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HIGHLIGHTS

• Ag/BP-NS exhibit remarkable surface-enhanced Raman scattering performance with single-molecule detection ability. This remark-
able enhancement can be attributed to the synergistic resonance enhancement of R6G molecular resonance, photo-induced charge 
transfer resonance and electromagnetic resonance.

• A new polarization-mapping method was proposed, which can quickly screen out single-molecule signals and prove that the obtained 
spectra are emitted by single molecule.

• The recognition of different tumor exosomes can be realized combining the method of machine learning.

ABSTRACT Single-molecule detection and imaging are of great value 
in chemical analysis, biomarker identification and other trace detection 
fields. However, the localization and visualization of single molecule are 
still quite a challenge. Here, we report a special-engineered nanostructure 
of Ag nanoparticles embedded in multi-layer black phosphorus nanosheets 
(Ag/BP-NS) synthesized by a unique photoreduction method as a surface-
enhanced Raman scattering (SERS) sensor. Such a SERS substrate features 
the lowest detection limit of  10–20 mol  L−1 for R6G, which is due to the 
three synergistic resonance enhancement of molecular resonance, photo-
induced charge transfer resonance and electromagnetic resonance. We pro-
pose a polarization-mapping strategy to realize the detection and visualiza-
tion of single molecule. In addition, combined with machine learning, Ag/
BP-NS substrates are capable of recognition of different tumor exosomes, which is meaningful for monitoring and early warning of the cancer. This 
work provides a reliable strategy for the detection of single molecule and a potential candidate for the practical bio-application of SERS technology. 
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1 Introduction

Trace detection is of great significance in the fields of 
environmental science, medical diagnosis, food safety and 
coronavirus detection [1–5]. With the need of reducing 
limit of detection (LOD), especially in the detection of 
biomarkers, the content of target in the clinical sample is 
usually much low, which may reach to pico-molar, femto-
molar or even atto-molar level [6]. For instance, nanovesi-
cles known as exosomes are secreted from a variety of 
tissues and circulate in biological fluids, which have been 
implicated in a number of human diseases, including can-
cer, and are becoming an appreciated fundamental aspect 
of tumor progression and metastasis [7, 8]. But the tumor 
exosomes in the blood of patients may be single-vesicle 
level, which poses a great challenge to the existing detec-
tion methods [9]. Surface-enhanced Raman scattering 
(SERS) is a powerful tool to detect the spectral signals of 
molecules even at the single-molecular level [10–13]. It 
is widely used in biochemical analysis, such as pesticide 
residue analysis, virus detection, tissue tumor recognition, 
and even bioimaging due to its high sensitivity and molec-
ular specificity [14–18]. However, there are still two obsta-
cles: the fabrication of ultra-sensitive SERS substrates and 
the detection of single molecule (SM) over the surface of 
nanostructures, i.e., to achieve a single-molecule SERS-
imaging [19–23].

In recent years, two-dimensional (2D) material is a 
kind of promising SERS substrate due to their high car-
rier mobility, excellent photoelectricity activity, and 
large specific surface area [24, 25]. As a new member of 
the 2D material family, BP nanosheets have good near-
infrared absorption and high photothermal conversion 
efficiency, which has been used for field-effect transis-
tor, high-efficiency photothermal cancer treatment and 
photoacoustic biological imaging [26–32]. Meanwhile, 
there are only three Raman fingerprint peaks of black 
phosphorus (BP) below 500  cm−1, far away from the fin-
gerprint area of biological samples (600–1800   cm−1), 
which will not interfere with the signal of biomarkers at 
all [18]. Therefore, the BP nanosheet is an ideal SERS 

material. However, the existing research shows that the 
intrinsic SERS enhancement factor of BP is weak. Kundu 
et al. formed nano-cavity arrays on BP nanosheets by 
low-power laser irradiation, and the LOD for R6G was 
10 nM [33]. The LOD of BP/Ag and BP/Au/Ag prepared 
by Li et al. for R6G is  10–9 and  10–12 M, respectively 
[34]. Therefore, it is very necessary to develop unique 
nanostructure boosted by synergistic electromagnetic 
enhancement (EM) and chemical enhancement (CM) to 
further improve the SERS sensitivity of BP and its hybrid 
nanomaterials.

Here, we report an ultra-sensitive SERS substrate to 
realize the visualized detection and imaging of a SM 
by developing special-engineered nanostructure of Ag 
nanoparticles embedded in multi-layer BP nanosheets 
(Scheme  1). One unique “multi-layer nut cake”-liked 
nanostructure of Ag/BP-NS was designed and fabricated 
by photo-driven chemical reduction of Ag nanoparticles. 
Besides the presence of large aggregated Ag nanoparticles 
(ca. 50 nm) as “hot spots” for the EM, many ultra-small 
Ag nanoparticles (3–5 nm) were tightly attached on the 
surface and intercalation of BP, which produced the photo-
induced charge transfer (PICT) channel for Ag–P-R6G and 
resulted for huge CM. The substrate can detect a clear 
signal of single R6G molecule in  10–20 M R6G solution, 
demonstrating one of the highest sensitivities among those 
reported SERS substrates. Furthermore, we proposed a 
polarization-mapping method to demonstrate the visual-
ized SERS detection and Raman imaging of single R6G 
molecule. By analyzing the intensity changes of R6G at 
different concentrations and the polarization-mapping 
spectra of R6G, it was proved that the obtained spectra 
were emitted by SM, realizing the localization and visu-
alization of SM. As a practical application, single tumor 
exosome can be recognized using the proposed SERS pro-
tocol combining with the method of machine learning. 
The preparation and research of 2D Ag/BP-NS nanohy-
brids provided a reliable strategy for the detection and 
SERS-imaging of SM, which has an excellent biological 
application prospect.
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2  Materials and Methods

2.1  Materials

The BP crystals (99.998%) were purchased from 
XFNANO. Silver nitrate (99.00%), sodium citrate 
(99.00%), ethanol (99.8%) and rhodamine 6G (99.00%) 
were purchased from Aladdin. Fetal bovine serum (Foun-
dation FBS, American origin, 900–108) was purchased 
from Gemini. Penicillin/streptomycin (15,140,122) and 
RPMI Medium 1640 basic (8,120,141) were purchased 
from Gibco. McCoy’s 5A Medium (01–075-1A) was pur-
chased from Biological Industries. Total exosome isolation 
reagent (4,478,359, from cell culture media) was obtained 
from Thermo Fisher Scientific. And PBS was purchased 
from BOSTER. All the chemicals were used as received 
without further purification. Glassware was rinsed with 
deionized water and ethanol absolute several times prior 
to experiments.

2.2  Synthesis of Black Phosphorus

The BP nanosheets were prepared with an ultrasonic horn 
followed by ice bath sonication of the ground powders of 
bulk BP in Argon. 50 mg bulk BP crystal was dispersed 
100 mL deionized water, which has continuously bub-
bled with Argon for 5 min to eliminate  O2. After bubbling 
treatment, the bulk BP was sonicated under the protec-
tion of argon for 60 h in an ice bath to get ultra-thin BP 
nanosheets. The obtained BP nanosheets supernatant was 
centrifuged at the rotational speed of 5000 r  min−1, and 
the supernatant was stored in argon atmosphere at 4 ℃ for 
further use.

