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Bis(2-ethylhexyl)phthalate (DEHP) is an endocrine disruptor commonly present in plastic products, such as PVC
tubes and water bottles. In this work, a surface enhanced Raman spectroscopy (SERS) based aptasensor was
developed and utilized for rapid, easy, sensitive, and specific detection of trace DEHP. A DEHP aptamer was
immobilized on magnetic particles. Raman reporter molecule conjugated silver nanoparticles were clustered
and coated with silica to provide a stable SERS signal. The SERS silica particle was then functionalized with
1,2,4-benzenetricarboxylic acid 1,2-bis(2-ethylhexyl) ester to increase its affinity to the DEHP aptamer. In the
presence of a sample with DEHP, the high-affinity SERS silica particle competes with the DEHP molecule to
bind with the aptamer on the magnetic particle. By measuring the signal of free SERS silica particles in the
supernatant after magnetic separation, the concentration of DEHP in the sample was quantitatively
determined. The developed DEHP aptasensor had a detection range from 0.008 to 182 nM and a limit of
detection (LOD) of 8 pM. The aptasensor also showed high selectivity when exposed to interferents with
analogous structures. The aptasensor was successfully tested for the detection of DEHP spiked in tap water,
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Introduction

Bis(2-ethylhexyl)phthalate (DEHP), one of the most widely used
phthalates, is utilized in the production of common products
such as medical devices," cosmetics,” infant formulas,® food
packages,* beverage bottles,” and PVC tubes.® As DEHP is not
covalently bound to the plastics,” it can easily leak from the
plastics into the content directly in contact with them. For
example, samples of bottled mineral water and carbonated
drinks have been reported to have a detectable amount of
DEHP.?"° Several studies demonstrate that DEHP could be toxic
to humans,”** and exposure to DEHP has been linked to
adverse health effects such as reducing the anogenital distance in
male infants," shortening the duration of human pregnancy,*
causing sperm abnormalities," or decreasing sperm motility in
male adults.** Policies and regulations restricting DEHP exposure
have been developed in various jurisdictions. For example, the
U.S. Environmental Protection Agency set the maximum
contaminant level of DEHP to 15 nM (6 pg L~ ').** The World
Health Organization and European Union set the safe limit of
DEHP in fresh and drinking waters to 20 nM (8 ug L™ ').*°
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and easy-to-use method for the quantitative detection of DEHP in environmental and food analysis.

Sensitive detection of DEHP has been achieved by using gas
chromatography-mass spectrometry (GC-MS),>*”*® gas chroma-
tography with a flame ionization detector (GC-FID),”**** gas
chromatography tandem mass spectrometry (GC-MS/MS),>*
high performance liquid chromatography with a UV detector
(HPLC-UV),” and high performance liquid chromatography
coupled with diode array detectors (HPLC-DAD).** Although
these methods are able to sensitively detect DEHP, they require
special extraction techniques, complex sample pretreatments,
professionally trained operators, bulky instruments, and
a stable laboratory environment. To solve the mentioned
drawbacks, other methods have been proposed for DEHP
detection. For instance, ELISA assays were developed for
sensitive detection of DEHP.>*® However, these immunoassays
require costly antibodies and a long reaction time. Other
sensors are proposed for detection of DEHP using functional-
ized glassy carbon electrodes**® or extended gate organic field
effect transistor (EG-OFET),* however, these sensors show a low
sensitivity in detection. Recently, a signaling-probe displaced
electrochemical aptamer-based biosensor (SD-EAB) was devel-
oped to achieve sensitive DEHP detection,**** but it exhibited
low selectivity to DEHP compared with other analogous
phthalates. Therefore, it is of great interest to develop a simple,
rapid, low-cost, and easy-to-operate method for the quantitative
determination of DEHP, with high sensitivity, good selectivity,
and good reliability.

