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Abstract
A surface-enhanced Raman scattering (SERS) method is described for the determination of trace polycyclic aromatic hydrocar-
bons (PAHs) in the environment efficiently and economically. Detection sensitivity is improved by modifying gold nanoparticles
(AuNPs) with 4-mercaptophenylboronic acid (4-MPBA) conjugated to β-cyclodextrin (β-CD) as a new method for ratiometric
determination of PAHs in solution. Pyrene (with a Raman band at 580 cm−1) and anthracene (750 cm−1) were used as the model
analytes, while 4-MPBA (1570 cm−1) was used as the internal reference to normalize the SERS signals. The intensity ratios of
pyrene/4-MPBA increase linearly in the 2 to 10 nM pyrene concentration range, and the intensity ratios of anthracene/4-MPBA
increase linearly in the 10 to 100 nM anthracene concentration range. The detection limits are 0.4 nM for pyrene and 4.4 nM for
anthracene. This method was applied to the determination of the two analytes in soil sample extracts and the recoveries of pyrene
(at levels of 236 ng∙g−1 and 170 ng∙g−1) and anthracene (334 ng∙g−1 and 510 ng∙g−1) agreed well with the results from GC-MS
analyses. The good recovery rates (101.8% and 102.5% for pyrene and 106.4% and 101.7% for anthracene) confirmed the
reliability of the method.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of
common, persistent organic pollutants with two or more con-
densed aromatic rings, which are mainly formed as products
from the incomplete combustion of fuels [1, 2]. PAHs can be
found in soil, water and air, which may be absorbed by
plants and animals, and become health hazards to humans
due to the potential carcinogenicity [3–6]. Current standard
methods such as gas chromatography in combination with
mass spectrometry (GC-MS) [7, 8], gas chromatography
(GC) [9], and high performance liquid chromatography with
fluorescence detection (HPLC/FLD) [10, 11] are used to

detect PAHs in environmental and food samples. These
methods usually require complicated sample preparations
and sophisticated instruments, which increase the time and
expense for the analyses [12].

Surface enhanced Raman scattering (SERS) has emerged as
an alternative method to detect environmental pollutants due to
the enhancement of analytes’ Raman peaks induced by the
localized surface plasmon on the rough surface of SERS sub-
strates [13, 14]. Sample preparation for SERS measurements is
simple, and the measurements are relatively quick compared to
chromatography. Therefore, SERSmeasurements have become
more common in environmental analyses [15–19]. In the liter-
ature, there has been a report on using thiol-modified, silver-
coated magnetic nanoparticles (MNPs) as SERS substrate to
identify and detect PAHs [20]. Silver shell on the MNPs pro-
vided the localized surface plasmon under laser excitation for
SERS signal enhancement, and pentanethiol improved the sur-
face polarity to attract PAHs in aqueous solution to the nano-
particles. SERS measurements were done after the nanoparti-
cles were collected by a magnet and dried on a silica wafer, and
the calculated detection limit was at μg∙L−1 level. Another re-
port described the use of a β-cyclodextrin (β-CD) modified
silica-polymer brush (Si-PGMA) and β-CD-SH modified gold
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nanoparticles (AuNPs) with Rh6G to form a sandwich structure
in the presence of PAHs [21]. SERS measurements were done
after washing the silica-polymer brush, and the signal intensity
of Rh6G indicated the concentration of PAHs indirectly with
the detection limit at the nM level. These reports focused on the
measurement of analytes on solid SERS substrates, which re-
quires time to prepare the dried samples and tends to have large
fluctuations in the SERS signals when the concentration of the
analyte is low.

Herein we report an effective and sensitive SERS method to
detect PAHs in homogenous solutions assisted by β-CD mod-
ified AuNPs as the SERS substrate. β-CD was used to capture
the PAHs and bring the analytes close to the AuNPs surface. 4-
Mercaptophenylboronic acid (4-MPBA) was used not only to
conjugate β-CD to the surface of AuNPs, but also to act as an
internal reference to improve the reliability of the SERS mea-
surement [22, 23]. In this study, pyrene and anthracene were

used as the model PAHs for detection and linear relationships
were established between the SERS intensity ratio of PAH/4-
MPBA and PAH concentration. This method was applied to
measure PAHs in soil samples, and the recoveries of the
analytes were very close to the results from GC-MS.