2.3  Synthesis of Black Phosphorus‑Ag Nanosheets (Ag/
BP‑NS)

Silver nanoparticles were prepared by in situ chemical 
reduction on the surface of BP nanosheets. 10 mL BP 
nanosheets dispersion synthesized above was dispersed in 
a mixture containing 40 mL of deionized water and 2 mL 
 AgNO3 (0.5 g/100 mL). Subsequently, the solution reacted 
for 30 min with fluorescent lamps. Here, the light source 
used a xenon lamp to simulate sunlight. Finally, the solid 
was collected by centrifuged at 12,000 r  min−1 for 15 min 

and washed with deionized water three times to remove 
the free Ag nanoparticles.

2.4  Cell Culture and Extraction of Exosomes

2.4.1  Cell Culture

Fetal bovine serum used in this experiment was previously 
depleted of exosomes by centrifugation with 120,000 × g, 
16 h. All cell lines were purchased from the American Type 
Culture Collection (ATCC). A549 cell line (Human lung 
carcinoma) was cultured in RPMI Medium 1640 basic with 
5% FBS, 1% penicillin/streptomycin. HCT-116 cell line 
(Human colorectal carcinoma) was cultured in McCoy’s 5A 
Medium with 5% FBS, 1% penicillin/streptomycin. All cell 
lines were cultured in a humidified incubator at 37 ℃ in an 
atmosphere containing 95% air and 5%  CO2.

2.4.2  Exosome Isolation

The cell culture medium was centrifuged at the rate of 
2000 × g for 30 min to remove cells and debris. Then, the 
exosome separation reagent and the obtained cell-free cul-
ture media were mixed in a volume ratio of 1:2. The mixture 
was incubated overnight at 4 ℃. The incubated samples were 
centrifuged at 4 ℃ for 1 h at 10,000 × g. Finally, the precipi-
tated exosomes were dispersed in an appropriate volume of 
1X PBS. The concentration of exosomes extracted and puri-
fied from cell culture medium was 1 ×  109 particles  mL−1, 
and the solvent was PBS buffer solution.

2.5  Apparatus

The xenon lamp is made by PerfectLight, and working cur-
rent is 20 A. The SEM images of BP and Ag/BP-NS were 
obtained by high-resolution field emission scanning electron 
microscope (Verios G4) at an accelerating voltage of 10 kV. 
The transmission electron microscopy (TEM), high-resolu-
tion TEM (HRTEM), energy-dispersive X-ray spectroscopy 
(EDS) and selected area electron diffraction (SAED) images 
were obtained on a JEM-2100F field emission transmission 
electron microscope at an accelerating voltage of 200 kV. 
The X-ray diffraction (XRD) measurements were made using 
a Bruker D8 Discover high-resolution X-ray diffractometer 
(parameters: Cu Kα radiation,� = 1.54 , 40 mA and 40 kV). 
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The XPS images were obtained by the Thermo Fisher Scien-
tific (ESCAlab250) X-ray photoelectron spectrometer. The 
atomic force microscopy (AFM) images were measured by 
a NT-MDT atomic force microscope (NTEGRA). And the 
UV–vis images were obtained by a PerkinElmer Ultraviolet 
visible spectrophotometer (Lambda 950).

2.6  SERS Measurements

The R6G aqueous solution with the different concentrations 
of  10–7-10–20 M was used to investigate the SERS perfor-
mance of BP and Ag/BP-NS. To explore the SERS detec-
tion ability of Ag/BP-NS substrates for tumor exosomes 
(1 ×  109–5 ×  107 particles  mL−1), Raman spectra of the 
A549 and HCT116 exosomes were detected. For each test, 
the 1.25 mg of synthesized Ag/BP-NS mixed with 50 μ L 
 (10–7–10–18 M) R6G aqueous solution or mixed with 100 μ L 
exosomes. Subsequently, the mixture was ultrasonicated for 
10 min. Finally, the mixture was dripped onto a clean glass 
slide with a micro-pipettor and dried in an oven at 40 ℃. 
The liquid diffusion area was about (π × 0.52)  cm2. For each 
mapping scanning, the area is a 60 × 60 μm2 (100 points) 
rectangle every time. All the Raman spectra were obtained 
from Renishaw in Via Reflex laser confocal micro-Raman 
spectrometer at light wavelength of 532 nm (1.2 mW, 10 s) 
and 633 nm (0.6 mW, 1 s) for R6G molecules and tumor 

exosomes, respectively. And the laser beam was focused on 
a spot about 2 μm in diameter.

3  Results and Discussion

3.1  Substrate Characterizations

The morphology and structure of BP are displayed in 
Figs. 1 and S1. Under the SEM and TEM, the transverse 
size of the BP nanosheets is about a few hundred nanom-
eters (Fig. 1a). The inset shows the selective area elec-
tron diffraction (SAED) pattern of the BP nanosheets. 
The BP nanostructure is confirmed to be a single-crystal 
structure with (111), (002), (132), and (241) diffraction 
spots of orthorhombic BP (PDF#76–1957). And the high-
resolution transmission electron microscope (HRTEM) is 
shown in Fig. 1b. The HRTEM image displays clear lattice 
fringes with interplanar spacing of 0.226 nm, which cor-
respond to the (041) crystal plane. In order to character-
ize the thickness of these nanosheets, AFM images were 
obtained. As shown in Fig. 1c, the typical thickness of 
these nanosheets is 3–5 nm about 2–4 layers. The meas-
ured thickness of the monolayer is slightly thicker than the 
theoretical thickness, maybe resulted from the absorption 
of chemical groups (such as  H2O or  O2 molecules) on the 
oxidized surface of BP nanosheets [35].

e-

Chemical Enhancement
Ag

BP

AgNO3

R6G
Exosome

Electromagnetic Enhancement

Scheme 1  Schematic diagram of the synthesis and application of Ag/BP-NS SERS sensor. The silver nanospheres were introduced in situ on 
the BP nanosheets by a photoreduction method
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Based on the BP nanosheets prepared above as 
raw materials, we synthesized Ag/Black Phosphorus 
nanosheets (Ag/BP-NS) under strong illumination. Pho-
toreduction is essential in substrate preparation. As shown 
in Fig. 1d, it is worth noting that the hybrid nanosheet 
synthesized in this work is significantly different from the 
reported Ag/BP-NS composites [34]. Besides large Ag 
nanoparticles on the surface, there are also ultra-small 
Ag nanoparticles between the surface and intercalation 
of BP nanosheets. As shown in Fig. 1e, most of the Ag 
nanoparticles are well embedded on BP nanosheets. The 
size of these Ag nanoparticles is about 50–100 nm. Subse-
quently, we diluted the Ag/BP-NS suspension and peeled 
off the nanosheets to expose the inner layer. As shown 
in the high-angle annular dark-field (HAADF) image 
(Fig. 1f), it is observed that a large number of uniform 
fine Ag nanoparticles with a diameter of about 3–5 nm 
are tightly attached on the surface or intercalation of BP 
nanosheets. However, almost no small silver nanoparticles 
with the size of 3–5 nm are observed in the Ag/BP-NS 
samples synthesized without illumination (Fig. S1a, b). 
It should originate from that the BP nanosheets can gen-
erate a large number of photogenerated electrons under 
the light-driven excitation [36], which makes the nuclea-
tion speed of Ag nanoparticles increase rapidly, thereby 
improving the reduction efficiency of the Ag nanoparticles 
in the solution [37]. Some nucleated nanoparticles will 
not be able to grow before the depletion of Ag, so the 
ultra-small Ag nanoparticles are deposited between the 
surface and intercalation of the nanosheets in situ. The 
local elemental mappings of the Ag/BP-NS nanostructure 
in region 1 and region 2 are shown in Fig. S1c, d. The 
P, Ag, and O elements are distributed within the entire 
nanosheet in region 1 of Fig. 1f. Especially the element 
of Ag in Fig. S1d corresponds to the small bright spots 
in the HAADF image of region 2 (Fig. 1f). For further 
analysis of microstructure and the state of the elements 
in the nanosheets, please refer to Figs. S2 and S3 and the 
corresponding explanation in S1.

