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ABSTRACT: In this Article, we present a facile approach for the preparation of
ecofriendly substrates, based on common rose petals, for ultrasensitive surface-
enhanced Raman scattering (SERS). The hydrophobic concentrating effect of
the rose petals allows us to concentrate metal nanoparticle (NP) aggregates and
analytes onto their surfaces. From a systematic investigation of the SERS
performance when using upper and lower epidermises as substrates, we find that
the lower epidermis, with its quasi-three-dimensional (quasi-3D) nanofold
structure, is the superior biotemplate for SERS applications. The metal NPs and
analytes are both closely packed in the quasi-3D structure of the lower epidermis,
thereby enhancing the Raman signals dramatically within the depth of focus
(DOF) of the Raman optical system. We have also found the effect of the
pigment of the petals on the SERS performance. With the novel petal-based
substrate, the SERS measurements reveal a detection limit for rhodamine 6G below the femtomolar regime (10−15 M), with high
reproducibility. Moreover, when we employ an upside-down drying process, the unique effect of the Wenzal state of the
hydrophobic petal surface further concentrate the analytes and enhanced the SERS signals. Rose petals are green, natural
materials that appear to have great potential for use in biosensors and biophotonics.

Raman scattering spectroscopy is a nondestructive and
versatile analytical tool that provides characteristic vibra-

tional, chemical, and structural information about a molecule.
Surface-enhanced Raman scattering (SERS), a technique for
increasing the intensity of Raman signals, has drawn much
attention in various research fields.1−4 There are two
mechanisms that contribute to the SERS enhancement.1 One
is chemical enhancement, based on charge transfer between the
analytes and the SERS substrate; the other, more-dominant
mode of SERS enhancement is electromagnetic enhancement.
When analytes are adsorbed on plasmonic nanostructures, the
strong localized electric field (hot spots) that is generated can
greatly enhance their Raman signals. Typically, plasmonic
nanostructures are fabricated using complicated processes, such
as focused ion beam and electron beam lithography and
photolithography. To achieve a large electromagnetic field,
plasmonic nanostructures or configurations have been designed
to feature, for example, bow-tie antennas,5,6 nanofocusing
plasmonic waveguides,7,8 and nanoscale metallic tips.9,10

Although these nanostructures can provide strong electro-
magnetic fields, they have several shortcomings. First, the
densities of the hot spots on these plasmonic nanostructures
can be relatively low. As a result, such plasmonic nanostructures
can enhance SERS signals only when the analytes are located
precisely near the hot spots; typically, however, it is difficult to
control the locations of analytes. Second, time-consuming,

expensive, low-throughput fabrication processes can result in
these nanostructures being impractical for real-life detection.
The natural world has long fascinated people with its

abundant, versatile, and functional structures and materials. For
example, photonic crystal structures give butterfly wings their
vibrant colors;11,12 micro- and nanostructures result in lotus
leaves being superhydrophobic;13,14 and hierarchical fibrillar
structures provide geckos with feet that exhibit excellent
adhesion to any surface.15,16 Replicating such biotemplates has
allowed the simple fabrication of specific plasmonic structures.
For example, Tan et al. used selective surface functionalization
and subsequent electroless deposition to generate metallic
replicas of the hierarchical submicrometer structures of
butterfly wings; these unique metallic structures acted as
SERS substrates for rhodamine 6G (R6G), with a limit of
detection (LOD) as low as 10−13 M.17,18 In contrast, Mu et al.
developed an in situ synthesis method to form Au NPs on the
3D photonic architectures of butterfly wings, obtaining SERS
substrates that demonstrated an LOD of 10−9 M for 4-
aminothiophenol (4-ATP).19 Likewise, Payne et al. used diatom
frustules as sacrificial biotemplates to fabricate Au microshells,
which, when used as SERS substrates, provided an LOD of 10−7