Material and methods

Chemicals and materials

Gold(III) chloride trihydrate (HAuCl4·3H2O), sodium citrate,
4-Mercaptophenylboronic acid (4-MPBA), β-Cyclodextrin
(β-CD), pyrene, and anthracene were purchased from
Sigma-Aldrich (St. Louis, MO, www.sigmaaldrich.com).
Acetone and ethanol were purchased from Fisher Scientific
(Hampton, NH, www.fishersci.com). Deionized (DI) water

Scheme 2 Raman measurements
of Au@4-MPBA@ β-CD NPs
mixed with pyrene solutions in
capillary tube illustration
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(18 MΩ·cm) was used for the preparation of all solutions. All
glassware was cleaned by aqua regia and DI water. Soil sam-
ples containing PAHs were collected from a backyard in a
residential neighborhood.

Synthesis of Au@4-MPBA@β-CD nanoparticles

The synthesis of Au@4-MPBA@β-CD nanoparticles (NPs)
is illustrated in Scheme 1. Briefly, 625 μL of 20 mM HAuCl4
was diluted to 50 mL with DI water, and the solution was
heated under magnetic stirring. Upon boiling, 500 μL of 1%
sodium citrate was injected rapidly into the solution and the
color went from yellow to dark red then lightened to a wine
red during the next 5 min of heating. The mixture was heated
for another 5 min after the color change and cooled down to
room temperature. The solution was centrifuged at 4200 rcf
for 10 min to remove the excess sodium citrate, and citrate-
stabilized AuNPs were collected and redispersed in 50 mL of
DI water [24].

Five hundred μL of 0.1 mM 4-MPBA in ethanol and water
mixture solution was added into 50 mL of AuNP solution
under vortex. The solution was incubated for 2 h at room
temperature and centrifuged at 4200 rcf for 10 min. After
removing the excess ions in the supernatant, the resulting
Au@4-MPBA NPs were collected and redispersed in 50 mL
of DI water [23].

In the 50 mL Au@4-MPBA NP solution, 500 μL of
10 mM β-CD was added under sonication and vortexed.
The solution was incubated overnight to form the covalent
bond between boronic acid on 4-MPBA and hydroxyl
group on β-CD [22]. Then, five hundred μL of 1% sodi-
um citrate was added under vortex and the solution was
centrifuged immediately at 4200 rcf for 10 min, and ex-
cess β-CD was removed. The Au@4-MPBA@ β-CD NPs
were dispersed in 5 mL of ethanol to form a concentrated
nanoparticle solution.

Characterization

UV-vis extinction spectra of nanoparticles were measured on a
USB 4000 spectrophotometer (Ocean Optics, Largo, FL).
Three mL of AuNP, Au@4-MPBA NP (80× dilution) and
Au@4-MPBA@β-CD NP (30× dilution) solutions were
transferred into a 1-cm path length quartz cell separately,
and all measurements were performed at room temperature.

TEM images of Au@4-MPBA@β-CD were collected
on a FEI Tecnai F30 300KV transmission electron micro-
scope. A drop of the nanoparticle solution was deposited
on a formvar-covered carbon-coated copper grid from
Electron Microscopy Sciences (Hatfield, PA), and dried
before the imaging [25].

Raman measurement

Raman measurements were performed on a Renishaw inVia
Raman microscope system. All samples involving nanoparti-
cle solution were dispersed thoroughly in ethanol under son-
ication. A quartz capillary tube with a diameter of ~1 mm was

(a) (b)Fig. 1 a UV-vis spectra of
AuNPs, Au@4-MPBA and
Au@4-MPBA@ β-CD NPs.
Ethanol was used as the solvent
for all the particle samples. b
TEM image of Au@4-MPBA@
β-CD NPs. Scale bar is 100 nm

Fig. 2 Raman spectra of pyrene (solid), anthracene (solid), and ethanol.
SERS spectra of Au@4-MPBA@β-CDNP solution, 10 μMof pyrene and
anthracene mixed with of Au@4-MPBA@β-CD NP solution, separately.
Peak at 580 cm−1 was assigned to be pyrene peak, peak at 750 cm−1 to be
anthracene peak and peak at 1570 cm−1 to be 4-MPBA peak
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used to hold a small amount of the sample solution, and placed
on the microscope stage for Raman measurement. The micro-
scope objective was 20×. A 633-nm diode laser was used in all
measurements, with an intensity of 2.3 mWand exposure time
of 10 s. Raman measurement of Au@4-MPBA@β-CD NPs
mixed with pyrene solutions in a capillary tube is illustrated in
Scheme 2. All samples involving solid chemicals were placed
on the microscope stage directly for Raman measurements.
The microscope objective was 50×, and the measurements
were done under the 633-nm diode laser with an intensity of
0.04 mWand exposure time of 10 s.

