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ARTICLE INFO ABSTRACT

Handling editor: Ian D McKelvie Constructing advanced substrates with excellent features is promising for sensitive surface-enhanced Raman

spectroscopy (SERS) detection. Here a novel capillary monolithic 3D structural-substrate SERS platform with

Keywords: Au@cDNA@Ag@Cyanine 3-aptamer nanoparticles (Au@cDNA@Ag@Cy3-Apt NPs) was fabricated for rapid,

APtasenSOY highly specific profiling of ultra-trace Bisphenol A (BPA). The proposed SERS platform combined both in-

;‘Sph‘;fiﬁl A capillary SERS and aptamer-affinity recognition strategies, in which the superior SERS properties of Au-Ag
onoln

NPs, aptamer selectivity, and the advantages of capillary monolith were integrated. A 3D hierarchically porous
network was constructed in the monolithic column, which was endowed with rich hotspots for SERS, rapid
sample permeation, and better analysis efficiency than most plane-shaped SERS modes. By varying the amount of
Ag" precursor, the Ag-shell thickness on SERS was finely tuned to guarantee Cy3 label in proximity to the
plasmonic surface. Based on the biorecognition of aptamer, the selective identification of BPA occurred and
exhibited a significant change in SERS intensity without obvious interference. As a result, the monolithic SERS
platform featured facile operation, excellent specificity, and rapid analysis (10 min, much less than the solution-
based or planar substrate SERS modes). Ultra-high sensitivity and robust reproducibility for BPA analysis was
achieved with a low limit of detection (LOD) at 9.12 x 10 ng/L. The feasibility of this SERS platform for
monitoring BPA in water and milk samples was also validated. This work lights a new access to capillary
monolithic SERS-sensing platform for ultrasensitive and specific analysis of BPA.

Surface-enhanced Raman spectroscopy
3D structural-substrate

production of food packaging materials is 0.05 mg/kg [8,9]. Effective
monitoring of BPA is necessary and has aroused wide concern. However,

1. Introduction

Rapid, sensitive, and specific sensing monitoring of environmental
contaminants for guaranteeing human health has received much atten-
tion [1-3]. Bisphenol A (BPA), a plasticizer used intensively in plastics
manufacturing, is considered as a selective estrogen receptor modulator
(SERM) and has been shown to play a role in the pathogenesis of several
endocrine disorders [4,5]. BPA is included in the endocrine-disrupting
chemical (EDC) group and may cause negative effects on human
health even at a low concentration [6,7]. The European Union (EU)
stipulates that the maximum residue limit (MRL) of BPA in the

BPA is generally found in low levels in the environment, and coexisting
substances are often present in high concentrations, which might cause a
detection deviation if the analytical method lacks enough sensitivity and
specificity. So, developing a sensitive, highly-selective protocol for
highly-specific and precise analysis of trace BPA is well-welcomed.
Currently, traditional chromatography methods such as high-
performance liquid chromatography (HPLC) [10] coupled with a fluo-
rescence detector (HPLC-FLD) or a diode array detector (HPLC-DAD)
[13,14], have been developed for the determination of BPA. HPLC-mass
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Fig. 1. Schematic demonstration of the fabrication of a SERS aptasensor using a 3D porous silica monolith (3D-PSM) for rapid and specific detection of BPA.

spectrometry (HPLC-MS) [11] or gas chromatography-mass spectrom-
etry (GC-MS) [12] is recommended as the standard method to detect
BPA by the regulation in force. High resolution and good reproducibility
exhibit in these technologies, while expensive instruments, high costs,
tedious sample pretreatment procedures, and skilled operations are
required. Immunoassay analysis is also adopted for identifying the BPA
molecule, while it might suffer from the tedious preparation of animal
antibodies and limited tolerance in a complex environment. Interest-
ingly, surface-enhanced Raman spectroscopy (SERS) sensors have
emerged as a robust strategy for monitoring trace BPA [15,16]. Via
fabricating a SERS substrate capable of capturing target molecules in
proximity to the surface of noble metals (e.g., Au, Ag, etc.), the con-
struction of plasmonic nanostructures containing high-density “hot
spots” was adopted to improve signal enhancement. SERS sensing
platform for monitoring BPA molecules with a dramatic enhancement of
Raman intensity has been intensively reported [17-19]. Based on the
solution or planar substrates, SERS sensors such as graphene oxide
(GO)-Au nanospheres (AuNSs)-based, AuNPs-Au nanorods (AuNRs)--
based, single-atom catalyst (SAC) amplification AuNPs-based, or Au/Ag
core-shell nanoprobes-based SERS platforms, have been put forward
with sensitive, specific and non-destructive features [20-22]. Never-
theless, the recognition of traditional substrate-based SERS platforms
suffered from a long-time detection period from 40 min to 2 h, even 12 h,
which was time-consuming and inhibited the detection efficiency for
rapid monitoring.