Aptamers, composed of nucleic acid or peptide molecules,
can fold into secondary and tertiary structures to specifically

This journal is © The Royal Society of Chemistry 2019
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attach to certain targets.** Various aptamers have been discov-
ered to specifically recognize small molecules, proteins and
intact cells, with dissociation constants ranging from nano-
molar to picomolar levels.**** Compared to antibodies, the
widely used bio-recognition elements, aptamers have several
advantages that include low cost, nontoxicity, thermal stability,
tolerance to a wide range of pH levels, long shelf life, efficient in
vitro screening, consistent mass production, and the ability to
consistently functionalize them with functional groups.’***3¢

Surface enhanced Raman spectroscopy (SERS) is a sensitive
spectroscopic technique, which provides the vibrational
“fingerprint” of a molecule on the surface of noble metals.>”*
To better transduce the sensing signal into a SERS signal, SERS
tags have been created by attaching Raman reporter molecules
(RRM) that have intrinsically strong Raman scattering on the
surface of metallic nanostructures. A well-designed SERS tag
has high detection sensitivity, narrow characteristic peaks, and
good photostability.***° Various metallic nanostructures have
been used to develop SERS tags.** Nanoparticle clusters, in
particular, are an efficient means to generate strong SERS
signals by increasing number of “hot spots” or areas with high
electromagnetic field enhancements.**~** Moreover, a protective
shell can be incorporated on the outside of SERS tags to prevent
the RRM from dissociating and to prevent additional molecules
from adsorbing on the surface of the metallic nanostructures.
Polymers,* bovine serum albumin (BSA),***¢ silica,*”* and
carbon® have been used to create the protective shell. It has
been demonstrated that SERS silica shell particles can exhibit
high stability, good water solubility, low nonspecific binding,
and straightforward surface modification.*

In this paper, a SERS aptasensor for rapid detection of trace
levels of DEHP using a SERS active silica shell particle was
developed. Silver nanoparticles conjugated with a Raman
reporter molecule were clustered and then coated with silica to
provide a highly intense and stable SERS signal. The SERS silica
particles were then functionalized with a DEHP analogous
molecule that competes with the analyte DEHP to bind with the
DEHP aptamer on the magnetic particle. Thereby the concen-
tration of DEHP in the sample was determined by measuring
the signal of the SERS silica particles not bound to the magnetic
particle. The developed aptasensor was used to monitor DEHP
in tap water and bottled beverage.

Experimental
Reagents and materials

Both 1,2,4-benzenetricarboxylic acid 1,2-bis(2-ethylhexyl) ester
and Dbis(2-ethylhexyl)phthalate (DEHP) were purchased from
Toronto Research Chemicals (ON, Canada). N-Hydrox-
ysulfosuccinimide sodium salt (Sulfo-NHS) and N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI)
were purchased from CovaChem (IL, USA). Magnetic beads
(Dynabeads MyOne Streptavidin C1) were purchased from
Thermo Fisher Scientific (CA, USA). Proprietary bis(2-ethylhexyl)
phthalate (DEHP) aptamers were purchased from Base Pair
Biotechnologies (TX, USA). A biotin and an 18-atom hexa-
ethyleneglycol spacer were added at the 5-end of the aptamer.
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Hydroxylamine hydrochloride, sodium hydroxide, silver nitrate,
tetraethyl orthosilicate (TEOS), (3-aminopropyl) trimethox-
ysilane (APTMS), ammonium hydroxide (28%), 5,5'-dithio-bis-
(2-nitrobenzoic acid) (DTNB), sodium chloride (NaCl), sodium
phosphate, ethanol, dimethyl sulfoxide (DMSO), and iso-
propanol were purchased from Sigma Aldrich (MO, USA). Milli-
Q ultrapure water (18.2 MQ cm ™ ') was used in all the proce-
dures. The mineral water and carbonated drinks in poly-
ethylene terephthalate (PET) bottles were purchased from
a local supermarket (TX, USA).