M for R6G.20 Although versatile SERS substrates have been
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proposed on biotemplates21 or by replicating the nanostruc-
tures of biotemplates,17−20 these SERS substrates have not
utilized the intrinsic physical, chemical, or optical properties of
the biotemplates themselves.
In addition to the presence of strong electromagnetic fields,

the concentration of analytes can enhance the Raman signals as
well.22−24 When a droplet of an aqueous solution is placed on a
hydrophobic surface, the droplet will maintain a spherical
shape, with its solutes being concentrated during evaporation of
the solvent, causing the residual solutes to be highly
concentrated in a very small spot. This hydrophobic
concentrating effect can allow the detection of trace amounts
of analytes. Gentile et al. demonstrated a highly efficient SERS
substrate based on artificial superhydrophobic structures
decorated with Ag nanoclusters;22−24 because these super-
hydrophobic structures concentrated solutes through the
hydrophobic concentrating effect, the analytes were confined
to a specific region, thereby enhancing the detection efficiency
with an LOD as low as 10−18 M. Using this concept, several
hydrophobic SERS substrates have been developed previously,
including those based on Si micropillars,22−24 ZnO nano-
wires,25 and Teflon films.26 These materials have, however,
been fabricated artificially using complicated and expensive
processes, again limiting their potential commercial applications
for practical, real-life sensing. Nevertheless, there are many
naturally accessible hydrophobic substrates, such as lotus
leaves,13,14 butterfly wings,27,28 and rose petals.29,30 Although
Xu et al. proposed the use of hydrophobic rose petals as SERS
substrates,31 employing physical vapor deposition (PVD) to
coat Ag films onto dried rose petals and, thereby, generate
plasmonic hot spots, their approach has several drawbacks.
First, a vacuum system is required to produce the metal
nanostructures, thereby necessitating the use of dried rose
petals as templates. Second, the electric field enhancement was
not obvious on their SERS substrate, providing LODs as low as
only 10−9 M.
In this study, we developed a facile solution-based process for

the fabrication of highly sensitive SERS substrates on rose
petals. Taking advantage of the hydrophobic concentrating
effect, we found that NP suspensions and analytes were
concentrated directly on fresh rose petals. Compared with
other expensive hydrophobic SERS substrates prepared using
complicated lithographic methods, these green substrates and
the solution processes used in this study are considerably
simpler and much more inexpensive. We have fully investigated
the effects of the surface properties, material properties, and
pigments of the rose petals on their SERS behavior. Our
optimized rose petal−based SERS substrates provided lower
LODs, with high reproducibility, relative to those of previously
reported biological SERS substrates.

■ EXPERIMENTAL SECTION
Fabrication of SERS Substrates. Fresh roses of various

colors were obtained commercially. A 20-μL droplet (7.4 ×
1010 particles/mL) of a suspension of 100 nm Ag NPs (Ted
Pella) was placed on the UE or LE of a clean rose petal, and
allowed to dry. A 20-μL droplet of R6G (Sigma−Aldrich) was
then placed on the NP-decorated petal and allowed to dry
again.
Characterization. The morphologies of the samples were

observed using an environmental scanning electron microscope
(FEI-Quanta 200F). CAs were measured using a CA meter
(Sindatek Model 100SB).

SERS. SERS spectra were recorded using a confocal Raman
microscope (WITec, CRM200) equipped with a polarizer at an
excitation wavelength of 632.8 nm (He−Ne laser) and a power
of 34 mW. A 10× objective lens (NA = 0.25) was used; the
signal integration time was 5 s.

■ RESULTS AND DISCUSSION
Figure 1a presents a photograph of some fresh roses having
various vibrant colors. In general, the surface of a plant’s petal

features upper epidermis (UE) and lower epidermis (LE)
tissues. Figures 1b and 1c display SEM images of the UE and
LE, respectively, of a rose petal [Note that the morphologies of
UE and LE on different colored rose petals are similar, which
can be perceived from the SEM images (Supporting
Information Figure S1)]; the two epidermises possess distinct
morphologies. The UE comprises hierarchical micro- and
nanostructures, with micropapillae arrays featuring nanofolds
distributed throughout its surface. Such micropapillae arrays are

Figure 1. (a) Photograph of rose petals of various vibrant colors. (b, c)
SEM images of the (b) UE and (c) LE of a rose petal. (d) CAs of the
UE and LE of white, pink, deep pink, and red rose petals. (e)
Schematic representation of a droplet on a hydrophobic rose petal,
revealing that the contact area is much smaller than the droplet size
because of the large CA.
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absent on the LE, which features only nanofolds. We suspected
that the distinct morphologies of the UE and LE would result in
different hydrophobic properties. Figure 1d presents the
contact angles (CAs) of the UE and LE of rose petals of four
different colors. Because the morphologies of the UEs of these
various rose petals were all similar, their CAs were also similar
(>140°), suggesting that the hydrophobic properties were
nearly independent of the color of the roses tested in this study.
On the other hand, the LEs possessed structures solely
comprised of nanofolds, meaning that their CAs were slightly
lower (∼130°), but nevertheless revealing that their surfaces
were also hydrophobic. The CAs suggested that both the UEs
and LEs had good hydrophobicities. The large CAs resulted in
small contact areas between water droplets and the hydro-
phobic petals (Figure 1e). Therefore, any suspended NPs or
dissolved analytes in a droplet would be concentrated into a
small spot (contact area) upon evaporation. Accordingly, we
tested the ability of both the UEs and LEs of rose petals to
concentrate NPs and analytes through the hydrophobic
concentrating effect.
Figure 2a illustrates the experimental process of concentrat-