As an alternative, the three-dimensional (3D) SERS substrates with a
periodic regular porous structure have attracted considerable interest
due to their large effective surface area for introducing metal nano-
particles (NPs) into the porous structures uniformly [23-25]. The 3D
porous structures such as metal-organic frameworks (MOFs) [26,27],
porous silica [28,29], and gels [30] have been designed to form

high-density 3D “hot spots” in the focus volume for effectively trapping
target analytes. More “hot spots” were generated and greatly enhanced
the SERS signal intensity compared with the traditional planar sub-
strates [31], making them ideal substrates for microanalysis. Several
application scenarios of 3D SERS substrate-based platforms have been
made for trace analysis such as Rhodamine 6G [25], 4-mercapto-bi-
phenylcarbonitrile (BPTCN) [26], and phosmet residues [28]. However,
for those molecules such as BPA without active sites such as sulfhydryl
or amino groups, the sensitive SERS profiling is still up against some
difficulty because these analytes could not effectively contact with the
surface of noble metal to excite the SERS signal enhancement [32,33].
Furthermore, selective adsorption was still absent in the above tradi-
tional SERS methods that were susceptible to contamination in the
complicated environment, as hindered a further application of the sen-
sitive trace analysis. Challenges remain in developing a good strategy to
selectively identify target BPA for rapid, ultrasensitive SERS detection,
as well as robust stability, instead of indiscriminately trapping mole-
cules onto the plasmonic surface in the 3D structures.

Herein, a novel capillary monolithic SERS sensing platform with a 3D
hierarchically porous network modified by aptamer-conjugated
Au@cDNA@Ag NPs was proposed. As shown in Fig. 1, the proposed
monolithic SERS platform was fabricated for the first time by decorating
cyanine 3-aptamer (Cy3-Apt) conjugated Au@cDNA@Ag NPs on the
capillary 3D porous framework. The monolith possessing a hierarchical
porous structure was offered to provide a high specific surface area [28,
29] and endowed rapid permeation of the mobile phase with a high
capture efficiency of target molecules. Cyanine 3 (Cy3-Apt) possesses
superiority such as narrow absorption bands, high extinction co-
efficients, and excellent resistance to photobleaching [34]. By adjusting
the amount of AgNOs, the thicknesses of the Ag shell on Au-Ag NPs
labeled with Cy3-Apt were finely regulated and the intensity and
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reproducibility of SERS signals were guaranteed. In this way, the ad-
vantages such as the superior SERS properties of Au-Ag NPs, signal
amplification and high capture efficiency in capillary 3D-substrate
SERS, and selective biorecognition of aptamer, were integrated syner-
gistically. The morphology of the monolith and the effects of affinity
recognition conditions on the SERS performance were featured. Easy
operation and micro-sample analysis proceeded, based on the mono-
lithic SERS platform used as the liquid flow channel and detection
chamber simultaneously. Au@cDNA@Ag@Cy3-Apt NPs exhibited a
highly specific affinity toward BPA and achieved rapid recognition (only
10 min) with a remarkable change of SERS signal. Compared with the
previous plasmonic nanostructures used by dispersing aqueous solution
[35,36] or planar platform [37,38], a much faster detection time was
achieved. Good reproducibility and ultrahigh sensitivity were obtained
with high specificity. The as-designed monolith-based SERS platform
demonstrated an attractive access for superior capabilities toward the
rapid specific microanalysis of trace BPA with high selectivity,
controlled hot-spot assembly, and significant SERS enhancement in a 3D
monolithic structure.

2. Materials and methods
2.1. Chemicals and materials

N-(2-aminoethyl)-3-aminopropyltriethoxysilane (AEAPTES), tet-
raethyl orthosilicate (TEOS),cetyltrimethylammonium bromide (CTAB),
citrate acid (CA), r-ascorbic acid (AA), gold (III) chloride trihydrate
(HAuCl4-3H50), silver nitrate (AgNOs3), 6-mercaptol-hexanol (MCH),
and tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) were
purchased from Aladdin Industrial Co. (Shanghai, China). Bisphenol A
(BPA) (certified reference material), 4,4-dihydrxytetraphenylmethane
(BP), bisphenol B (BPB), bisphenol C (BPC), and tris(2-carboxylethyl)
phosphine hydrochloride (TCEP) were purchased from Sigma-Aldrich
(USA).

According to ref. [35], Cy3-labeled aptamer for BPA (5-Cy3-CCG
GTG GGT GGT CAG GTG GGA TAG CGT TCC GCG TAT GGC CCA GCG
CAT CAC GGG TTC GCA CCA) and Sulfhydryl labeled cDNA
(3'-SH-C3-TTT TTT TTT TGG CCA CCC ACC AGT CCA C) were fabri-
cated by Sangon Biotech. Co. (Shanghai, China). The initial milk and
mineral water samples were purchased from the local supermarket. The
blank mineral water is marked with MW-0, and the mineral water
samples prepared under simulated heating statuses of 40 'C, 50 'C, 60 C
and 70 'C for 1 h are marked with MW-1 to MW-4, as well as MW-5 to
MW-9 foe heating 3 h and MW-10 to MW-14 for heating 5 h, respec-
tively. Similarly, the blank milk sample is marked with Milk-0, and the
milk samples prepared under simulated heating statuses of 50 'C, 60 C,
70°C, 80 'C, 90 'C and 95 "C for 5min are marked with Milk-1 to Milk-6,
respectively. The binding buffer solution (BB) (Tris-HCI 10 mM, CaCl,
20 mM, NaCl 120 mM, KCI 5.0 mM) with pH 7.40 was used. The quartz
capillary (inner diameter of 100 pm) was purchased from the Yongnian
optic fiber plant (Hebei, China). Ultrapure water with resistivity up to
18.2MQ cm ! at 25 "C was provided by a Milli-Q purification apparatus
(Millipore Corporation, USA).