It has been reported that ethanol can enhance the SERS
signal in solution [26], so all measurements of liquid samples
were performed in ethanol. To identify the fingerprint peaks of
4-MPBA, pyrene and anthracene, Raman measurements of
solid pyrene, solid anthracene, ethanol, Au@4-MPBA NP
solution, Au@4-MPBA@β-CD NP solution, 10 μM PAH
solution (pyrene and anthracene, separately) mixed with
Au@4-MPBA@β-CD NP solution were performed.

To determine the optimal mixing time, 20 μL of Au@4-
MPBA@β-CD NP solution was mixed with 40 μL of
10 μM PAH ethanol solution (pyrene and anthracene, sep-
arately), and Raman measurements were taken every 5 min
from 20 to 60 min after mixing. The optimal time was
chosen when the SERS signal intensity stopped increasing.
To establish the relationship between the SERS signal and
PAH concentration, samples with various concentrations of
PAH solution (2 nM to 1 mM for pyrene solution and
10 nM to 1 mM for anthracene solution) were prepared in
the same manner and Raman measurements were taken
after the optimal mixing time.

PAH detection in soil samples by SERS and GC-MS

Soil samples were prepared based on the previous literature
with slight modifications [27, 28]. Briefly, soil samples
were crushed and sieved, then air-dried at room tempera-
ture. Approximate 0.1 g of soil sample (0.1008 g for soil
sample 1 and 0.0999 g for soil sample 2) was weighed and
transferred to a 20 mL glass vial separately. Two mL of
acetone was added to each vial and the vials were sonicated
in a water bath for 30 min. The vials were occasionally
swirled to avoid soil sticking at the bottom during sonica-
tion. The extracted solutions were centrifuged at 16,800 rcf
for 10 min to remove the soil. The PAH-containing super-
natant was collected and acetone was dried in rotary evap-
orator and air. The PAHs in the vial were then dissolved in
10 mL of ethanol.

In 20 μL of Au@4-MPBA@β-CD NP solution, 40 μL of
the soil sample solution was added under sonication. The
mixture was incubated for 50 min and Raman measurements
were taken. Separately, the concentrations of PAHs in soil
samples were independently determined by GC-MS as de-
scribed in the electronic supplementary information (ESI).
The experimental results were compared with those from the
SERS measurements.

(a) (b)Fig. 3 a Intensity ratio of pyrene
peak (580 cm−1) and 4-MPBA
peak (1570 cm−1) against the
mixing time of pyrene and
Au@4-MPBA@β-CD NPs from
20 to 60 min; b Intensity ratio of
anthracene peak (750 cm−1) and
4-MPBA peak (1570 cm−1)
against the mixing time of an-
thracene and Au@4-MPBA@β-
CD NPs from 20 to 60 min

Fig. 4 SERS spectra of 100 nM pyrene mixed with Au@4-MPBA@β-
CD NPs solution and Au@4-MPBA NP solution separately. The pyrene
peak at 580 cm−1 was observed only in the mixture with Au@4-
MPBA@β-CD NP solution
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Results and discussion

Characterization

Different concentrations of AuNP, Au@4-MPBA NP, and
Au@4-MPBA@β-CD NP solutions were characterized by
UV-vis extinction spectroscopy (Fig. 1a). The band at
525 nm is the plasmon band for AuNPs. The slightly red-
shifted plasmon bands (527 and 531 nm) in Au@4-MPBA
NPs and Au@4-MPBA@β-CD NPs, respectively, indicate
the conjugation of 4-MPBA and β-CD to the AuNPs. No
plasmon band is observed above 600 nm, suggesting the good
dispersibility of the nanoparticles and no aggregation was
formed. The size of the Au@4-MPBA@β-CD NPs
(~30 nm) was confirmed by TEM. The sizes of Au@4-
MPBA@β-CD NPs have a uniform distribution in ethanol,
which were characterized by TEM and dynamic light scatter-
ing (DLS), as shown in Fig. 1b and Fig. S1. The Au@4-
MPBA@β-CD NPs were stable in ethanol for weeks.

SERS fingerprint peak and optimal mixing time
determination of pyrene and anthracene

Figure 2 shows the Raman spectra of pyrene (solid), an-
thracene (solid), and the SERS spectra of pyrene and an-
th racene in Au@4-MPBA@β -CD NP solu t ion .
According to these spectra and literature [29, 30], peak
at 580 cm−1 is the υC-C-C-C mode and assigned to be
pyrene peak; peak at 750 cm−1 is the υC-C mode and
assigned to be anthracene peak; and peak at 1570 cm−1

is the combination of υC-C and βC-H modes and assigned
to be 4-MPBA peak.