Instrumentation

Transmission electron microscopy (TEM) images were acquired
on a JEOL JEM-2010 (JEOL, Japan). The {-potential and hydro-
dynamic diameter of the nanoparticles were measured on
a Zetasizer Nano ZS90 (Malvern, U.K.). The concentration of
particles was measured with a Nanosight Nanoparticle Tracking
Analysis (NTA) system (Malvern). Absorbance spectra of the
nanoparticles were measured on a Tecan Infinite 200 Pro
(Tecan, Switzerland) microplate reader. Microscale thermo-
phoresis (MST) data sets were collected using a Monolith
NT.115 Pico (NanoTemper Technologies GmbH, Munich, Ger-
many). All SERS spectra were collected using an Ocean Optics
portable Raman spectrometer (IDR-MINI) with a 638 nm laser.
Samples were excited with a 40 mW laser (unless otherwise
specified) using 1 s exposure time and 10 exposures per reading.
All spectra were baseline corrected. Fourier transform infrared
(FTIR) spectrum were measured on the ALPHA-Platinum FTIR
spectrometer (Bruker) using ATR (Attenuated Total Reflectance)
with a diamond crystal. The FTIR spectrum was collected from
a dried particle sample, and the baseline correction was
applied.

Synthesis of silver nanoparticle

Hydroxylamine-reduced silver nanoparticles (AgNPs) were
synthesized based on a “cold” method.** Briefly, 1 mL of
hydroxylamine hydrochloride (150 mM) was mixed with 89 mL
of NaOH (3.33 mM). Then, 10 mL AgNO; solution (10 mM) was
added drop-wise to the mixture under vigorous stirring, and the
mixture was left stirring for 15 min at room temperature. The
synthesized AgNPs were then stored for further use.

Synthesis of DEHP functionalized SERS silica particles

The approach for fabricating the DEHP functionalized SERS
silica particles is shown in Fig. 1. A SERS silica particle was
synthesized using methods previously reported.*** Briefly,
2 mL of the synthesized AgNPs and 100 pL of DTNB (10 mM in
ethanol) were mixed, and the mixture was shaken overnight at
room temperature. The nanoparticle solution was then
centrifuged, and redispersed in 1.5 mL ethanol and 500 pL
water. Silver nanoclusters (AgNCs) were formed by introducing
salt.>* Specifically, 20 uL of NaCl solution (150 mM) was added
to the nanoparticle solution, and the mixture was gently
shaken for 20 min. Then, 20 pL of APTMS (0.001% in ethanol)
was added into the nanoparticle solution, followed by 10 min
of incubation. The amine groups of the added APTMS

RSC Adv., 2019, 9, 2618-2625 | 2619


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09230c

Open Access Article. Published on 18 2019. Downloaded on 2026/4/2 10:05:57.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

H o

< b

Gy ¢ 5
+TEOS 3 C o
—_ - o —OH

o o0t
APTMS as 4 : "
] precursor 1 3

O +DTNB Q + NaCl

-
075~ ey 9 a¥ed . /\\/&%
oW ) e ] o A

+APTMS 07 + DEHP-COOH L 4o >l o

o Wi, o
EDC, NHS

Fig. 1 Schematic diagram of the process to fabricate the DEHP
modified SERS silica particles: first, DTNB was functionalized on
AgNPs. Then, NaCl was introduced to form clusters of AgNPs. The
AgNCs were then coated with a silica shell. Subsequently, AQNCs-SiO,
was functionalized with APTMS to create a surface with primary
amines. Finally, DEHP—COOH was immobilized on the AQNCs-SiO,—
NH; by an amide bond using EDC/NHS chemistry.

noncovalently bound to the carboxylic acid group of DTNB and
worked as silane precursors.> The nanoparticle solution was
then centrifuged, redispersed in a mixture of water (720 pL),
isopropanol (2 mL), and ammonium hydroxide (50 pL), and
sonicated for uniform distribution. Then, two 20 pL aliquots of
TEOS (45 mM in isopropanol) were added 30 min apart, and
the mixture was left shaking overnight. Afterwards, the parti-
cles were washed three times by centrifugation (x1500g, 20
min) and the washed particles were resuspended in 2 mL of
ethanol. Then the particles were further purified by centri-
fuging (x600g, 5 min) and collecting the supernatant. The
synthesized and purified SERS silica particle (AgNCs-SiO,)
were stored in room temperature for further use.