2.2. Synthesis of AuNPs decorated with cDNA

AuNPs (12-60 nm) were synthesized according to the previous
reference [28]. A 100 mL of aqueous HAuCly solution (wt 0.01%) was
heated to the boiling point under vigorous stirring. Then, a series of
freshly-prepared citrate acid solution (3.0, 2.0, 1.5 and 0.75 mL) were
added, respectively. After boiling for 60 min and the mixture solution
then cooled to 25 °C under the vigorous stirring.

As shown in Fig. 1, the cDNA sequences were immobilized on AuNPs
via the Au-S bonds, and the Au@cDNA NPs were obtained. cDNAs were
consequently dissolved in a Tris-HCI buffer (10 mM Tris-HCl, 120 mM
NaCl, 1 mM KCl, pH 7.40). The mixture was heated to 90 °C for 3 min
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and slowly cooled to 25 °C in a water bath. The obtained solution was
mixed with 10 pL of 10 mM TCEP and incubated for 2 h at 25 °C to
reduce the disulfide bond. Finally, this obtained solution was diluted
with a Tris-HCI buffer to achieve the concentration of cDNAs of 100 pM.

Then 10 mL of the AuNPs dispersions (0.005 wt%) were mixed with
10 pL of the cDNAs solution (1 pM) with the ratio of AuNPs to the cDNAs
solution of 1000:1 (v/v). The mixture was oscillated for 2 min at room
temperature and then placed it in a thermo-shaker (4 °C, 800 rpm) for
24 h to form covalent Au-S bonding between the terminal thiolate group
of ¢cDNA and AuNPs. To consolidate the connection of AuNPs and
cDNAs, 60 pL of NaCl solution (1 M) was added into the mixture in three
stepwise. 30 pL of 6-mercaptol-hexanol (MCH, 10 pM) was added to
occupy the nonspecific binding on AuNPs. After being stored at 4 °C for
24 h, the solution was centrifuged at 6080 g for 30 min to remove un-
bound chemicals and cDNAs. Finally, the Au@cDNA NPs were redis-
persed in the ultrapure water.

2.3. Synthesis of Au@cDNA@Ag@Cy3-Apt NPs

Firstly, Au@cDNA@Ag NPs were prepared as below. 3 mL of
Au@cDNA NPs solution and 13.4 mL of ultrapure water were mixed in a
50 mL round bottom flask and kept stirring at room temperature (800
rpm) for 5 min. Then, 60 pL of 1.0% t-ascorbic acid solution and 60 pL of
1.0% citrate acid solution were added into the above diluted Au@cDNA
NPs solution and kept stirring for 15 min 60 pL 10 mM AgNOj3 solution
was slowly dropped stepwise into the above mixture solution at a rate of
10 pL/min under vigorous stirring. The color of the mixture changed
from wine red to orange. Finally, the Au@cDNA@Ag NPs solution was
centrifuged to remove unreacted reagents and redispersed in ultrapure
water.

As shown in Fig. 1, aptamers were immobilized on Au@cDNA@Ag
NPs via hybridization reaction between complementary base pairing of
cDNA and aptamer, and the Au@cDNA@Ag@Cy3-Apt NPs were
consequently obtained. Firstly, the BPA aptamers were dissolved in the
Tris-HCI buffer. 2 pL of 100 pM aptamers solution was added into the
above diluted Au@cDNA@Ag NPs solution. The obtained solution was
heated to 95 °C for 5 min and then slowly cooled down to room tem-
perature. After a centrifugation procedure, the Au@cDNA@Ag@Cy3-
Apt NPs were redispersed in ultrapure water, and stored at 4 °C for
further application.

2.4. Fabrication of 3D SERS aptasensor

As shown in Fig. S1, the porous silica monolith with a porous
structure was used to prepare the 3D SERS aptasensor. Based on the
optimal recipe (Table S1, in ESI), the synthesis of silica monolith was
fabricated according to ref. [28]. The polymerization solution was a
homogeneous mixture consisting of CTAB, water and ethanol (porogen
reagent), as well as AEAPTES and TEOS monomers. Briefly, 11.1 mg of
CTAB, 200.0 pL of ethanol, and 50.0 pL of water were mixed and
ultrasonicated at 0 °C for 30 s. Then, 40.0 pL of AEAPTES and 160.0 pL
of TEOS were added to the above mixture solution and followed by
ultrasonication at 0 "C for 5 min to form a homogeneous solution. The
obtained solution was pumped into the pretreated capillary. The capil-
lary was then immersed in a thermostatic water bath at 40 °C for 24 h
with both ends sealed with silicon rubbers. The silicon rubbers were
removed and the capillary filled with wet gel was heated at 120 °C for 3
h. Finally, the residual reagents were flushed out from the capillary by
rinsing with ethanol and water.

To build the 3D SERS aptasensor, the prepared porous silica-based
monolith was initially cut into pieces of 1 cm length. 200 pL of
Au@cDNA@Ag@Cy3-Apt NPs solution was pumped through the 1 cm
length monolithic column at a rate of 20 pL/min. To remove residual
Au@cDNA@Ag@Cy3-Apt NPs, the monolithic column was rinsed with
ultrapure water. Finally, the obtained 3D SERS aptasensor was filled
with Tris-HCI buffer solution and stored at 4 °C before use.
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Fig. 2. Representative SEM images of the porous silica monolith (3D-PSM) (Al: x 2,000, A2: x 100,000) and the 3D-PSM modified with Au@cDNA@Ag@Cy3-Apt

