance, some coexistent
metal ions including K+, Na+, Ca2+, Mg2+, Cu2+, Ni2+, and Fe3+
were added and examined. As shown in Figure 5a, all of Raman
spectra presented clear ﬁngerprint peaks of MG molecules such
as 1173, 1220, 1336, and 1617 cm−1. Obviously, none of these
coexistent metal ions in solution caused obvious Raman signal
shifts. Furthermore, the intensities of peaks at 1617 cm−1 were
plotted as a histogram in Figure 5b, in order to assess the
alteration of Raman intensity. After the addition of K+, Na+,
Mg2+, or Cu2+, their average intensities were nearly consistent
with the pure MG aqueous solutions. These coexistent metal
ions have almost no inﬂuence upon the measuring accuracy and
decrease the SERS signal, which veriﬁed the good selectivity of
the SERS substrates. Instead, a slight enhancement was found
in the addition of Ca2+, Ni2+, and Fe3+. Importantly, the
improvement of SERS intensity is conducive to the molecular
recognition of SERS signal. Several possibilities may be
involved in the metal ions-mediated enhancement mechanism
which is being investigated by us.
Detection of MG in Spiked Environmental Water. In
aquaculture, illicit drugs serving as antibacterial agent are often
present in pond water. However, it is challenging to detect the
trace amount of these drugs due to poor sensitivity and

Figure 6. Detection of MG in spiked lake water.

additional puriﬁcation procedure to remove the coexisting
substances (such as metal ions, organics, and others) was
unnecessary. The detections for MG were conducted by the
incubation of the SERS substrate with the lake water which
spiked with various MG concentrations. The recoveries of MG
ranged from 91.2% to 109.6% with an average value of 96.9%
(Table S2, Supporting Information). These results conﬁrmed
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the practical application of our 3D substrate with high accuracy
and reliability.

■

CONCLUSION
In summary, we developed a biomimetic 3D SERS substrate
with cactus-like structure for eﬃcient and sensitive sensing. A
large number of Si nanoneedle scaﬀolds and clusters of 20−40
nm AgNPs were successively formed on the cactus-like
substrate by VLS growth and galvanic displacement,
respectively, which result in concentrated SERS hotspots and
high EF values as well as good reproducibility. The detection
limit of MG down to 10−13 M was achieved. It was also able to
facilely distinguish MG from some organics, coexistent metal
ions, and its derivatives. Moreover, the quantiﬁcation of
ultratrace MG residual in environment water was successfully
carried out with the recovery of 91.2% to 109.6%. Altogether,
the developed cactus-like 3D SERS substrate has been proved
as an eﬃcient sensing platform with high sensitivity,
reproducibility, and selectivity and may be promising in the
ﬁeld of sensing, imaging, and clinical diagnosis.
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