ing NPs and analytes on a rose petal through the hydrophobic
concentrating effect. First, we placed a 20-μL droplet of a 100
nm Ag NP suspension on a clean rose petal. Because the
surface of the rose petal was hydrophobic, the droplet did not
spread out and maintained its spherical shape. The contact area
between the droplet and the petal was much smaller that the
size of the droplet. When the Ag NP suspension gradually
dried, the Ag NPs aggregated into a small spot, providing a
high-density NP array. Next, we placed a drop of the analyte (in
this case, R6G) onto the NP array and allowed it to dry. The
analytes concentrated during the drying process and adsorbed
onto the high-density NP array. As a result, the intensities of
the SERS signals of the analyte increased dramatically. Figure
2b displays the photographic images of a rose petal (here, using
its LE as an example) at each of the experimental steps. The
resulting small spot confirmed that the rose petal had a
hydrophobic concentrating effect for both the Ag NPs and the
analyte (R6G) molecules. Because the UEs and LEs both
provided CAs greater than 130°, each surface displayed a
hydrophobic concentrating effect. After drying the drops of the
NPs and the analytes, we recorded SEM images of the
morphologies of the UE and LE (Figures 2c and 2d,
respectively). On the UE, the aggregated NPs were distributed
over the hierarchical micropapillae structures. Because the LE
possessed a relatively planar structure (nanofolds only), the
NPs on its surface were distributed much uniformly and
randomly. Supporting Information Figure S2 presents the
detailed morphologies of the UE and LE after each drying step.
Because the morphologies of the UEs and LEs of rose petals

of various colors were similar, their distributions of NPs were
nearly identical. Nevertheless, the vibrant colors of these roses
originate from the pigments in their petals, suggesting that rose
petals of different colors would display dissimilar SERS
properties because of these various pigments. We measured
the background Raman signals of blank rose petals of four
different colors (white, pink, deep pink, red). Generally,
background signals can interfere significantly with the SERS
signals of analytes; therefore, it is desirable to eliminate
background signals from the substrates, impurities, and even
the analytes themselves.32−34 Figure 3a reveals that the
background signals were lowest on the white rose petals,
whereas the red ones provided the greatest noise. Figure 3b

displays the SERS spectra of R6G recorded after concentrating
the NPs and R6G on the UEs of rose petals of the four different
colors. The SERS signals were most intense when using the
NP-decorated UE of a white rose petal as the substrate; the
signals from a corresponding red petal were relatively weak.
Therefore, pigments in rose petals can contribute a significant
amount of background noise that might hinder detection of the
signals of the analyte. Typically, pigments are contained in the
mesophyll tissues sandwiched between the UE and LE.35

Therefore, we attempted to eliminate the influence of any
pigments, while maintaining the hydrophobicity of the surfaces,
by peeling the UEs and LEs from the mesophyll tissues. Figures

Figure 2. (a) Schematic representation and (b) photographic images
of the process flow of concentrating Ag NPs and analytes on a rose
petal. (c, d) SEM images of NP-decorated (c) UE and (d) LE after the
analyte (R6G) had been concentrated on top of them.
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3c and 3d display the background Raman signals of the intact
UEs and UEs peeled from the mesophyll tissues (so-called
“peeled UEs”) of red and white rose petals, respectively. The
background signals of the UE of a red rose petal (Figure 3c)
decreased significantly after the UE had been peeled from the
mesophyll tissues. In addition, the background signals from the
UE of a white rose petal, which contained relatively little
pigment, was also further reduced after peeling (Figure 3d).