NPs (B1: x 2,000, B2: x 100,000).
2.5. Characterization

The transition electron microscope (TEM) images of Au and
Au@cDNA@Ag@Cy3-Apt NPs were examined by a transmission elec-
tron microscope (Tecnai G2 F20, FEI, America) operating at an accel-
erating voltage of 200 kV, and the TEM mapping were measured by a
high-resolution transmission electron microscope (FEI Talos F200x,
America) operating at an accelerating voltage of 200 kV. The size dis-
tribution of AuNPs and Au@cDNA@Ag NPs were measured by dynamic
light scattering (DLS, BeNano 90 Zeta, Dandong Baxter, China). The UV-
visible spectra of metal nanoparticles were recorded with a UV-visible
spectrophotometer (UV-2600i, Shimadzu, Japan). EDS elemental anal-
ysis, microstructures and morphology measure of the porous silica
monolith were examined by scanning electron microscopy (Nova Nano
SEM 230, FEI, America).

2.6. Detection of BPA and specificity evaluation

For BPA detection, 30 pL of BPA solution with concentrations from
1.0 x 107 t0 1.0 x 108 M were pumped through the monolithic SERS
aptasensor at the flow rate of

L/min. Th

200 pm below the outer surface of the capillary) and the laser power was

120 mW. The integration time was 6000 ms for each scan. At least six
spectra from different spots were collected within a Raman shift window
between 200 and 2000 cm™!. The mean signal intensity of Raman
spectra was adopted for the analysis.

Besides, the mixture composed with BPA and its analogues (viz. BP,
BPB, and BPC) were detected by using this SERS aptasensor, and the
specificity of this 3D SERS aptasensor for BPA was evaluated.

2.7. Preparation of samples

The samples were prepared according to ref. [39]. Mineral water and
Minjiang river water (Fuzhou) were filtered through a 0.22 pm poly-
ethersulfone (PES) filter membrane before testing. Milk products were
purchased from a local supermarket. 2 mL of milk solution was centri-
fuged at 13680 g and 4 'C for 30 min. Then, the yellowish liquid was
taken from the middle layer and filtered through a 0.22 pm PES filter
membrane before testing. For SERS analysis, the procedures were done
as descripted in Section 2.6.

3. Results and discussion
3.1. Principle of monolithic SERS sensing platform

The principle of the proposed monolithic SERS aptasensor for BPA
analysis was illustrated in Fig. 1. The SERS aptasensor came into play via


18606


Z. Lietal

a 3D porous silica-based monolith (3D-PSM) modified with
Au@cDNA@Ag@Cy3-Apt NPs. The rich-pore structure and large spe-
cific surface area of the 3D-PSM endowed a high density of
Au@cDNA@Ag@Cy3-Apt NPs, which allowed BPA efficiently contact
with aptamers in the capillary. By regulating the amount of AgNOs, the
Ag shell deposition were finely regulated and the Au@cDNA NPs were
encapsulated. SERS tag Cy3 was labeled in proximity to the surface of
Au-Ag NPs and assembled uniformly on the surface of 3D-PSM (Fig. 1-
A), which produced high-density “hot spots” and exhibited a remarkable
SERS enhancement for sensing detection.

In this strategy, aptamers in the monoliths were adopted as the
specific recognition elements. The BPA-aptamer interactions mainly rely
on the structural compatibility and the combination of binding forces,
such as hydrogen bonding and hydrophobic effect. If the BPA residue
existed, the high-affinity recognition between BPA and aptamer
occurred (as shown in Fig. 1-B) [40,41]. BPA was trapped in the hy-
drophobic active pocket of aptamer surrounded by the side chains of the
nucleotides to form stable hydrophobic bonds [42]. In the stem-loop
structures of aptamers, hydrogen bonds formed between BPA and the
nucleotides. These binding forces promoted the interaction and the
formation of the stable binding complex of BPA-aptamer. Based on this
strategy, a high-performance recognition of target BPA and Cy3-aptamer
happened and aroused the releasing of Cy3-aptamer from the proximity
of Au-Ag bimetallic plasma of Au@cDNA@Ag NPs, resulting in a drastic
decrease of the SERS signal. The significant decrease of the SERS signal
of the system was correlated with the logarithm of BPA content to realize
the quantification of BPA.

3.2. Characterization of Au@cDNA@Ag@Cy3-Apt NPs

Based on the strong SERS enhancement of Ag nanoparticles (NPs),
Au@cDNA@Ag NPs were formed by depositing Ag on the surface of
AuNPs and the superiorities of both AuNPs and AgNPs was integrated.
The Au-Ag core-shell NPs were decorated on the 3D monolith for a
drastic SERS enhancement. In Fig. S2, TEM images of AuNPs and
Au@cDNA@Ag NPs were illustrated, respectively. The relatively uni-
form size and spherical shape of the selected AuNPs with an average
diameter of about 50 nm were observed (Fig. S2-A1, A2). By varying the
volume of the AgNO3 solution, the thickness of Ag shell deposited on
AuNPs were regulated. In Fig. S2-B1~B2, the formed Ag shell was
closely and homogeneously covered on the Au@cDNA NPs to build
Au@cDNA@Ag NPs. The average sizes of Au@cDNA@Ag NPs were
measured as ~60 nm. The thickness of the Ag shell was finely tuned to
be 5-6 nm so that it just covered the T-base sequence spacer (shown in
Fig. 1 A). The result was consistent with the hydrodynamic sizes of
AuNPs and Au@cDNA@Ag NPs measured by DLS (in Fig. S2-A3, B3).
The size 5-6 nm of Ag shell maintained a certain gap between the SERS
tag Cy3 and the surface of Ag shell [36] and guaranteed a high initial
SERS signal for the further BPA analysis.