3.2  Single‑molecule Detection on Ag/Black Phosphorus 
Nanosheets

Here, rhodamine 6G (R6G) is used as the probe molecule 
to study the Raman enhancement properties of Ag/BP-NS. 
The Raman spectrum of R6G powder is shown in Fig. S4, 

in which the chemical bond vibrations corresponding to 
Raman shifts are listed in Table S1. The Raman shifts at 
854, 1360, and 1648  cm−1 are mainly attributed to the C–H 
deformation, xanthene ring stretch and in plane C–H bend of 
xanthene, respectively [38–40]. Subsequently, we systemati-
cally studied the SERS properties of these Ag/BP-NS. The 
results are displayed in Figs. S5 and 2. Both BP nanosheets 
and Ag/BP-NS perform strong SERS enhancement for probe 
molecules.

The LOD of R6G without Ag modification can reach to 
 10–8 M (Fig. S5a, b) with an enhancement factor (EF) of 
6.67 ×  107 at 854  cm−1 (Fig. S5c), which is comparable to 
the BP with local hot spots introduced by laser etching or 
even the BP modified by noble metal [33, 34]. And the LOD 
for R6G on Ag/BP-NS prepared without illumination is only 
 10–9 M as shown in Fig. S6, which is similar to the results 
reported in the literature [34]. Most importantly, the Ag/
BP-NS fabricated by photoreduction show the extremely 
high SERS-sensitivity with the LOD of  10–20 M as shown in 
Fig. 2a, demonstrating one of the highest sensitivities among 
all reported SERS substrates [41–43]. It also indicates that 
the LOD of Ag/BP-NS synthesized with illumination can 
reach the level of SM (Please refer to S3 for details). Mean-
while, the maximum EF is 0.101 ×  1012 at 1507  cm−1 at the 
concentration of  10–17 M corresponding to the aromatic C–C 
stretch (Fig. 2b).

In order to verify the single-molecule detection ability 
of Ag/BP-NS, the following verification was carried out. In 
general, the detectable molecule number in micro-Raman 
measuring area (laser focusing area) can reach the level of 
SM or several molecules once the concentration of the probe 
molecules is less than  10–11 M (see S4 for details) without 
the enrichment effect of the probe molecules. As a result, 
we obtained a series of Raman signals of probe molecules 
with concentration gradient from  10–8 to  10–20 M (Fig. 2a). 
The Raman signal of R6G was obtained from mappings 
(60 × 60 μm2 rectangular region) when the concentration 
was lower than  10–13 M. It should be noted that the finger-
print peaks of R6G will not all appear at low concentrations 
due to the polarization characteristics of single molecule. 
And only vibrations with the same polarization direction as 
the polarization direction will be enhanced. Those Raman 
mapping images and SERS-imaging of R6G with different 
concentrations of  10–16 ~  10–20 M on Ag/BP-NS substrates 
are shown in Figs. S7a-d and 2c-e. After several mapping 
scans of different regions, the highest fingerprint peak in the 
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range of 1500–1700  cm−1 was selected for SERS-imaging 
in the area with signal. As a result, only 1–3 isolated signals 
can be obtained in each measured area, which are regarded 
as SM emitting.

In fact, not every scanning area can find the molecule. For 
example, the signal collection of R6G solution of  10–18 M 
in a larger region (100 points × 10, 0.77 × 0.48   mm2) is 
shown in Fig. S7e-f, and three single-molecule signals are 
observed. At such a low concentration, we can rule out the 
interference of molecular aggregation, which can be con-
sidered that we really get the signal of a SM. Subsequently, 
the intensity of characteristic peak at 1360  cm−1 for R6G 
on Ag/BP-NS substrate was counted. The linear correlation 
between the data (Y-axis coordinate is the base-10 logarithm 
of Raman intensity) was calculated in the range of 1.0 ×  10–7 
to 1 ×  10–20 M (Fig. 3a). The linear relationship is satisfac-
tory in the range of  10–7 to  10–10 M with the correlation 
coefficient of 0.94001. However, when the concentration is 
lower than  10–11 M, the probe signal obtained is no longer 
correlated with the previous data. And the intensity fluctua-
tion between the data changes little, indicating that there are 
only one or several R6G molecules at the measured point 
where the signal appears.

Then, we proposed a polarization-mapping method to 
explore whether the R6G signal obtained from ultra-low 
concentration samples was emitted by SM. Figure 3b shows 
a schematic diagram of the polarization strategy. The SM of 
R6G is asymmetric, and the molecule has polarity. There-
fore, its Raman spectrum has polarization characteristics 
[44]. If the Raman spectrum is not emitted by SM but a large 
number of molecules are adsorbed on the substrate and ran-
domly distributed. The polarization tensor of the collected 
molecular signal in each direction is the statistical result 
with average effect. Therefore, when a polarizer is added to 
the optical path, there will only be a difference in intensity 
between the polarization spectra [44, 45]. On the contrary, 
for the single-molecule polarization spectra with polarizers 
in different directions in the optical path, their differences 
will not only display in the intensity, but will also lead to 
the disappearance and the change of relative intensity of 
some peaks. Therefore, whether the signal was emitted by 
SM can be judged by studying the polarized Raman spectra 
of R6G molecules.

Here, a 60 × 60 μm2 rectangular region was scanned in 
 10–15 M R6G samples by mapping and analyzed the clear 
signal in it. We placed a polarizer behind the laser and in 

222

111 132
002

241 040

0.226 nm

500 nm

5 nm 200 nm

(c)(b)(a)

2

1

3

50 nm

100 nm

1

(f)(e)(d)
2

3 ca. 4.53 nm

2 ca. 3.80 nm

1 ca. 5.01 nm
5 1/nm

Fig. 1  Characterizations of the BP and Ag/BP-NS. a TEM bright field image of the BP nanosheets nanostructure. Inset shows the SAED pattern 
of the BP nanosheets. b HRTEM image of single BP nanosheet nanostructure, showing clear lattice fringe with a spacing of 0.226 nm. c AFM 
height image of BP nanosheets with different sizes. Inset shows the AFM height image corresponding to the line. d Schematic of the Ag/BP-NS 
synthesized by photoreduction. e SEM and f ACTEM high-angle annular dark-field image of the Ag/BP-NS synthesized by photoreduction
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front of signal collector, respectively. Then, we turned the 
polarizer in front of the signal collector to make it parallel 
or vertical with the polarizer behind the laser. The parallel 
and vertical polarization spectra of R6G were collected at 
the same measured point. As mentioned in Fig. S2b, BP 
has three intrinsic Raman peaks at 364, 440, and 468  cm−1, 
which can be used as an ideal control group. As shown in 
Fig. S8a, we randomly selected the fingerprint peaks of BP 
at some points in the mapping results as a comparison. For 
the Ag/BP-NS substrate, there was only the difference of 
peak intensity between vertical polarization spectrum and 
parallel polarization spectrum, and there was no peak dis-
appearance or the change of relative intensity between each 
peak. As shown in Figs. 3c and S8b, we also performed 
some analysis for the R6G molecule. However, after rotating 
the polarizer in front of the signal collector by 90°, there was 
an obvious disappearance of some fingerprint peaks and the 
change of relative intensity between the parallel polariza-
tion spectrum and the vertical polarization spectrum. It was 
due to the polarizer filtering out the scattered photons of 
SM in other directions, which is the important evidence of 
the existence of SM [44, 46]. Based on the above principles 
and experimental results, we proposed a method combin-
ing mapping and polarization spectra to characterize SM. 
As shown in Fig. 3d-f, here, we taken the Raman intensity 
at 1648  cm−1 for mapping imaging. There were 16 clear 
molecular signals obtained when no polarizer was added 
in the optical path (Fig. 3d). After adding polarizers to the 
optical path, the change of the fingerprint peak was reflected 
in the polarization-mapping spectra. As shown in Fig. 3e, f, 
some of the clear signals that originally appeared in normal 
mapping disappeared, and the position of signal cancelation 
would change after rotating the polarizer. But no matter the 
parallel polarization spectrum or the vertical polarization 
spectrum, the position of the signal can be one-to-one cor-
responding to the spectrum without polarizer. The above 
phenomena demonstrate that we have realized the visualized 
detection and characterization of SM based on Ag/BP-NS.