SERS measurements were taken every 5 min up to
60 min after mixing 10 μM PAHs with Au@4-
MPBA@β-CD NP solution to determine the optimal
mixing time. Figure 3a and b indicate that the intensity
ratio of PAHs and 4-MPBA approached constantly after
50 min. Therefore, 50 min was chosen as the optimal
mixing time for all Raman measurements.

(a) (b)

Fig. 5 a SERS spectra of different concentrations of pyrene (from 2 ×
10−9 to 10−3 M, in the order from low to high) mixed with Au@4-
MPBA@β-CD NP solution. b Intensity ratio of pyrene peak
(580 cm−1) over 4-MPBA peak (1570 cm−1) against pyrene concentration

(2 nM to 1 mM). Insert plot: Intensity ratio of pyrene peak (580 cm−1)
over 4-MPBA peak (1570 cm−1) against 0, 2, 4, 6, 8 and 10 nMof pyrene.
Error bars were based on three measurements at each concentration

(a) (b)

Fig. 6 a SERS spectra of different concentrations of anthracene (from
10−8 to 10−3 M, in the order from low to high) mixed with Au@4-
MPBA@β-CD NP solution. b Intensity ratio of anthracene peak
(750 cm−1) over 4-MPBA peak (1570 cm−1) against anthracene

concentration (10 nM to 1 mM). Insert plot: Intensity ratio of anthracene
peak (750 cm−1) over 4-MPBA peak (1570 cm−1) against 0, 10, 40, 60, 80
and 100 nM of anthracene. Error bars were based on three measurements
at each concentration
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SERS signal enhancement of pyrene after mixing
with Au@4-MPBA@β-CD NP solution

AuNPs provide rough surface and the Raman signal of 4-
MPBA in Au@4-MPBA is enhanced. Yet the enhancement
is insufficient to detect pyrene at low concentration with only
Au@4-MPBA. With the presence of β-CD on the AuNPs
surface, the Raman signals of pyrene at low concentration
can be greatly enhanced. As shown in Fig. 4, when the con-
centration of pyrene is low, the peak at 580 cm−1 is observed
only in the mixture of pyrene and Au@4-MPBA@β-CD NP
solution. This is most likely due to the β-CD acting as a
Bpocket^ to bring PAHmolecules close to the AuNPs surface.
It has been suggested in the literature that the PAH molecule
can partially fit in a β-CD Bpocket^, while the exposed por-
tion of PAH fits in another β-CD. This may allow another
Au@4-MPBA@β-CD NP to approach and form a NP-PAH-
NP sandwich structure [31, 32]. The hot spot between two
gold nanoparticles would greatly enhance the SERS signal.
In this work, the SERS signal of 100 nM pyrene is observed
only through the assistance of β-CD, which is consistent with
the previous literature. Thus, we demonstrate that Au@4-
MPBA@β-CD NPs can be used as ultra-sensitive sensors to
detect PAHs in solution.

SERS quantification of PAHs in solution

Pyrene solutions of different concentrations from 2 × 10−9 to
10−3 M were mixed with the same amount of Au@4-

MPBA@β-CD NP solution, and Raman measurements were
carried out with results shown in Fig. 5a. The intensity of
pyrene peak at 580 cm−1 increases as the concentration of
pyrene increases. The ratio of the peak intensity at 580 cm−1

over that at 1570 cm−1, Ipyrene/I4-MPBA, is plotted against
[pyrene], as shown in Fig. 5b. We observe a linear relationship
of Ipyrene/I4-MPBA vs. [pyrene] (R2 = 0.995) in the range from 2
to 10 nM, and it is used as the pyrene calibration curve. For
comparison, the intensity of the peak at 580 cm−1 alone, Ipyrene,
is plotted against [pyrene], and shown in the Supplementary
Information (Fig. S2), which barely displays any linear relation-
ship. It is obvious that, with the assistance of 4-MPBA as the
internal reference, quantitative determination of pyrene by
SERS has become much more sensitive and reliable.

Various concentrations of anthracene solutions from 10−8 to
10−3 M were mixed with the same amount of Au@4-
MPBA@β-CDNP solution, and Ramanmeasurements of these
mixtures were taken, as shown in Fig. 6a. The intensity of an-
thracene peak at 750 cm−1 increases with the increase of anthra-
cene concentration. The intensity ratio, Ianthracene/I4-MPBA is plot-
ted against [anthracene], as shown in Fig. 6b. A linear regression
with R2 = 0.998 in the range from 10 to 100 nM is used as the
anthracene calibration curve. Compared to the result of Ianthracene
vs. [anthracene] (Fig. S3), the SERS signals normalized by the
internal reference 4-MPBA are more quantitative.