To identify the structures of Au@cDNA@Ag NPs, the distribution of
elements in Au@cDNA@Ag@Cy3-Apt NPs was analyzed by TEM map-
ping. In Figs. S2-C, the distribution of Au, Ag, and P elements was
clearly observed in A u@cDNA@Ag@Cy3-Apt NPs. The Zeta potential of
the prepared NPs was also measured. In Fig. S3, the Zeta potential of
AuNPs was —29.27 mV, which was mainly due to negatively charged
citrate ions on the surface of NPs [36]. The Zeta potential of Au@cDNA
NPs, Au@cDNA@Ag NPs and Au@cDNA@Ag@Cy3-Apt NPs were
—30.01 mV, —36.18 mV, and —38.26 mV, respectively, which displayed
a more negative charge of phosphoric acid groups after hydrolysis
compared with AuNPs. It suggested that cDNA and Cy3-aptamer con-
taining phosphate backbone structures were immobilized on Au@cD-
NA@Ag NPs to form Au@cDNA@Ag@Cy3-Apt NPs.

In Fig. S4, the UV-Vis spectra were also studied to elucidate the
changes in surface properties of nanomaterials. The absorption peaks of
AuNPs and Au@cDNA NPs were observed at 520 nm and 521 nm,
respectively. After depositing the Ag shell and immobilizing Cy3-
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aptamers on Au@cDNA NPs, a new surface plasmon band appeared at
420 nm for A u@cDNA@Ag@Cy3-Apt NPs. A blue shift of the absorption
wavelength of Au from 532 nm to 500 nm was exhibited, indicating the
occurrence of silver plasmon resonance on the surface of NPs [41]. The
absorption peaks of Au@cDNA NPs, Au@cDNA@Ag NPs, and
Au@cDNA@Ag@Cy3-Apt NPs were slightly red-shifted in comparison
with that of AuNPs, Au@Ag NPs and Au@cDNA@Ag NPs, respectively.
The surface chemistry changes of AuNPs through the replacement of the
citrate-ligand layer by cDNA and aptamers, caused the change in the
dielectric environment of Au@Ag NPs [36,42].

3.3. Features of monolithic SERS sensing platform

The monolithic SERS aptasensor was constructed by using 3D-PSM as
the substrate to be decorated with Au@cDNA@Ag@Cy3-Apt NPs. In
Fig. 2, the SEM images of the obtained 3D-PSM substrate and monolithic
SERS aptasensor were illustrated, respectively. The 3D-PSM substrate
had a uniform porous morphology and rich pore structure (in Fig. 2-
Al1~A2), which was favorable to stimulate a significant positive effect
on the SERS signal. The rigid silica-based sol-gel skeleton was tightly
attached to the capillary inner wall, and formed a hierarchically porous
structure with abundant mesopores and macropores. In Fig. 2-B1~B2,
the high-density Au@cDNA@Ag@Cy3-Apt NPs were assembled on the
3D porous framework with good uniformity on the polymer skeleton.
Meanwhile, the hierarchically porous morphological structure of the 3D-
PSM was still maintained. These porous structures were favorable to
obtain active sites and high specific surface area in mesopores and a fast
permeation in macropores and rapid response time of aqueous samples.

Element analysis of the 3D-PSM and monolithic SERS aptasensor was
carried out by using SEM-EDS. In Fig. S5-A and B, the EDS element
distribution of the 3D-PSM (C, O, and Si) and the SERS aptasensor (C, O,
Si, Au, and Ag) were clearly displayed, respectively. In Fig. S5 B, the
elements of Au, Ag, C, and Si exhibited, which suggested that the
Au@cDNA@Ag@Cy3-Apt NPs were successfully modified on the 3D
porous networks of the resultant monolith.

Figs. S6-A showed the SERS spectra of the 3D-PSM without modi-
fying Cy3 (Control) and the 3D SERS aptasensor (cDNA was prepared
with T-base, noted as with T-base) when the BPA concentration was
blank, respectively. No characteristic Raman peaks were observed on
the SERS spectrum of the control monolith. For the 3D SERS aptasensor
in blank solution (with T-base), the peak of Cy3 at 1188 em~! (C-H
inplane bending), 1393 cm ! (C-N stretching), 1467 em ™! (C=C ring-
stretching), and 1590 cm~! (C=N stretching) were recorded respec-
tively (Table S2, in ESI), which was consistent with the previous report
[43]. To evaluate the effect of the space between Au/Ag NPs and Cy3
molecules on the SERS enhancement, in Fig. S6-B, the performances of
two types of nanoparticles (Au@cDNA NPs were prepared using two
types of cDNA with T-base or not, respectively) were evaluated. A
stronger SERS enhancement occurred via utilizing Au@cDNA NPs with
T-base than that prepared without T-base sequence. In Fig. S6-C, the
sensing performance towards BPA was also studied. A strong Raman
signal was detected, while a drastic decrease in the SERS signal was
achieved with the presence of BPA. The aptamers labeled with Cy3 were
released from Au@ cDNA@Ag NPs on the 3D-PSM due to the high af-
finity between BPA and the aptamer, thus resulting in a drastic SERS
decrease. It demonstrated the feasibility of sensitive detection of BPA
using the proposed SERS aptasensor.