3.3  SERS Enhancement Mechanism

According to the “Unified View” presented by Lombardi 
et al. [47–49], the high SERS sensitivity of Ag/BP-NS can 
be attributed to the synergistic resonance enhancement of 

electromagnetic resonance around the “hot spots” of Ag 
nanoparticles, photo-induced charge transfer resonance 
(band gap resonance) and R6G molecular resonance under 
the 532 nm laser excitation (Fig. 4a). As shown in Fig. 4b, 
we synthesized the suspension of Ag/BP-NS by (1) photore-
duction method and (2) ordinary method and (3) Ag colloids 
by chemical reduction. The size of Ag nanoparticles syn-
thesized by different methods is similar (Fig. 4b–e). How-
ever, the appearance of the hybrid nanosheet synthesized by 
photoreduction is more similar to that of Ag colloids (more 
Ag nanoparticles), which is also confirmed by SEM images 
(Fig. 4c, d). As we mentioned above, the BP nanosheets can 
produce a large number of photogenerated electrons under 
the excitation light to improve the reduction efficiency of 
the Ag nanoparticles. Therefore, the photoreduction method 
brings higher reduction efficiency like chemical reduction, 
which will inevitably bring more “hot spots.”

As shown in Fig. 5a–c, the electromagnetic field distribu-
tion of BP nanosheets and hybrid systems was simulated by 
finite-difference time-domain (FDTD, details for S5). Local-
ized plasmon resonances of BP can be excited with an inci-
dent light (Fig. 4a). Subsequently, we calculated the dimer 
(Ag nanoparticles) adsorbed on the 5 layers of BP. As shown 
in Fig. 5b, the Ag particles with the diameter of 50 nm pro-
vide obvious electromagnetic enhancement. The strong cou-
pling resonance was mainly distributed in the “gap” of the 
dimer (Ag nanoparticles) and the surface of BP. The simu-
lated x–y plane electric field intensity (|E|2) along x polariza-
tion (Fig. 5b(ii)) had a maximum intensity (|E|2 = 20,000). 
According to the corresponding relationship between SERS 
enhancement factor and local electric field enhancement fac-
tor, SERS enhancement factor is approximately equal to the 
fourth power of local electric field enhancement factor [50]. 
Therefore, in Ag/BP-NS, electromagnetic can provide about 
 108 enhancement. Although the Ag nanoparticles with the 
diameter of 5 nm did not provide obvious electromagnetic 
enhancement (Fig. 5c), the highly efficient carrier mobil-
ity in BP/Ag heterostructure can effectively promote the 
chemical enhancement process and photoactivity [27, 51]. 
As shown in Fig. 6a, the R6G spectra calculated by Gaussian 
show that there is an obvious chemical enhancement in Ag4-
P6 clusters (S2 for details). More importantly, the calculated 
band gap of Ag4-P6-R6G clusters is close to the “band gap 
resonance” (2.33 eV) under 532 nm laser (Fig. 6b).

Besides the calculated results of EM and CM, we have 
further proved that there was a significant charge transfer 
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resonance in the substrate by experiment. As shown in Figs. 
S9a and 6c, Ag nanoparticles (ca. 50 nm) strongly enhanced 
the Raman signal of molecular due to the coupling between 
the plasmon resonance and the light absorption of R6G at 
532 nm. The light absorption of the Ag nanoparticles gradu-
ally decreased after 532 nm (Fig. 6c). It was speculated that 
the enhancement effect will gradually decrease at 633 and 
785 nm. As shown in Fig. S9b, the experimental results were 
indeed consistent with the predicted results. Although the light 

absorption of Ag/BP-NS decreased rapidly at 785 nm, it did 
not decrease at 633 nm. However, after changing the excita-
tion wavelength, the enhancement of the substrate disappeared 
rapidly (Fig. S9c, d), which did not conform to the law of EM. 
Hence, there must be a CM by “band gap resonance” in the 
Ag/BP-NS.

Compared with the nanosheets prepared without illumina-
tion, the Ag/BP-NS prepared by photoreduction still retain 
a certain enhancement under the excitation light of 633 nm, 
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which also confirms that photoreduction can bring more 
“hot spots” to the nanosheets. Moreover, the light absorp-
tion intensity of the photoreduction substrate is also sig-
nificantly higher than that of others. In summary, the Ag/
BP-NS prepared by photoreduction possess the synergistic 
resonance of three components including electromagnetic 
resonance around Ag nanoparticles (ca. 50 nm), photo-
induced charge transfer resonance (Ag–P-R6G cluster) and 
molecular resonance coupling resonance under the excita-
tion light of 532 nm.

3.4  Tumor Exosomes Detection based on Ag/Black 
Phosphorus Nanosheets

Exosomes are derived from micro-vesicles formed by 
the invagination of lysosomal particles in cells [52–54]. 
They carry the chemical information of nucleic acids, 
proteins, lipids and metabolites that reflects the char-
acteristics of cells [9, 55]. Therefore, many studies 
use the exosomes as biomarkers for tumor diagnosis 
and prognosis. However, traditional detection methods 
including western blot or enzyme-linked immunosorbent 
assay (ELISA) require complicated procedures or a large 

number of samples for detection [56]. In view of these 
cumbersome operations or limited accuracy limitations, 
traditional exosomes analysis methods have many obsta-
cles in clinical diagnosis. But the SERS may be an ideal 
detection method because of its fast and sensitive detec-
tion characteristics. Therefore, we tested the application 
value of prepared Ag/BP-NS in tumor detection due to 
its high SERS-sensitivity, large specific surface area and 
excellent biocompatibility. Here, we selected two tumor 
exosomes from A549 lung cancer cell and HCT116 colon 
cancer cell for analysis, which are two common human 
tumor cells [57, 58].

As shown in Fig. 7a, the size of exosomes is suitable for 
attaching to Ag/BP-NS. Compared with commercial gold 
SERS substrate, Ag/BP-NS substrates can well reproduce 
the fingerprint peaks of A549 exosomes (refer to Table S2 
for peak assignment) and show better peaks resolution, indi-
cating the accuracy of identification for exosomes (Fig. 7b). 
Subsequently, we reduced the concentration of A549 
exosomes to 5 ×  107 particles  mL−1. Theoretically, there are 
only 0.05 exosomes in each Raman detection window (S4 
for details). Therefore, there can be only one exosome or 
no exosomes under each window. As shown in Figs. S10a 
and 7c, only 9 clear exosome signals were found in the 100 
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measurement points (60 × 60 μm2) mapping). Therefore, we 
can accurately locate the position of exosomes by SERS-
imaging and achieve single-exosome detection.