The SERS silica particles (AgNCs-SiO,) were then conju-
gated with DEHP to introduce its affinity to the DEHP aptamer.
1,2,4-Benzenetricarboxylic acid 1,2-bis(2-ethylhexyl) ester,
designated as DEHP-COOH, was covalently conjugated on the
surface of AgNCs-SiO, by its carboxyl group. Specifically, 2 mL
of 100 pM AgNCs-SiO, was mixed with 10 pL APTMS (0.001%
in ethanol) under stirring. After vigorously stirring for 6 h, the
mixture was heated to 70 °C for 2 h to enhance the conden-
sation process and increase the formation of bonds between
APTMS and the silica surface.>®® Afterwards, the particles
were washed by centrifugation, and the produced amine
modified SERS silica particles (AgNCs-SiO,-NH,) were
dispersed in DMSO. The carboxy group of the DEHP-COOH
was activated by adding EDC (0.48 mg) and NHS (1.36 mg) into
250 pL of DEHP-COOH (1 mM in DMSO), followed by gentle
shaking for 30 min. Afterwards, 250 pL of the activated DEHP-
COOH was mixed with 2 mL of AgNCs-SiO,-NH,, and the
reaction was proceeded for 6 h under gentle stirring at room
temperature. Finally, the as-synthesized DEHP modified SERS
silica particles (AgNCs-SiO,-DEHP) were collected by centri-
fugation (x1000g, 15 min), washed with DI water, and redis-
persed in 2 mL of DI water.

Synthesis of aptamer modified magnetic particles

DEHP aptamers were immobilized on the magnetic beads by
the biotin-streptavidin interaction. Prior to immobilization, the
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biotinylated DEHP aptamer was suspended in 0.1 M PBS (pH
7.4) and allowed to fold into its tertiary structure by heating it at
90 °C for 5 min and slowly cooling it to room temperature.
Then, 1 mL of streptavidin functionalized magnetic beads
(Dynabeads) were washed three times to remove the storage
buffers and preservatives. The particles were collected using
a magnet and redispersed in 10 mM Tris-HCI (pH 7.5). After
that, 2 mL of the washed magnetic beads (5 mg mL™") were
mixed with 2 mL of 3.5 uM biotinylated DEHP aptamers. The
mixture was incubated for 30 min at room temperature under
gentle shaking. Unbound aptamers were removed by washing
the magnetic beads three times with 5 mM Tris-HCI. Finally,
the aptamer modified magnetic beads were collected and
resuspended in 4 mL of 0.1 M PBS (pH 7.4).

Detection of DEHP

Before the SERS measurements, 1 pL of the SERS silica particles
and 35 pL of different concentrations (0, 0.01, 0.1, 1, 10, 100,
and 1000 nM) of DEHP in PBS buffer (0.1 M, pH 7.4, with 0.15 M
NaCl) were mixed with 3 pL of the aptamer modified magnetic
particles (2.5 mg mL™'). The mixtures were incubated for
30 min (see Fig. S8 in the ESIT), followed by separation using
a magnet. Subsequently, the supernatant of each mixture was
collected and the SERS signal was measured using a portable
Raman spectrometer.

Results and discussion
Assay design

The aptasensor was designed to detect DEHP based on
a competitive binding assay format. Depicted in Fig. 24,
magnetic particles were functionalized with the DEHP binding
aptamer.