3.4. Optimization of detection conditions

To obtain the best SERS enhancement, the experimental conditions
were optimized. The volumes of AgNO3 and cDNA, and the volume of
Au@cDNA@Ag@Cy3-Apt NPs injected into the 3D-PSM were investi-
gated, as well as the injection time of BPA. In Fig. S7, the effect of the
size of AuNPs on the SERS response of the aptasensor was tested. The
SERS intensity of Cy3 (1188 cm’l) in the monolithic SERS sensing
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Table 1
Recoveries of BPA in the fortified river water samples obtained by using the
monolithic SERS aptasensor.

Spiked concentrations Detected concentrations” Recoveries” RSD (%, n
(ng/L) (ng/L) (%) =3)
Original N.D. N.D. N.D. ©
2.28 x 10° (2.23 £ 0.06) x 10° 94.6 + 2.9 3.1

2.28 x 10% (2.37 + 0.09) x 10? 101.3 + 4.3 4.3

2.28 x 10 (2.44 +0.13) x 10 98.3 + 6.3 6.5

2.28 2.33 4+ 0.14 94.1 +5.8 6.1

2.28 x 107! (2.15+0.17) x 107! 104.5 + 7.3 7.0

2.28 x 1072 (2.46 + 0.16) x 1072 102.5 + 7.0 6.9

2.28 x 1072 (249 +0.11) x 1072 102.8 + 5.3 5.2

? Detected concentrations were presented as mean + SD, n = 3.
b The recoveries were presented as mean + SD, n = 3.
¢ N.D.: Not detected or under the LOD.

Table 2
Recoveries of BPA in the spiked milk samples obtained by using the monolithic
SERS aptasensor.

Spiked concentration Detected concentrations® Recoveries” RSD (%, n
(ng/L) (ng/L) (%) =3)
Original N.D.* N.D. N.D.

2.28 x 10° (2.08 + 0.18) x 10° 91.0 £7.9 8.7

2.28 x 10 (2.50 £ 0.13) x 10 109 £ 5.5 5.1

0.228 x 107} (2.22 +0.07) x 107! 97.7 £ 3.0 3.1

2.28 x 1073 (2.29 +0.08) x 1073 101 + 3.5 3.5

# Detected concentrations were presented as mean + SD, n = 3.
b The recoveries were presented as mean + SD, n = 3.
¢ N.D.: Not detected or under the LOD.

platform increased rapidly with the size of AuNPs increasing from 12 to
50 nm and got the highest value with the size of AuNPs at 50 nm
(Figs. S7-C, in ESI). To gain the optimal thickness of the Ag shell,
different contents of AgNO3 were used to form the Ag shell with different
thicknesses. As shown in Fig. 3-A and Figs. S8-A, the SERS intensity at
1188 cm ™! of the SERS aptasensor increased with the volume of AgNO3
increasing from 30 pL to 60 pL, as the increased thickness of the Ag shell
and thus resulting in that Cy3 became closer to the Ag shell. The SERS
enhancement decreased if the volume of AgNOs rose to 70 pL, as the Ag
shell was too thick and covered a portion of the bio-recognition
sequence of cDNA, resulting in a decreased hybridization rate of chain
reaction between cDNA and aptamer. The SERS enhancement at 1188
ecm™! got the best with AgNO3 solution of 60 pL with the suitable
thickness of Ag shell.

In Fig. 3-B and Figs. S8-B, the SERS intensity at 1188 cm™! of the
SERS aptasensor increased when the volume of cDNA increased from 1
pL to 2 pL. However, the SERS intensity decreased with the volume of
cDNA rising from 2 pL to 4 pL, due to the spacing effect of nucleotides
hindering the reaction [36]. When the content of cDNA was too high,
resistance from space effect would generate on the surface of NPs and
c¢DNA would entangle with each other due to their short distance,
leading to a decreased rate of hybridization chain reaction between
cDNA and aptamer. The SERS intensity was the highest at the cDNA
volume of 2 pL.

Fig. 3-C and Figs. S8-C demonstrated the relation between the SERS
intensity and the Au@cDNA@Ag@Cy3-Apt NPs volume injected into
the 3D-PSM. The SERS intensity increased when the volume increased
from 50 pL to 200 pL, as the hot spots gradually formed in the 3D-PSM
and the SERS signal was enhanced. However, the SERS intensity stabi-
lized after 200 pL because of the saturation of Cy3-Aptamer. Besides, the
in-tube reaction time of BPA was optimized (Fig. 3-D and Figs. S8-D). A
micro-sample of BPA with a volume of 30 pL of was injected into the
aptasensor at different flow rates to obtain different reaction times. The
competitive elution of Cy3-aptamer was well carried out by BPA at the
flow rate of 3 pL/min and the injection time was controlled in 10 min.