As we mentioned above, the prepared Ag/BP-NS have 
uniform SERS enhancement capabilities. The 1 ×  109 parti-
cles  mL−1 A549 exosomes adsorbed on Ag/BP-NS substrate 
were scanned (Fig. 7d). The signal of exosomes was uniform 
without obvious fluctuation. And the relative standard devia-
tion (RSD) of peak intensity was only 7.87% (Fig. 7e). Thus, 
the high uniformity of SERS enhancement of exosomes on 
the substrate indicates that Ag/BP-NS substrate is a potential 
candidate for the practical application of biological detec-
tion. In order to better satisfy the detection requires in the 

practical application, we also verified the ability of substrate 
to distinguish different biomarkers. As shown in Fig. S10b, 
Raman spectra of HCT116 (1 ×  109 particles  mL−1) exosomes 
and PBS were obtained on Ag/BP-NS substrates. It can be 
found that PBS does not interfere with the Raman spectra of 
exosomes at all. However, the Raman spectra of HCT116 and 
A549 exosomes cannot be easily distinguished only by human 
eyes. Because the surface composition of the two exosomes 
is similar, and the difference only lies in the different expres-
sions of certain proteins on the surface [55, 59]. The Raman 
spectra only show the difference between individual peak 
(e.g., 1267.4  cm−1) and relative intensity of fingerprint peak. 
Therefore, we used machine learning method to automatically 
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determine and identify different Raman spectra (details for 
S6) for more intuitively distinguishing different exosomes.

A549, HCT116 two exosomes and PBS interference select 
100 spectra for training and testing. Then randomly select 
60% of the 300 spectra as the training set, and the remaining 
spectra as the test set. As shown in Fig. 7f, we reduced the 

dimension of Raman spectrum to a two-dimensional (2D) 
space by support vector machine (SVM). It can be found that 
the signals of A549 and HCT116 exosomes can be clearly 
distinguished in 2D plane, and their 95% confidence ellip-
ses did not overlap at all. The interference of PBS can be 
completely eliminated. As shown in Figs. 7g and 7h, the 
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trained model achieved values of sensitivity in the prediction 
of training and test set equal to 100 and 99.17%, respectively. 
In fact, only one case of misjudgment appeared in the test 
set, which shows that Ag/BP-NS have the ability to distin-
guish tumor exosomes at the single-vesicle level through the 
machine learning method.

4  Conclusion

In summary, we have synthesized a unique “multi-layer nut 
cake”-liked Ag/BP-NS through a photoreduction method. 
The Ag/BP-NS show amazing SERS sensitivity with the EF 
of 0.101 ×  1012, and the LOD of R6G can reach the single-
molecule level. Without any physical enrichment, the clear 
SM signal can be obtained in  10–20 M R6G solution. The 
excellent SERS enhancement ability of Ag/BP-NS substrate 
comes from the synergistic resonance enhancement of elec-
tromagnetic resonance, photo-induced charge transfer reso-
nance and R6G molecular resonance. Moreover, we realize 
the precise localization and SERS-imaging of single R6G 
molecule on Ag/BP-NS by the proposed polarization-map-
ping spectra and the variation trend of spectral intensity with 
concentration. The substrate also has excellent performance 
in practical applications with good biocompatibility and 
uniformity. It can be used for the detection of single tumor 
exosome through SERS-imaging, and the tumor exosomes 
in different cell lines can be distinguished and identified by 
support vector machine based on Ag/BP-NS substrates. The 
prepared 2D Ag/BP-NS with single-molecule detection abil-
ity, combined with its excellent performance in the field of 
tumor therapy, this material is expected to establish a unique 
tumor detection and treatment system.

Acknowledgements This work is supported by the finical sup-
port of the Natural Science Fund (No. 52172167) and National 
Key Research and Development Project (No. 2021YFE011305), 
and authors also gratefully acknowledge financial support from 
the Key Research and Development Plan of Anhui Province (No. 
202104a07020032).

Author contributions Chenglong Lin designed and carried out 
the experiment. Chenglong Lin and Yusi Peng conducted the data 
collation and analysis. Shunshun Liang and Xiaoying Luo carried 
out the cell culture and Exosome Isolation. Yanyan Li and Nguyen 
Viet Long participated in the preparation of Ag/BP-NS. Yusi Peng, 
Jianjun Liu, Li Long, Zhiyuan Li and Chenglong Lin carried out 
the Gaussian and FDTD simulation. Yong Yang and Zhengren 

Huang provided the guidance for the whole research process and 
reviewed/revised the paper.

Funding Open access funding provided by Shanghai Jiao Tong 
University.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 022- 00803-x.

References

 1. R.A. Halvorson, P.J. Vikesland, Surface-enhanced Raman 
spectroscopy (SERS) for environmental analyses. Environ. 
Sci. Technol. 44(20), 7749–7755 (2010). https:// doi. org/ 10. 
1021/ es101 228z

 2. Z. Han, H. Liu, J. Meng, L. Yang, J. Liu et al., Portable kit 
for identification and detection of drugs in human urine using 
surface-enhanced Raman spectroscopy. Anal. Chem. 87(18), 
9500–9506 (2015). https:// doi. org/ 10. 1021/ acs. analc hem. 
5b028 99

 3. Y. Yang, Y. Peng, C. Lin, L. Long, J. Hu et al., Human ACE2-
functionalized gold “virus-trap” nanostructures for accurate 
capture of SARS-CoV-2 and single-virus SERS detection. 
Nano-Micro Lett. 13, 109 (2021). https:// doi. org/ 10. 1007/ 
s40820- 021- 00620-8

 4. B.Y. Wen, A. Wang, J.S. Lin, P.C. Guan, P.M. Radjenovic 
et  al., A new approach for quantitative surface-enhanced 
Raman spectroscopy through the kinetics of chemisorption. 
Small Methods 5(3), 2000993 (2021). https:// doi. org/ 10. 1002/ 
smtd. 20200 0993

 5. X. Jiang, Z.Y. Tan, L. Lin, J. He, C. He et  al., Surface-
enhanced Raman nanoprobes with embedded standards for 
quantitative cholesterol detection. Small Methods 2(11), 
1800182 (2018). https:// doi. org/ 10. 1002/ smtd. 20180 0182

 6. J.D. Spitzberg, A. Zrehen, X.F. Kooten, A. Meller, Plasmonic-
nanopore biosensors for superior single-molecule detection. 
Adv. Mater. 31(23), 1900422 (2019). https:// doi. org/ 10. 1002/ 
adma. 20190 0422

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-022-00803-x
https://doi.org/10.1007/s40820-022-00803-x
https://doi.org/10.1021/es101228z
https://doi.org/10.1021/es101228z
https://doi.org/10.1021/acs.analchem.5b02899
https://doi.org/10.1021/acs.analchem.5b02899
https://doi.org/10.1007/s40820-021-00620-8
https://doi.org/10.1007/s40820-021-00620-8
https://doi.org/10.1002/smtd.202000993
https://doi.org/10.1002/smtd.202000993
https://doi.org/10.1002/smtd.201800182
https://doi.org/10.1002/adma.201900422
https://doi.org/10.1002/adma.201900422