Silver nanoparticles were conjugated with a Raman reporter
molecule (DTNB), clustered, and then coated with silica to
provide a highly intense and stable SERS signal. The SERS silica
particle was then functionalized with a DEHP analogous
molecule that competes with the analyte DEHP for binding with
the DEHP aptamer on the magnetic particle. The competitive
binding process is presented in Fig. 2B. After mixing the DEHP
sample, the DEHP functionalized SERS silica particles, and the
aptamer modified magnetic particle, the high-affinity SERS
silica particle competed with the DEHP molecule to bind with
the aptamer on the MNB. By measuring the signal of free SERS
silica particles in the supernatant after magnetic separation, the
concentration of DEHP in the sample was quantitatively
determined.

Characterization of aptamer modified magnetic particles

The binding affinity of the DEHP aptamer to the free DEHP
molecule was analyzed by determining the dissociation
constant Ky with MST as described in previous work.”” The
aptamer-molecule binding curve obtained with MST is shown in
Fig. S11 in the ESL.f The K4 value was estimated to be 15.56 nM,
indicating a high affinity between the DEHP aptamer and the
target DEHP molecule.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Schematic illustration of the competitive binding assay based
on aptamer modified magnetic particles and a SERS silica particle. (A)
Left: the components functionalized on the magnetic particles. Right:
the silica coated silver nanoclusters functionalized with DTNB and the
DEHP conjugated on the silica shell. (B) Competitive assay steps to
measure a DEHP sample. The inset shows the competitive binding
reaction.

The DEHP specific aptamer was immobilized on the
magnetic beads by the biotin-streptavidin interaction. Absor-
bance spectra of the aptamer added to the magnetic beads for
conjugation and the unconjugated aptamer were measured. In
Fig. S2AT it can be observed that the absorbance peak (~260
nm) of the unconjugated aptamer was much lower than the
initially added aptamer, which means that a large amount of
aptamer was conjugated to the magnetic beads. Additionally,
the { potential of the magnetic beads before and after incuba-
tion with the DEHP aptamer was measured. In the results, it can
be observed that the { potential shifted from —28.3 mV to
—39.6 mV after incubation with the DEHP aptamer (Fig. S2B).
Since the aptamer is negatively charged,*® the observed decrease
in surface charge confirms the immobilization of the DEHP
aptamer on the magnetic beads.

Characterization of the DEHP functionalized SERS silica
particles

The SERS silica particle synthesis process was monitored by the
changes in UV-Vis spectrum (Fig. S31) and the changes in size
(Fig. S47) after each modification step. The purification process
using centrifugation was also verified (Fig. S5t). Finally, the
obtained SERS silica particles were visually inspected by
analyzing their TEM images (Fig. 3). As shown in Fig. 3, the size
of the SERS silica particles ranges from 90 nm to 120 nm, and
the thickness of the silica shell is about 20 nm. This thick silica
shell prevents the dissociation of the Raman reporters from the
nanoparticles surface and the adsorption of interfering Raman
active molecules on the surface.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 TEM image of the purified SERS silica particles (A) using a low
magnification, (B) using a high magnification.

To investigate the DEHP-COOH functionalization process on
the SERS silica particles, FTIR spectra were measured after each
functionalization step (Fig. 4). The SERS silica particle before
functionalization (AgNCs-SiO,) showed the Si-OH vibration
(951 cm ') and the Si-O-Si vibration (795 cm ™, 451 cm™*, and
1095 cm ™). Besides the Si-OH and Si-O-Si vibrations, new peaks
assigned to N-H vibration of amine groups (1540 cm™ ') and CH,
vibration (2957 cm ™, 1468 cm ™, 2917 cm™ ' and 2850 cm™ ') were
observed in the amine modified SERS silica particles (AgNCs-SiO,-
NH,), indicating the successful functionalization of APTMS on the
AgNCs-SiO,. After conjugation of DEHP-COOH on the SERS silica
particles (AgNCs-SiO,-DEHP), the Si-OH vibration and the Si-O-
Si vibrations remained in the FTIR spectrum, at the same time,
C=0 vibration in amide group (1724 cm™ ') and N-H vibration in
amide group (1551 cm™') appeared, indicating the successful
functionalization of DEHP-COOH by the amide bond.