Next, we examined the morphologies of the peeled UE and
peeled LE of a white rose petal. For the peeled UE, losing the
support from the underlying tissues led to collapse and
shrinkage of the micropapillae (Figure 4a); the CA decreased

from 140 to 134° as a result of the collapse of the hydrophobic
structure. Similarly, a slight collapse of the nanofolds occurred
on the peeled LE (Figure 4b), with its CA decreasing from 130
to 127°. Because the failure of the hydrophobic structure was
not as dramatic on the peeled LE, its CA decreased relatively
slightly. Notably, although the CAs of the UE and LE both
decreased after peeling from the mesophyll tissues, the surfaces
of the peeled UE and peeled LE remained hydrophobic because
their CAs were greater than 120°.
In addition to the pigments, the aggregation and distribution

of the NPs on the UE and the LE also had a great influence on
the SERS performance. Because the hydrophobic structures on
the peeled UE and peeled LE had changed, we expected to
observe different distributions of their aggregated NPs. The NP
aggregates and the analytes were also concentrated on the
peeled UE and peeled LE using the process depicted in Figure
2a. Figures 4c and 4d present the corresponding SEM images;
Supporting Information Figure S2 provides detailed morphol-
ogies of the peeled UE and peeled LE after each drying step.
Because of the collapse of the micropapillae structures on the
peeled UE, the NPs aggregated into the wrinkles under the
collapsed micropapillae structures. For the peeled LE, the slight

Figure 3. Raman spectra of (a) blank rose petals of various colors, (b)
10−6 M R6G concentrated on the NP-decorated UEs of rose petals of
various colors, and (c, d) the blank intact UE and the peeled UE of a
(c) red and (d) white rose petal. Note that the Raman spectra in panel
b are offset by adding background to clearly show the Raman lines of
R6G.

Figure 4. (a−d) SEM images of the blank (a) peeled UE and (b)
peeled LE and NP-decorated (c) peeled UE and (d) peeled LE of a
white rose petal. In panels c and d, the analytes had already been
concentrated on the epidermises. (e) SERS spectra of 10−6 M R6G
dried on the NP-decorated epidermises. Insets to panels a and b:
Photographs of droplets with corresponding CAs.
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decrease in the hydrophobic properties caused the density and
uniformity of the NP aggregates to be lower than those on the
intact LE. The distinct morphologies of the aggregated NPs
between the UE and the LE, as well as between their intact and
peeled counterparts, led us to further examine the SERS
performance in each case.
Here, we tested the SERS performance of the NP-decorated

UE, LE, peeled UE, and peeled LE of white rose petals. The
SERS spectra of R6G dried on these four substrates revealed
that the NP-decorated intact LE provided the largest
enhancements in SERS signals, followed by the peeled LE,
the intact UE, and the peeled UE (Figure 4e). Interestingly, the
SERS performance of the intact LE was superior to that of the
intact UE. We suggest that the quasi-three-dimensional (quasi-
3D) distribution of the NPs on the nanofolds of the intact LE
was superior to the 3D arrangement of NPs on the hierarchical
micropapillae structures of the intact UE (cf., Figures 2c and
2d) when enhancing the SERS behavior. In a SERS
measurement, the depth of focus (DOF) is an important factor
that can affect the efficiency of signal collection. The DOF of a
microscope is the range of distances in object space for which
object points are imaged with acceptable resolution relative to
the focal plane. Therefore, Raman scattering within the DOF
would lead to greater collection of photons and contribute the
most to the measured intensity. The DOF can be estimated
using the equation36

λ= k
n

DOF
NA2 2 (1)

where k2 is the system-related coefficient, n is the refractive
index of the object space medium, λ is the incident wavelength,
and NA is the numerical aperture of the objective lens.
Typically, the DOF lies in the range from a few hundred
nanometers to a few micrometers; any NPs and analytes
located within the DOF would contribute most significantly to
the SERS signals. The heights of the micropapillae were
typically in the range from 10 to 25 μm;29−31 thus, most of the
NPs were distributed outside the range of the DOF,
contributing relatively weak signals. On the other hand, the
vertical distribution of NPs on the nanofolds was in the range
from a few hundred nanometers to one or two micro-
meters,29−31 such that the NPs could become efficient hot spots
within the range of the DOF for generating strong SERS
signals. Therefore, the SERS performance of the intact LE was
better than that of the intact UE. Moreover, regardless of
whether we used the UE or the LE, the intact structure induced
larger SERS signals than did the peeled one because the
distribution of NPs had the greater effect on the SERS
performance, even though the peeled surfaces provided lower
background signals. The NPs on the peeled UE aggregated into
the wrinkles beneath the collapsed micropapillae structures,
such that the NP aggregates were possibly hindered from
interacting with the analytes, causing inefficient collection of
the SERS signals excited within the NP aggregates. On the
other hand, the NPs were distributed less densely on the peeled
LE, causing the SERS performance of the peeled epidermis to
be poorer than that of the intact LE. Taking together the effects
of the surface properties and the pigment of the epidermis, we
suspected that the intact LE of a white petal would be the best
rose petal−based biotemplate for SERS applications.
As displayed in the Figure S3 of Supporting Information, we