 Nano-Micro Lett.           (2022) 14:75    75  Page 14 of 15

https://doi.org/10.1007/s40820-022-00803-x© The authors

 7. E. Anastasiadou, F.J. Slack, Malicious exosomes. Science 
346(6216), 1459–1460 (2014). https:// doi. org/ 10. 1126/ scien 
ce. aaa40 24

 8. L. Zhao, W.T. Liu, J. Xiao, B.W. Cao, The role of exosomes 
and “exosomal shuttle microrna” in tumorigenesis and drug 
resistance. Cancer Lett. 356(2), 339–346 (2015). https:// doi. 
org/ 10. 1016/j. canlet. 2014. 10. 027

 9. J.C. Fraire, S. Stremersch, D. Bouckaert, T. Monteyne, T.D. 
Beer et al., Improved label-free identification of individual 
exosome-like vesicles with au@ag nanoparticles as SERS 
substrate. ACS Appl. Mater. Interfaces 11(43), 39424–
39435 (2019). https:// doi. org/ 10. 1021/ acsami. 9b114 73

 10. J. Langer, D.J. Aberasturi, J. Aizpurua, R.A. Alvarez-Puebla, 
B. Auguie et al., Present and future of surface-enhanced 
Raman scattering. ACS Nano 14(1), 28–117 (2020). https:// 
doi. org/ 10. 1021/ acsna no. 9b042 24

 11. M.G. Albrecht, J.A. Creighton, Anomalously intense Raman 
spectra of pyridine at a silver electrod. J. Am. Chem. Soc. 
99(15), 5215–5217 (1977). https:// doi. org/ 10. 1021/ ja004 57a071

 12. D.L. Jeanmaire, R.P. Vanduyne, Surface Raman spectroelec-
trochemistry: part I. heterocyclic, aromatic, and aliphatic-
amines adsorbed on anodized silver electrode. J. Electroanal. 
Chem. 84(1), 1–20 (1977). https:// doi. org/ 10. 1016/ s0022- 
0728(77) 80224-6

 13. A.B. Zrimsek, N.H. Chiang, M. Mattei, S. Zaleski, M.O. 
McAnally et al., Single-molecule chemistry with surface- 
and tip-enhanced Raman spectroscopy. Chem. Rev. 117(11), 
7583–7613 (2017). https:// doi. org/ 10. 1021/ acs. chemr ev. 
6b005 52

 14. Y. Peng, C. Lin, Y. Li, Y. Gao, J. Wang et al., Identifying 
infectiousness of SARS-CoV-2 by ultra-sensitive  SnS2 SERS 
biosensors with capillary effect. Matter 5, 694–709 (2022). 
https:// doi. org/ 10. 1016/j. matt. 2021. 11. 028

 15. R. Haldavnekar, K. Venkatakrishnan, B. Tan, Non plas-
monic semiconductor quantum SERS probe as a pathway for 
in vitro cancer detection. Nat. Commun. 9(1), 3065 (2018). 
https:// doi. org/ 10. 1038/ s41467- 018- 05237-x

 16. F. Yu, M. Su, L. Tian, H. Wang, H. Liu, Organic solvent 
as internal standards for quantitative and high-throughput 
liquid interfacial SERS analysis in complex media. Anal. 
Chem. 90(8), 5232–5238 (2018). https:// doi. org/ 10. 1021/ 
acs. analc hem. 8b000 08

 17. J.F. Li, Y.F. Huang, Y. Ding, Z.L. Yang, S.B. Li et al., Shell-
isolated nanoparticle-enhanced Raman spectroscopy. Nature 
464(7287), 392–395 (2010). https:// doi. org/ 10. 1038/ natur 
e08907

 18. Z. Liu, H. Chen, Y. Jia, W. Zhang, H. Zhao et al., A two-
dimensional fingerprint nanoprobe based on black phospho-
rus for bio-SERS analysis and chemo-photothermal therapy. 
Nanoscale 10(39), 18795–18804 (2018). https:// doi. org/ 10. 
1039/ c8nr0 5300f

 19. X. Luo, R. Pan, M. Cai, W. Liu, C. Chen et al., Atto-molar 
Raman detection on patterned superhydrophilic-superhy-
drophobic platform via localizable evaporation enrichment. 
Sens. Actuat. B Chem. 326, 128826 (2021). https:// doi. org/ 
10. 1016/j. snb. 2020. 128826

 20. C. Yang, Y. Xu, M. Wang, T. Li, Y. Huo et al., Multifunc-
tional paper strip based on GO-veiled Ag nanoparticles 
with highly SERS sensitive and deliverable properties 
for high-performance molecular detection. Opt. Express 
26(8), 10023–10037 (2018). https:// doi. org/ 10. 1364/ OE. 
26. 010023

 21. P. Etchegoin, R.C. Maher, L.F. Cohen, H. Hartigan, R.J.C. 
Brown et al., New limits in ultrasensitive trace detection by 
surface enhanced Raman scattering (SERS). Chem. Phys. 
Lett. 375(1–2), 84–90 (2003). https:// doi. org/ 10. 1016/ 
s0009- 2614(03) 00821-2

 22. S.M. Nie, S.R. Emery, Probing single molecules and single 
nanoparticles by surface-enhanced Raman scattering. Science 
275(5303), 1102–1106 (1997). https:// doi. org/ 10. 1126/ scien 
ce. 275. 5303. 1102

 23. M. Keshavarz, P. Kassanos, B. Tan, K. Venkatakrishnan, 
Metal-oxide surface-enhanced Raman biosensor template 
towards point-of-care EGFR detection and cancer diagnos-
tics. Nanoscale Horiz. 5(2), 294–307 (2020). https:// doi. org/ 
10. 1039/ c9nh0 0590k

 24. P.K. Kannan, P. Shankar, C. Blackman, C.H. Chung, Recent 
advances in 2D inorganic nanomaterials for SERS sensing. 
Adv. Mater. 31(34), 1803432 (2019). https:// doi. org/ 10. 1002/ 
adma. 20180 3432

 25. H.H. Tian, N. Zhang, L.M. Tong, J. Zhang, In situ quantitative 
graphene-based surface-enhanced Raman spectroscopy. Small 
Methods 1(6), 1700126 (2017). https:// doi. org/ 10. 1002/ smtd. 
20170 0126

 26. L. Li, Y. Yu, G.J. Ye, Q. Ge, X. Ou et al., Black phospho-
rus field-effect transistors. Nat. Nanotechnol. 9(5), 372–377 
(2014). https:// doi. org/ 10. 1038/ nnano. 2014. 35

 27. L.C. Bai, X. Wang, S.B. Tang, Y.H. Kang, J.H. Wang et al., Black 
phosphorus/platinum heterostructure: a highly efficient photo-
catalyst for solar-driven chemical reactions. Adv. Mater. 30(40), 
1803641 (2018). https:// doi. org/ 10. 1002/ adma. 20180 3641

 28. D. Huang, Z. Zhuang, Z. Wang, S. Li, H. Zhong et al., Black 
phosphorus-Au filter paper-based three-dimensional SERS 
substrate for rapid detection of foodborne bacteria. Appl. Surf. 
Sci. 497, 143825 (2019). https:// doi. org/ 10. 1016/j. apsusc. 
2019. 143825

 29. F. Liu, R. Shi, Z. Wang, Y. Weng, C.M. Che et al., Direct 
Z-scheme hetero-phase junction of black/red phosphorus for 
photocatalytic water splitting. Angew. Chem. Int. Ed. 58(34), 
11791–11795 (2019). https:// doi. org/ 10. 1002/ anie. 20190 6416