Finally, the {-potential of the DEHP functionalized SERS silica
particle was measured to be —28.1 mV, indicating that the synthe-
sized Ag-SiO, was electrostatically stable.* Therefore, a stable DEHP
modified SERS silica particle was successfully developed.

SERS signal of the DEHP functionalized SERS silica particles

The SERS spectrum of the functionalized SERS silica particles
was measured (Fig. S61). The spectrum peak assignments of the
DTNB molecule from the SERS silica particles is shown in Table
S1 in the ESLf

Because a competitive binding assay format was used, the
concentration of DEHP in the sample can be determined by

Transmittance (%)

——AgNCs-Si0,
—— AgNCs-SiO,-NH,
—— AgNCs-SiO,-DEHP

1095

T T T T T
1500 2000 2500 3000 3500

Wavenumber (cm’™")

T T
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Fig. 4 FTIR spectra of synthesized and modified SERS silica particles.
(A) AgNCs—SiO,, (B) AgNCs—SiO,—NH,, and (C) AgNCs—-SiO,—-DEHP.
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Fig.5 Calibration curve of DEHP functionalized SERS silica particles in
PBS. SERS intensity at 1336 cm™! with increasing concentration of the
DEHP functionalized SERS silica particles. Error bar represents stan-
dard deviation (n = 3).

measuring the concentration of the DEHP functionalized SERS
silica particles not bound to the magnetic particles. To ensure
a sensitive and reliable DEHP detection, the DEHP functional-
ized SERS silica particles should provide a strong SERS signal to
result in a high signal to noise ratio at very low concentrations.
A calibration curve of the DEHP functionalized SERS silica
particles was measured, and the linearity, sensitivity, and
precision of the signal response were investigated. Since the
strongest characteristic vibrational mode for DTNB is at
1336 cm ™! in the spectrum, the intensity values at 1336 cm ™"
were used to plot the calibration curve of the DEHP function-
alized SERS silica particles (Fig. 5). The limit of detection of the
SERS intensity was calculated to be 0.5 pM. This high signal
sensitivity is attributed to the “hot spots” formed on the silver
nanoclusters. The coefficient of variation (CV) was calculated to
be <7% for all the measurements (see Table S2 in the ESIY),
demonstrating the high precision in measuring the SERS
signal. The calibration results demonstrate that the developed
DEHP functionalized silica particle has the ability to provide
SERS signal with the sensitivity, precision, and linearity, suffi-
cient to quantitatively detect DEHP in an assay.

Stability of the DEHP functionalized SERS silica particles

To detect DHEP in different sample matrices, the synthesized
DEHP functionalized SERS silica particles should have a good
stability and provide a stable SERS signal. High concentrations
of salt in the sample matrix is one of the common factors that
can lead to irreversible aggregation of nanoparticles, which
could lead to a change in SERS signal. To confirm the signal
stability of the DEHP functionalized SERS silica particles, its
SERS signal was measured after exposing it to buffers with high
NaCl concentration. As can be observed in Fig. 6A, the DEHP
functionalized SERS silica particles showed a stable SERS signal
after 1 h exposure to NaCl (up to 0.7 M). This high stability is
attributed to the silica protective shell which prevents the
aggregation of the metallic nanoparticles. Since the incubation
time for the detection of DEHP in the proposed aptasensor is
about 30 min, the developed DEHP functionalized SERS silica
particles can provide a stable SERS signal.
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Fig. 6 Stability of the DEHP functionalized SERS silica particles. (A)
SERS intensity at 1336 cm™* of the SERS silica particles after 1 h
exposure to PBS (0.1 M, pH 7.4) with 0.1 M, 0.2 M, 0.5 M, and 0.7 M
NaCl. (B) SERS spectra of Ag nanoparticles after 1 h exposure to
0.5 mM 4-MBA, and SERS silica particles after no exposure and
exposure to 0.5 mM 4-MBA.