3.5. Sensitivity and specificity of SERS aptasensor

Under the optimal conditions, a series of BPA standard solutions
were used to evaluate the analysis performance of the obtained SERS
aptasensor. As shown in Fig. 4-A, the signal intensity gradually
decreased with the increasing content of BPA in the range from 2.3 x
1073 to 2.3 x 10° ng/L, based on the significant affinity specificity of
aptamers toward the target BPA. The release of Cy3-Aptamer led to the
drastic decrease of the SERS signal, and the excellent linear response
between SERS signal change and BPA content was obtained with the
coefficient of determination (Rz) as 0.9922 (in Fig. 4-B). The error bars
in a good scale were calculated from the standard deviation of the
average SERS intensity obtained by three measurements. The residual
plot (in Fig. S9) showed that almost all the computed residuals were
within the +2 limits. The same could be observed in the case of response
factors (in Fig. S10), and almost values were included between +15%
except for that of the high concentration level of 1.0 x 10~8 mol/L (2.28
x 10° ng/L). The measured data lie within reasonable limits, which
indicates that the linearity can be assured over the calibration range
[44]. According to references [45,46], the limit of detection (LOD) and
limit of quantitation (LOQ) (Section S2.4and Table S3 in ESI) of this
SERS aptasensor for BPA were calculated as 9.12 x 10~* ng/L and 2.28
x 1072 ng/L, respectively. The proposed SERS aptasensor could provide
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Fig. 6. Raman spectra of the 3D SERS aptasensor for BPA analysis in various samples

A, B and C: 15 simulated mineral water samples, D: 7 simulated milk samples.

Table 3
Determination of BPA in the heated mineral water and milk samples by using the monolithic SERS aptasensor and LC-MS/MS method.
Sample  Raman LC-MS/MS Sample  Raman LC-MS/MS
Detected concentration RSD (%, Detected concentration RSD (%, Detected concentration RSD (%, Detected concentration RSD (%,
(ng/L, n = 3) n=3) (ng/L,n = 3) n=3) (ng/L, n = 3) n=23) (ng/L, n = 3) n=3)

MW-0 N.D." N.D. N.D.* N.D. MW- N.D. N.D. N.D. N.D.
11

MW-1 N.D. N.D. N.D. N.D. MW- 8.16 x 102 1.0 N.D. N.D.
12

MW-2 N.D. N.D. N.D. N.D. MW- 5.86 2.9 5.95 3.2
13

MW-3 3.88 x 10! 2.0 N.D. N.D. MW- 8.16 x 10 1.4 8.09 x 10 0.4
14

MW-4 4.24 x 102 4.4 4.18 7.6 Milk-0 N.D. N.D. N.D. N.D.

MW-5 N.D. N.D. N.D. N.D. Milk-1 N.D. N.D. N.D. N.D.

MW-6 N.D. N.D. N.D. N.D. Milk-2 N.D. N.D. N.D. N.D.

MW-7 2.51 x 10 2.0 N.D. N.D. Milk-3  7.82 x 10 2.7 N.D. N.D.

MW-8 3.12 5.3 3.19 2.5 Milk-4 1.33 x 10! 3.7 N.D. N.D.

MW-9 5.40 x 10 4.3 5.47 x 10 7.2 Milk-5 7.27 x 10% 6.9 7.03 x 10? 7.2

MW- N.D. N.D. N.D. N.D. Milk-6  1.49 x 10° 1.7 1.46 x 10° 4.3

10

2 : N.D.: Not detected, or under the LOD.

a platform for rapid and ultrasensitive detection of BPA.

The ability of specific recognition of the aptasensor towards the
target was crucial for the accuracy of the detection. To evaluate the
specificity of the monolithic SERS aptasensor, the Raman spectra were
recorded for several potential analogues including BP, BPB, and BPC.
The mixtures of analogues with or without BPA were also investigated.

Fig. 4-B clearly showed that there was no obvious Raman intensity
change at 1188 cm ™! compared to the blank for these interfering sub-
stances and their mixture without BPA. For the analyte of BPA, there was
a significant decrease in the Raman intensity at 1188 cm ™! compared to
the blank, as highlighted that the proposed aptasensor displayed a great
specificity towards BPA. Moreover, as shown in Fig. 4-B, the Raman
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Table 4
Comparison of the BPA analysis results proceeded by the reported SERS aptasensors with this work.
SERS sensors/probes Substrate Sample Sample Recognition LOD RSD (%) Recovery Ref.
category volume time (min) (ng/L) (%)
(pL)
AuNPs - AuNRs based SERS aptasensor  solution-based Tap-water 100 720 3.88 N.D. 91-95.3 [40]
substrate
GOx-AuNSs based SERS aptasensor solution-based Tap-water 100 120 5.01 3.3-5.7 93.8-103.1 [48]
substrate x 10°
Single-atom catalyst amplification solution-based plastic wrap, disposable 200 50 4.56 5.1-7.9 90-103 [49]
AuNPs SERS/RRS as aptasensor substrate plastic cups, black plastic
bags, and plastic gloves
Aptamer-embedded Au/Ag core-shell glass tube-based N.D. N.D. 40 2.28 N.D. N.D. [35]
nanoprobes (NPs) substrate x 102
Au@cDNA@Ag@Aptamer NPs capillary River water, Mineral water 30 10 7.53 4.76-5.18  94.1-104.5 This
monolithic aptasensor monolith-based bottles, and Milk x 104 work
substrate

N.D.: could not be detected, or data could not be provided.

signal of the mixture composed of analogues and BPA was nearly
identical to that of BPA, which indicated that the quantitative detection
of BPA in complex solutions with a high accuracy could be achieved
using this monolithic SERS aptasensor.

3.6. Stability and reproducibility

The stability and reproducibility of the Raman intensity are impor-
tant for accurate detection in applications. In Fig. 4-D, the SERS spectra
were collected from 30 random spots on a monolithic SERS aptasensor,
and the corresponding distribution diagram for the SERS intensity at
1188 em ! was displayed in Fig. S11. A relative standard deviation
(RSD) of the same segment (spot-to-spot, n = 30) was achieved as 4.76%
and indicated excellent reproducibility. The stability was also studied by
testing three segments in a monolith (unit to unit, n = 3), the SERS
monoliths from the same batch (column-to-column) and different
batches (batch-to-batch). Fig. S12 and Table S4 showed the RSD of
column-to-column (n = 3), and batch-to-batch (n = 3) of the SERS signal
at 1188 cm ™! was 5.05% and 5.18%, respectively. All above indicated
that this monolithic SERS aptasensor had a great reproducibility and
robust stability of SERS intensity for the quantitative specific micro-
analysis of BPA..