used the three-dimensional finite-difference time domain (3D-
FDTD) method to simulate the electric field amplitudes of NPs

distributed on a 2D planar surface, the quasi-3D nanofolds of
the LE, and the 3D micropapillae arrays of the UE. On the basis
of the simulated results, we suspected that NPs dried on the
quasi-3D nanofolds of the LE would be the most efficient SERS
substrate. The detailed discussion can be found in Supporting
Information.
Next, using the intact LE of a white rose petal to concentrate

NPs and analytes, we determined the LOD for R6G on the NP-
decorated rose petal. To do so, we dried R6G (20 μL) at
various concentrations on the intact LE of a white rose petal.
Figure 5a displays the corresponding SERS spectra. The NP-
decorated intact LE allowed highly sensitive SERS detection,
with an LOD as low as 10−15 M. At such a concentration, there
would be approximately 12 040 R6G molecules in a 20-μL
droplet. After such a droplet had dried and concentrated into
an area of approximately 3 mm2, on average there would be less

Figure 5. (a) Concentration-dependent SERS spectra of R6G that had
been dried on the NP-decorated intact LE of a white rose petal. (b)
Reproducibility of the SERS spectra of 10−12 M R6G collected at 10
randomly selected spots on the same NP-decorated intact LE. (c)
Signal intensity of the 616 cm−1 line from R6G collected at 10
randomly selected spots on the same NP-decorated intact LE.
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than one R6G molecule within the laser spot size (diameter = 3
μm). Accordingly, we suspect that the R6G molecules were not
distributed uniformly within the drying spot. Therefore, a large
area of NP aggregates was necessary to ensure that the trace
analytes were located near hot spots. Compared with other
reported SERS substrates and NP-decorated glass substrate
(Supporting Information Figure S4), the large-area, dense NP
aggregates on the rose petal provided a facile platform for the
detection of trace amounts of R6G. According to our
calculations, the detection of single molecules was almost
possible on the NP-decorated intact LE. This high sensitivity
originated from the quasi-3D distribution of NPs on the
nanofolds of the intact LE.
Most of the NPs (hot spots) were positioned within the

DOF, thereby contributing efficiently to the SERS enhance-
ment. And the enhancement factor is calculated as above 109

(Supporting Information Figure S5). In addition to high
sensitivity, the NP-decorated intact LE provided reproducible
SERS signals. When we recorded the SERS spectra of 10−12 M
R6G from 10 random spots within an area of 50 μm2 (Figure
5b), the SERS signals were all of comparable intensity,
suggesting that the SERS petal provided uniform SERS
enhancements upon its entire surface. Furthermore, when we
compared the intensities of the characteristic 616 cm−1 line of
R6G in these 10 spectra (Figure 5c), the signal variations were
less than 6%, suggesting outstanding reproducibility of the
SERS signals enhanced by the rose petal-based SERS substrate.
In addition, the high reproducibility can also be found across
different dried spots on the same SERS petal (Supporting
Information Figure S6).
In addition, we improved the SERS performance of the NP-

decorated intact LE even further by taking advantage of the
unique petal effect. Typically, the hydrophobicity of a rough
surface can be divided into a Cassie−Baxter state and a Wenzal
state.37−39 In the Cassie−Baxter state, the liquid does not
completely wet the rough surface because of air trapped
between the rough solid surface and the liquid; in contrast, the
Wenzal state involves homogeneous wetting of the rough
surface. CA hysteresis is low in the Cassie−Baxter state,
whereas it is large in the Wenzal state. The hydrophobicities of
natural rough surfaces can be described using both models; two
distinct effects have been observed: the lotus effect13,14 and the
petal effect.29,30 The lotus effect describes a highly static
CAwith low CA hysteresis; a liquid droplet will readily move on
such a surface while maintaining its spherical shape, as observed
on lotus leaves. In contrast, the petal effect describes a surface
exhibiting both a highly static CA and high CA hysteresis; in
such a system, a liquid droplet will not roll off, even if the
surface is turned upside down, as can occur on a rose petal.
Therefore, we took advantages of the unique “petal effect” of
rose petals to develop a highly efficient and sensitive SERS
substrate.
Figure 6a and 6b reveals that a liquid droplet on a