In the presence of Au@4-MPBA@β-CD NPs in solution,
the pyrene concentration is quantified with a detection limit of
0.4 nM and anthracene concentration is quantified with a de-
tection limit of 4.4 nM, based on three times the standard

Table 1 Recovery of PAHs in
soil samples detected by SERS
and GC-MS

Pyrene detection Anthracene detection

SERS

(ng∙g−1)
GC-MS

(ng∙g−1)
Recovery

(%)

SERS

(ng∙g−1)
GC-MS

(ng∙g−1)
Recovery

(%)

Sample 1 240.4 ± 1.8 236.2 101.8 ± 0.7 355.3 ± 7.8 333.8 106.4 ± 2.3

Sample 2 174.2 ± 2.4 170.0 102.5 ± 1.4 518.3 ± 7.0 509.5 101.7 ± 1.4

Table 2 An overview on reported
nanomaterial-based methods for
PAH detection

Materials used Method applied LOD of pyrene LOD of anthracene Ref.

Au@4-MPBA@ β-CD NPs SERS 0.4 × 10−9 M 4.4 × 10−9 M This work

Fe3O4@Au NPs SERS 5 × 10−8 M 5 × 10−8 M [30]

Au NPs coupled gold film SERS 6.3 × 10−8 M – [33]

Fe3O4@Ag NPs SERS 10−6 M 5 × 10−6 M [20]

β-CD containing polymer brush
and AuNPs

SERS 8 × 10−9 M 2.4 × 10−9 M [21]

CTAB assisted rGO-Ag NPs SERS 10−6 M – [34]

Ag Nanorods UTLC and SERS 10 μg∙mL−1 – [35]

Conductometric sensor Electrochemistry – 1.3 × 10−9 M [36]

UTLC Ultra-thin layer chromatography, CTAB Hexadecyl trimethyl ammonium bromide, rGO Reduced
graphene oxide
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deviation above the background. The detection limit of anthra-
cene is higher than pyrene, which is similar to what has been
reported previously [21].

Detection of PAHs in soil samples

In order to evaluate the applicability and sensitivity of the
method for PAHs detection in the environment, soil samples
containing PAHs were analyzed by this SERS method and the
conventional GC-MS method, separately. The extracted soil
samples were diluted 10-fold before being measured and the
SERS spectra were shown in Fig. S4. The results are summa-
rized in Table 1. The concentrations of PAHs in the diluted soil
samples were within the range of the SERS calibration curves
for pyrene and anthracene, and thus, the results were calculat-
ed based on the calibration curves. The good recovery com-
pared to the GC-MS results (Fig. S5 and Table S1) confirms
that the SERS detection method with Au@4-MPBA@β-CD
NPs as SERS substrate can be used to detect PAHs at ng∙g−1

(ppb) level in the original soil samples successfully. The re-
sults from this work were compared with other reported
nanomaterial-based methods, which are shown in Table 2.
The LOD of this method for PAHs in solution is comparable
to or better than the reported methods, which indicates the
sensitivity and reliability of this method.

Conclusion

We report a sensitive and less time-consuming method to de-
tect polyaromatic hydrocarbons (pyrene and anthracene) in
solution and in environmental soil samples by SERSmeasure-
ment. With the conjugation of β-CD on the AuNPs, SERS
signals of PAHs were enhanced and the detection limit was as
low as 0.4 nM for pyrene and 4.4 nM for anthracene in solu-
tion samples. 4-MPBAwas used to not only form a covalent
bond with β-CD on AuNPs, but also serve as an internal
reference to normalize the SERS signals for consistent and
reliable measurement of the analyte. The method was applied
to detect PAHs in soil samples and the results were compared
to those from the conventional GC-MS measurements. The
detection of pyrene in soil sample with a recovery of
101.8% and 102.5% for 236.2 ng∙g−1 and 170.0 ng∙g−1, re-
spectively, and the detection of anthracene in soil sample with
a recovery of 106.4% and 101.7% for 333.8 ng∙g−1 and
509.5 ng∙g−1, respectively, demonstrated the sensitivity and
selectivity of this method in the environmental application.
The Au@4-MPBA@β-CD NP solution is straightforward to
synthesize and can be stable for weeks. It is expected that this
SERS method can be employed to detect other kinds of PAHs
in environmental samples such as water and dust. With the
development of portable Raman spectrometers, this method
has great potential for field applications.
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