The ability of the DEHP functionalized SERS silica particles
to provide stable signal in matrices with Raman active inter-
ferent was investigated. Since DTNB was utilized as the RRM,
a small molecule with distinguishable characteristic peaks
different than the DTNB peaks could be used to test the ability
of the silica shell to prevent interfering molecules to affect the
SERS spectrum. 4-Mercaptobenzoic acid (4-MBA) was chosen as
the SERS active interfering molecule. Fig. 6B shows the SERS
spectrum of bare silver nanoparticles and the DEHP function-
alized SERS silica particles after 1 hour exposure to 0.5 mM 4-
MBA. It can be observed that bare silver nanoparticles show the
strong characteristic peaks that come from 4-MBA. In contrast,
no obvious interfering peak is present in the spectrum after
incubating the DEHP functionalized SERS silica particles with
4-MBA. This good anti-interference ability of the SERS silica
particles is attributed to the thick protective silica shell. The
dense silica coating works as a physical barrier to prevent
molecules in the sample from approaching the metallic surface.
Also, the 20 nm thick shell prevented the interfering molecules
from being close the electromagnetic field SERS enhancement
region, which led to the absence of their SERS signal. These

This journal is © The Royal Society of Chemistry 2019
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results demonstrate that the DEHP functionalized SERS silica
particles had a good signal stability in samples with high salt or
with interfering molecules. Thus, the DEHP functionalized
SERS silica particles can be used for the detection of DHEP in
complex sample matrix.

Quantitative detection of DEHP using the aptasensor

An aptasensor was developed using the SERS silica particles and
the magnetic particles. After adding different concentrations of
DEHP in PBS (0.1 M, pH 7.4) and measuring the supernatants
after magnetic separation, the SERS spectra were acquired. In
Fig. 74, it can be observed that the intensity of the primary
characteristic peaks increased with increasing DEHP concen-
tration. The intensity at 1336 cm ™" was plotted for the corre-
sponding concentration of DEHP tested (Fig. 7B). A fitted curve
based on Hill equation (R* = 0.9649) was also plotted in Fig. 7B
(the parameters of the Hill equation are listed in Fig. S71). Using
the fitted model, the limit of detection (LOD) was calculated to
be 8 pM. By calculating the lower limit of detection (LLOD) and
the upper limit of detection (ULOD), the analytical range of the
DEHP aptasensor was from 0.008 to 182 nM (the calculation
process is described in the ESIt). The high affinity of the DEHP
analyte and the DEHP functionalized SERS silica particle for the
DEHP aptamer contributed to the sensitive detection of trace
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Fig. 7 (A) Response of the aptasensor to different concentrations of
DEHP in 0.1 M pH 7.4 PBS. (B) Average of SERS peak intensity at
~1336 cm™! as a function of DEHP concentration. Error bar represents
standard deviation (n = 3).
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amounts of DEHP. Additionally, the ultrasensitive SERS silica
particles permitted the detection of low concentration changes
when it was probed. The performance of the developed apta-
sensor is comparable to the performance (LOD of 10 pM) of the
aptasensor reported in the literature,® and the LOD is well
below the U.S. Environmental Protection Agency and World
Health Organization 15 nM and 20 nM safe limits. Additionally,
the test time is 30 min, which is faster than current reported
tests.”**® Overall, the results suggest that the designed apta-
sensor could be used for the sensitive detection of DEHP in
standard sample.