hydrophobic rose petal remains pinned to the surface without
rolling off even when the petal is turned upside down.
Therefore, we suspected a new approach for concentrating NPs
and analytes would be to turn the petal upside down during the
drying process. Under the effect of gravity,40 the NPs and the
analyte molecules would converge at the bottom of a droplet.
As the solvent evaporated, the converged area would be much
smaller than that on the top surface of the rose petal, leading to
a higher concentration. Accordingly, the NP aggregates would
be much denser if the droplet were to be dried upside down.

Figure 6c and 6d present SEM images of NP aggregates
concentrated on an intact LE when using the upside-down
drying process; highly dense NP aggregates were present both
before and after the analytes had dried on top of them,
respectively. Compared with the NPs dried in the usual upward
manner (Figure 2d), the NPs concentrated using the upside-
down approach on an intact LE had a higher density and a
more closely packed distribution. We suspected that strong
coupling between such nearby NPs would further enhance the
SERS signals. Therefore, we measured the SERS spectra of
R6G dried upside down on the intact LE of a white rose petal
(Figure 7a). Compared with the SERS spectra of the
corresponding sample dried in the usual upward manner
(Figure 5a), the SERS signals had greater intensity after drying
upside down on the intact LE. Again, the detectable
concentration readily reached down to 10−15 M. Figures 7b
and 7c compare the peak intensities of the signals at 1361 and
1507 cm−1, respectively, of R6G after drying upward and
downward on the NP-decorated intact LE. Both Raman signals
of R6G were enhanced when adopting upside down drying on
the NP-decorated intact LE that possessed a higher density of
NP aggregates. Figure 7d presents the corresponding enhance-
ment ratios. After upside-down drying on an NP-decorated
intact LE, the SERS signals of R6G were further enhanced
approximately 2-fold at a concentration of 10−6 M; the
enhancement ratios gradually decreased to approximately 1.1
times at a concentration of 10−15 M. The peak intensities for

Figure 6. (a, b) Photographs of the petal effect of a rose petal. The
water droplet did not roll off, even when the petal was turned upside
down. (c, d) SEM images of NP aggregates concentrated on the intact
LE through the upside-down drying process (c) before and (d) after
an R6G droplet had been dried upon them.
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R6G at 10−15 M were relatively close because the SERS signals
of R6G were all excited only in regions of highly dense NP
aggregates at such a trace amount. Indeed, some NP clusters
and highly dense NP aggregates were also present on the
upwardly dried NP-decorated intact LE. At a high concen-

tration of R6G, all of these hot spots would contribute to the
SERS signals; at a low concentration of 10−15 M, however, only
those R6G molecules located near the highly dense NP
aggregates would be observed, due to the larger electro-
magnetic enhancement at these positions. In contrast, large
areas of highly dense NP aggregates were present on the
upside-down−dried NP-decorated intact LE. Thus, the SERS
signals of R6G would be excited and enhanced by these highly
dense hot spots, regardless of the concentration of R6G.

■ CONCLUSIONS

In summary, we have developed eco-friendly, ultrasensitive
SERS substrates based on hydrophobic rose petals. Because of a
hydrophobic concentrating effect, Ag NPs and analyte
molecules both underwent concentration and aggregation on
the rose petals. The nanogaps between adjacent Ag NPs
dramatically enhanced the electric field and, accordingly, the
Raman signals. From investigations of the morphologies of the
UEs and LEs of rose petals, we found that the quasi-3D
distribution of NP aggregates on the LE contributed most
efficiently to the SERS signals. Any effect of the pigments of the
rose petals was eliminated after peeling the epidermis from the
mesophyll tissues. By examining the morphologies and the
distribution of NPs on the intact and peeled UEs and LEs, we
confirmed that the intact LE of a white rose petal was the most
sensitive and efficient SERS substrate. We achieved LODs as
low as the femtomolar regime (10−15 M), with highly
reproducible SERS signals. Moreover, taking advantage of the
unique petal effect (Wenzal state) of the hydrophobic rose
petal surface, we optimized the distribution of NPs on the
intact LE through drying in an upside-down manner, thereby
further enhancing the intensity of the SERS signals from the
analyte and, accordingly, the sensitivity of the SERS process.
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