 30. J. Qiao, X. Kong, Z.X. Hu, F. Yang, W. Ji, High-mobility 
transport anisotropy and linear dichroism in few-layer black 
phosphorus. Nat. Commun. 5, 4475 (2014). https:// doi. org/ 10. 
1038/ ncomm s5475

 31. L. Li, G.J. Ye, V. Tran, R. Fei, G. Chen et al., Quantum oscil-
lations in a two-dimensional electron gas in black phosphorus 
thin films. Nat. Nanotechnol. 10(7), 608–613 (2015). https:// 
doi. org/ 10. 1038/ nnano. 2015. 91

 32. H. Wang, X. Yang, W. Shao, S. Chen, J. Xie et al., Ultrathin 
black phosphorus nanosheets for efficient singlet oxygen gen-
eration. J. Am. Chem. Soc. 137(35), 11376–11382 (2015). 
https:// doi. org/ 10. 1021/ jacs. 5b060 25

https://doi.org/10.1126/science.aaa4024
https://doi.org/10.1126/science.aaa4024
https://doi.org/10.1016/j.canlet.2014.10.027
https://doi.org/10.1016/j.canlet.2014.10.027
https://doi.org/10.1021/acsami.9b11473
https://doi.org/10.1021/acsnano.9b04224
https://doi.org/10.1021/acsnano.9b04224
https://doi.org/10.1021/ja00457a071
https://doi.org/10.1016/s0022-0728(77)80224-6
https://doi.org/10.1016/s0022-0728(77)80224-6
https://doi.org/10.1021/acs.chemrev.6b00552
https://doi.org/10.1021/acs.chemrev.6b00552
https://doi.org/10.1016/j.matt.2021.11.028
https://doi.org/10.1038/s41467-018-05237-x
https://doi.org/10.1021/acs.analchem.8b00008
https://doi.org/10.1021/acs.analchem.8b00008
https://doi.org/10.1038/nature08907
https://doi.org/10.1038/nature08907
https://doi.org/10.1039/c8nr05300f
https://doi.org/10.1039/c8nr05300f
https://doi.org/10.1016/j.snb.2020.128826
https://doi.org/10.1016/j.snb.2020.128826
https://doi.org/10.1364/OE.26.010023
https://doi.org/10.1364/OE.26.010023
https://doi.org/10.1016/s0009-2614(03)00821-2
https://doi.org/10.1016/s0009-2614(03)00821-2
https://doi.org/10.1126/science.275.5303.1102
https://doi.org/10.1126/science.275.5303.1102
https://doi.org/10.1039/c9nh00590k
https://doi.org/10.1039/c9nh00590k
https://doi.org/10.1002/adma.201803432
https://doi.org/10.1002/adma.201803432
https://doi.org/10.1002/smtd.201700126
https://doi.org/10.1002/smtd.201700126
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1002/adma.201803641
https://doi.org/10.1016/j.apsusc.2019.143825
https://doi.org/10.1016/j.apsusc.2019.143825
https://doi.org/10.1002/anie.201906416
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/nnano.2015.91
https://doi.org/10.1038/nnano.2015.91
https://doi.org/10.1021/jacs.5b06025


Nano-Micro Lett.           (2022) 14:75  Page 15 of 15    75 

1 3

 33. A. Kundu, R. Rani, K.S. Hazra, Controlled nanofabrication 
of metal-free SERS substrate on few layered black phospho-
rus by low power focused laser irradiation. Nanoscale 11(35), 
16245–16252 (2019). https:// doi. org/ 10. 1039/ c9nr0 2615k

 34. P. Li, W. Chen, D. Liu, H. Huang, K. Dan et al., Template 
growth of Au/Ag nanocomposites on phosphorene for sensi-
tive SERS detection of pesticides. Nanotechnology 30(27), 
275604 (2019). https:// doi. org/ 10. 1088/ 1361- 6528/ ab12fb

 35. T. Zhang, Y. Wan, H. Xie, Y. Mu, P. Du et al., Degradation 
chemistry and stabilization of exfoliated few-layer black 
phosphorus in water. J. Am. Chem. Soc. 140(24), 7561–7567 
(2018). https:// doi. org/ 10. 1021/ jacs. 8b021 56

 36. X.H. Niu, Y.H. Li, Y.H. Zhang, Q. Li, Q.H. Zhou et al., Photo-
oxidative degradation and protection mechanism of black 
phosphorus: insights from ultrafast dynamics. J. Phys. Chem. 
Lett. 9(17), 5034–5039 (2018). https:// doi. org/ 10. 1021/ acs. 
jpcle tt. 8b020 60

 37. Y.T. Lei, D.W. Li, T.C. Zhang, X. Huang, L. Liu et al., One-
step selective formation of silver nanoparticles on atomic lay-
ered  MoS2 by laser-induced defect engineering and photore-
duction. J. Mater. Chem. C 5(34), 8883–8892 (2017). https:// 
doi. org/ 10. 1039/ c7tc0 1863k

 38. P. Hildebrandt, M. Stockburger, Surface-enhanced resonance 
Raman spectroscopy of rhodamine 6G adsorbed on colloidal 
silver. J. Phys. Chem. 88(24), 5935–5944 (1984). https:// doi. 
org/ 10. 1021/ j1506 68a038

 39. Y. Yang, Z.Y. Li, K. Yamaguchi, M. Tanemura, Z.R. Huang et al., 
Controlled fabrication of silver nanoneedles array for SERS and 
their application in rapid detection of narcotics. Nanoscale 4(8), 
2663–2669 (2012). https:// doi. org/ 10. 1039/ c2nr1 2110g

 40. L. Yang, Y. Peng, Y. Yang, J. Liu, Z. Li et al., Green and 
sensitive flexible semiconductor SERS substrates: hydrogen-
ated black  TiO2 nanowires. ACS Appl. Nano Mater. 1(9), 
4516–4527 (2018). https:// doi. org/ 10. 1021/ acsanm. 8b007 96

 41. A. Kudelski, Analytical applications of Raman spectroscopy. 
Talanta 76(1), 1–8 (2008). https:// doi. org/ 10. 1016/j. talan ta. 
2008. 02. 042

 42. S. Yadav, J. Satija, The current state of the art of plasmonic 
nanofibrous mats as SERS substrates: design, fabrication and 
sensor applications. J. Mater. Chem. B 9(2), 267–282 (2021). 
https:// doi. org/ 10. 1039/ d0tb0 2137g

 43. J.E. Kim, J.H. Choi, M. Colas, D.H. Kim, H. Lee, Gold-based 
hybrid nanomaterials for biosensing and molecular diagnos-
tic applications. Biosens. Bioelectron. 80, 543–559 (2016). 
https:// doi. org/ 10. 1016/j. bios. 2016. 02. 015

 44. Z.H. Zhou, L. Liu, G.Y. Wang, Z.Z. Xu, Surface-enhanced 
resonance Raman scattering spectroscopy of single R6G mol-
ecules. Chinese Phys. 15(1), 126–131 (2006). https:// doi. org/ 
10. 1088/ 1009- 1963/ 15/1/ 020

 45. K. Kneipp, Y. Wang, H. Kneipp, I. Itzkan, R.R. Dasari et al., 
Population pumping of excited vibrational states by spontane-
ous surface-enhanced Raman scattering. Phys. Rev. Lett. 76(14), 
2444–2447 (1996). https:// doi. org/ 10. 1103/ PhysR evLett. 76. 2444

 46. M. Hashimoto, K. Yoshiki, M. Kurihara, N. Hashimoto, 
T. Araki, Orientation detection of a single molecule using 
pupil filter with electrically controllable polarization pattern. 