3.7. Sample analysis

To examine the performance of the SERS aptasensor for practical
application, the analysis of various samples with the developed SERS
aptasensor is considered. As shown in Fig. 5A C, the monolithic SERS
aptasensor exhibited a highly sensitive detection of BPA in the fortified
river water samples. No significant interferences were observed from the
SERS spectra of BPA in the fortified river water. The average recovery
yields of BPA in the fortified river water and milk samples were calcu-
lated in the ranges of 94.1 + 5.8%-104.5 + 7.3% (n = 3) (in Table 1)
and 91.0 £+ 7.9%-109 + 5.5% (n = 3) (in Table 2), respectively, as
indicated that the 3D SERS aptasensor was capable to detect trace BPA in
river water and milk samples.

Additionally, a series of simulated products including bottled min-
eral water and box milk packed with plastic-based polymer material
were adopted and the content of BPA was detected, respectively. These
mineral water and milk samples were prepared under different simu-
lated heating statuses of 70 °C-40 °C for 1~5 h and 95 °C-50 °C for
5min, respectively. As shown in Fig. 6 A-D and Fig. S13, the SERS signal
intensity was gradually decreased with the heating temperature and
heating time increasing respectively, which indicated that high tem-
perature and heating time could promote the release of BPA from the
plastic-based polymer bottles, as well as the milk package box. No sig-
nificant interferences were found between the SERS spectra of BPA in
these water samples and milk samples treated under the simulated

heating process. In Table 3, the contents of BPA released from the plastic
package of water and milk samples were found in 2.51 x 1073 ng/L
~1.49 x 10° ng/L by using the monolithic SERS sensing platform. The
results obtained were confirmed by the LC-MS method. As shown in
Table 3, there was no significant difference in the detection results be-
tween the two methods. Trace BPA in heated water and milk samples
could be well identified with the error ban in a good range, which
further verified that this method could identify trace BPA pollutants
with super sensitivity, high specificity, and good accuracy.

Meanwhile, the analytical methods were evaluated based on the RGB
evaluation model (Section S2.8, in ESI). The scores obtained in the
REDNESS, GREENNESS, and BLUENESS sections were 70.7, 91.5, and
80.8, respectively (in Table S5). The final brilliance of 80.5 was achieved
and the final colour was white. It lighted that this method might
conform to the three concepts of analytical performance, safety and eco-
friendliness, and productivity/practical effectiveness.

Besides, the enhancement factor (EF) was calculated and shown in
Section $2.6 in ESIL The EF was calculated as 2.95 x 108, The compar-
ison of the proposed method with the previous SERS aptasensors for the
microanalysis of BPA was also proceeded and shown in Table 4. The
proposed monolithic SERS aptasensor has the obvious advantages in a
faster recognition time (only 10 min) and better sensitivity for BPA
detection in comparison of most the reported traditional solution-based
or planar substrate-based aptasensors, owing to the substantially higher
recognition and capture efficiency of the 3D-monolith and the unique
structure of the capillary monolith [40,47-49]. The recognition of this
SERS platforms suffered from a tedious recognition period from 40 min
to 120 min even 720 min, was avoided. It required a short test time and
greatly promoted the analysis efficiency. This monolithic SERS apta-
sensor possessed a high-performance property and could be particularly
potential for the rapid quantitative detection of trace BPA in
microanalysis.

4. Conclusions

In this work, a novel 3D monolithic structure-substrate SERS plat-
form functionalized with Au@cDNA@Ag@Cy3-Apt NPs was exploited
and used for the high-performance test of trace BPA. The monolithic
porous structure decorated with Au@cDNA@Ag@Cy3-Apt NPs was
finely regulated and exhibited a highly specific affinity recognition to-
ward BPA (in 10 min) with a significant change of SERS signal. Using the
facile Ag-shell regulation, Au@Ag NPs were finely tuned to maintain
excellent SERS hotspot sensing performance of Raman tag Cy3 to ach-
ieve ultra-high SERS sensitivity. The advantages of capillary 3D-sub-
strate SERS such as signal amplification, high capture efficiency, and
aptamer-affinity recognition, were integrated, which resulted in ultra-
high sensitivity, high specificity, and excellent reproducibility.
Furthermore, a rapid analysis process was accomplished in 10 min,
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which was better than most traditional planar or solution-based SERS
sensors. Under the optimal conditions, the enhancement factor (EF) was
calculated as 2.95 x 108, and ultra-high sensitivity for BPA analysis was
achieved with LOD and LOQ of 9.12 x 10™*ng L™! and 2.28 x 103 ng
L7, respectively. Applied to natural samples, the robust applications
were validated. There was no significant difference between the pro-
posed SERS and LC-MS/MS methods. Although the 3D structure of the
monolith requires fine control, this proposed SERs method could iden-
tify trace BPA residue with high sensitivity and good accuracy. It might
open a new approach towards a capillary aptamer-affinity monolith
acting as a SERS sensing platform for the ultrasensitive and highly-
specific determination of BPA.
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