Selectivity of the aptasensor

The selectivity of the DEHP aptasensor was evaluated by
measuring its response to the molecules that have analogous
structures to DEHP and also commonly present in plastic prod-
ucts. Dibutyl phthalate (DBP), benzyl butyl phthalate (BBP), dii-
sononyl phthalate (DINP), diisodecyl phthalate (DIDP), diethyl
phthalate (DEP), and dimethyl phthalate (DMP) are widely used
phthalates. Besides the mentioned phthalates, trioctyl trimelli-
tate (TOTM) is one of the alternatives to DEHP.® These chemicals
were used as interfering molecules to test and confirm the
selectivity of the aptasensor. The responses of the aptasensor to
100 nM of DEHP and to 100 nM of the interfering molecules were
presented in Fig. 8. It can be observed that the aptasensor
resulted in a much lower signal response for the interfering
molecules than for DEHP. TOTM exhibited the highest response
of the interfering molecules tested, which may have occurred
because the structure of TOTM was very similar to DEHP. Overall,
when the aptasensor was exposed to same concentration (100
nM) of DEHP and interfering molecules, the SERS response was
significantly higher for DEHP than for the interfering molecules,
confirming the good selectivity of the aptasensor.

Application for tap water and bottled beverage sample analysis

Tap water and bottled beverages were used to evaluate the
performance of the DEHP aptasensor in practical analytical
applications. Without any pre-treatment, tap water, bottled
mineral water, and carbonated drink were taken directly from
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Fig. 8 Selectivity test of the DEHP aptasensor. The SERS signal was
measured after testing a blank sample and 100 nM of DEHP, DBP, BBP,
DINP, DIDP, DEP, DMP, and TOTM respectively. Error bar represents
standard deviation (n = 3).
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Table 1 Test for the detection of DEHP in tap water and bottled beverage samples (n = 3)

Sample Added (nM) Found (nM) Recovery (%)
Tap water 1 0.90 + 0.13 90.00%
10 9.52 £ 0.92 95.17%
Beverage in PET bottles Mineral water 1 1.00 £ 0.18 100.43%
10 11.25 £ 0.68 112.51%
Carbonated drink 1 1.03 £+ 0.31 103.27%
10 11.6 £+ 3.57 116.09%

their containers and spiked with DEHP (1 nM and 10 nM). For
each test, 1 pL of the SERS silica particles and 3 pL of the
magnetic particles were mixed with 35 pL of the prepared
sample. After 30 min of reaction, the supernatant (30 pL) was
collected by magnetic separation and the SERS signal was
measured. As shown in Table 1, the recovery values of the DEHP
from the three sample matrices were within 90-116%, demon-
strating the aptasensor has a good reliability to detect DEHP in
real sample matrices. Across all three sample matrices, the
differences on average between the found values and the added
values were within 0.10 nM for the samples spiked with 1 nM
DEHP and within 1.6 nM for the samples spiked with 10 nM
DEHP. However, the aptasensor showed a higher standard
deviation of detection (3.57 nM) and thus a lower precision in
the carbonated drink compared to the other two sample
matrices, which may due to the more acidic pH in the carbon-
ated drink than the tap water and the bottled mineral water.

Conclusions

This aptasensor was developed such that it could be delivered to
the end user to provide a simple, rapid, sensitive, and selective
method for detection of DEHP. The designed SERS silica
particles exhibited a sensitive and stable SERS signal due to the
RRM and “hot spots” created by the silver nanoclusters within
the silica. The DEHP aptasensor was tested with a commercial
portable Raman spectrometer and was able to detect trace
DEHP with a LOD of 8 pM. Also, the aptasensor could selectively
recognize DEHP and show low response for molecules with
analogous structures. Furthermore, the aptasensor was tested
for the detection of DEHP in spiked tap water and bottled
beverages, and the standard errors were below the U.S. Envi-
ronmental Protection Agency and World Health Organization
15 nM and 20 nM safe limits. In summary, the developed
aptasensor provides a sensitive and selective method for
quantitative detection of DEHP in the field.
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