Opt. Rev. 22(6), 875–881 (2015). https:// doi. org/ 10. 1007/ 
s10043- 015- 0143-0

 47. K. Kneipp, H. Kneipp, I. Itzkan, R.R. Dasari, M.S. Feld, 
Surface-enhanced Raman scattering and biophysics. J. Phys. 
Condes. Matter 14(18), R597–R624 (2002). https:// doi. org/ 
10. 1088/ 0953- 8984/ 14/ 18/ 202

 48. J.R. Lombardi, R.L. Birke, A unified approach to surface-
enhanced Raman spectroscopy. J. Phys. Chem. C 112(14), 
5605–5617 (2008). https:// doi. org/ 10. 1021/ jp800 167v

 49. J.R. Lombardi, R.L. Birke, A unified view of surface-enhanced 
Raman scattering. Acc. Chem. Res. 42(6), 734–742 (2009). 
https:// doi. org/ 10. 1021/ ar800 249y

 50. Y.S. Peng, C.L. Lin, L. Long, T. Masaki, M. Tang et al., 
Charge-transfer resonance and electromagnetic enhancement 
synergistically enabling mxenes with excellent SERS sensitiv-
ity for SARS-CoV-2 S protein detection. Nano-Micro Lett. 13, 
52 (2021). https:// doi. org/ 10. 1007/ s40820- 020- 00565-4

 51. W.Y. Lei, T.T. Zhang, P. Liu, J.A. Rodriguez, G. Liu et al., 
Bandgap- and local field-dependent photoactivity of Ag/
black phosphorus nanohybrids. ACS Catal. 6(12), 8009–8020 
(2016). https:// doi. org/ 10. 1021/ acsca tal. 6b025 20

 52. R.J. Simpson, J.W.E. Lim, R.L. Moritz, S. Mathivanan, Exosomes: 
proteomic insights and diagnostic potential. Expert Rev. Prot-
eomic. 6(3), 267–283 (2009). https:// doi. org/ 10. 1586/ epr. 09. 17

 53. S. Mathivanan, H. Ji, R.J. Simpson, Exosomes: extracellular 
organelles important in intercellular communication. J. Pro-
teomic. 73(10), 1907–1920 (2010). https:// doi. org/ 10. 1016/j. 
jprot. 2010. 06. 006

 54. Y.F. Pang, J.M. Shi, X.S. Yang, C.W. Wang, Z.W. Sun et al., 
Personalized detection of circling exosomal PD-L1 based on 
 Fe3O4@TiO2 isolation and SERS immunoassay. Biosens. Bio-
electron. 148, 111800 (2020). https:// doi. org/ 10. 1016/j. bios. 
2019. 111800

 55. R. Kalluri, V.S. Lebleu, The biology, function, and biomedical 
applications of exosomes. Science 367(6478), aau6977 (2020). 
https:// doi. org/ 10. 1126/ scien ce. aau69 77

 56. A.V. Vlassov, S. Magdaleno, R. Setterquist, R. Conrad, 
Exosomes: current knowledge of their composition, biological 
functions, and diagnostic and therapeutic potentials. Biochim. 
Biophys. Acta Gen. Subj. 1820(7), 940–948 (2012). https:// 
doi. org/ 10. 1016/j. bbagen. 2012. 03. 017

 57. A.J. Massey, D.S. Williamson, H. Browne, J.B. Murray, P. 
Dokurno et al., A novel, small molecule inhibitor of Hsc70/
Hsp70 potentiates Hsp90 inhibitor induced apoptosis in 
Hct116 colon carcinoma cells. Cancer Chemother. Phar-
macol. 66(3), 535–545 (2010). https:// doi. org/ 10. 1007/ 
s00280- 009- 1194-3

 58. Y.L. Chang, S.T. Yang, J.H. Liu, E. Dong, Y.W. Wang et al., 
In vitro toxicity evaluation of graphene oxide on A549 cells. 
Toxicol. Lett. 200(3), 201–210 (2011). https:// doi. org/ 10. 
1016/j. toxlet. 2010. 11. 016

 59. H. Cui, B. Seubert, E. Stahl, H. Dietz, U. Reuning et al., Tissue 
inhibitor of metalloproteinases-1 induces a pro-tumourigenic 
increase of miR-210 in lung adenocarcinoma cells and their 
exosomes. Oncogene 34(28), 3640–3650 (2015). https:// doi. 
org/ 10. 1038/ onc. 2014. 300

https://doi.org/10.1039/c9nr02615k
https://doi.org/10.1088/1361-6528/ab12fb
https://doi.org/10.1021/jacs.8b02156
https://doi.org/10.1021/acs.jpclett.8b02060
https://doi.org/10.1021/acs.jpclett.8b02060
https://doi.org/10.1039/c7tc01863k
https://doi.org/10.1039/c7tc01863k
https://doi.org/10.1021/j150668a038
https://doi.org/10.1021/j150668a038
https://doi.org/10.1039/c2nr12110g
https://doi.org/10.1021/acsanm.8b00796
https://doi.org/10.1016/j.talanta.2008.02.042
https://doi.org/10.1016/j.talanta.2008.02.042
https://doi.org/10.1039/d0tb02137g
https://doi.org/10.1016/j.bios.2016.02.015
https://doi.org/10.1088/1009-1963/15/1/020
https://doi.org/10.1088/1009-1963/15/1/020
https://doi.org/10.1103/PhysRevLett.76.2444
https://doi.org/10.1007/s10043-015-0143-0
https://doi.org/10.1007/s10043-015-0143-0
https://doi.org/10.1088/0953-8984/14/18/202
https://doi.org/10.1088/0953-8984/14/18/202
https://doi.org/10.1021/jp800167v
https://doi.org/10.1021/ar800249y
https://doi.org/10.1007/s40820-020-00565-4
https://doi.org/10.1021/acscatal.6b02520
https://doi.org/10.1586/epr.09.17
https://doi.org/10.1016/j.jprot.2010.06.006
https://doi.org/10.1016/j.jprot.2010.06.006
https://doi.org/10.1016/j.bios.2019.111800
https://doi.org/10.1016/j.bios.2019.111800
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1016/j.bbagen.2012.03.017
https://doi.org/10.1016/j.bbagen.2012.03.017
https://doi.org/10.1007/s00280-009-1194-3
https://doi.org/10.1007/s00280-009-1194-3
https://doi.org/10.1016/j.toxlet.2010.11.016
https://doi.org/10.1016/j.toxlet.2010.11.016
https://doi.org/10.1038/onc.2014.300
https://doi.org/10.1038/onc.2014.300

	Visualized SERS Imaging of Single Molecule by AgBlack Phosphorus Nanosheets
	Highlights
	Abstract 

	1 Introduction
	2 Materials and Methods
	2.1 Materials
	2.2 Synthesis of Black Phosphorus
	2.3 Synthesis of Black Phosphorus-Ag Nanosheets (AgBP-NS)
	2.4 Cell Culture and Extraction of Exosomes
	2.4.1 Cell Culture
	2.4.2 Exosome Isolation

	2.5 Apparatus
	2.6 SERS Measurements

	3 Results and Discussion
	3.1 Substrate Characterizations
	3.2 Single-molecule Detection on AgBlack Phosphorus Nanosheets
	3.3 SERS Enhancement Mechanism
	3.4 Tumor Exosomes Detection based on AgBlack Phosphorus Nanosheets

	4 Conclusion
	Acknowledgements 
	References




