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f microRNA biomarkers for cancer
diagnosis using gold-coated paramagnetic
nanoparticles to capture SERS-active gold
nanoparticles†
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Chaopeng Fu,a Yifeng Zhu*a and Youqing Shen*c

In this paper, a magnetic-based, surface-enhanced Raman scattering (SERS) assay for detection of

a cancer-related microRNA biomarker, miR-141, has been developed. The detection is based on

hybridization-dependent recognition, in which the miR-141 target sequences were captured by

complementary reporter and capture oligonucleotide probes conjugated to Raman-tagged gold

nanoparticles (GNPs) and gold-coated paramagnetic nanoparticles (Au@MNPs) respectively. The

resultant hybridization complexes, Raman-tagged GNPs/miR-141/Au@MNPs, are retrieved from solution

by magnetic pull-down and concentrated within the focus of laser excitation. A signature spectrum for

the Raman tag, 5,50-dithiobis(succinimidyl-2-nitrobenzoate) (DSNB), was observed in concentrated

pellets and specific for the miR-141 sequences. The viability of SERS detection has been demonstrated in

a microfluidic platform, in which the hybridizations containing dilutions of the miR-141 sequences

yielded a reduction in the DSNB spectrum peaks' intensity. The limit of detection (LOD) is estimated to

be 100 fM, which is 100-fold lower than the LOD of 10 pM previously reported in a similar magnetic-

capture SERS detection of small oligonucleotides using nonplasmonic MNPs. These results indicate that

the addition of Au shells to MNPs facilitates the formation of SERS-active junction regions (“hot spots”)

with nearby Au contents within the magnetic concentrates, which substantially improves the SERS signal

and, therefore, detection sensitivity.
Introduction

MicroRNAs (miRNA), a class of small (18–24 nucleotides in
length) non-protein-coding RNAs, are critical regulators of
cellular processes, such as proliferation, division, differentia-
tion and cell death.1,2 Because of these recognized roles, it is not
surprising that miRNA expression patterns have been impli-
cated in several diseases, particularly cancers.3 For instance, all
tumors analyzed by miRNA proling have exhibited very
distinct miRNA signatures compared to normal cells from the
same tissue.4 In addition to tissue samples, tumor-derived
miRNAs in serum have exhibited potential as ideal
biomarkers for noninvasive detection of human cancers.3,5 For
instance, the serum-circulating miR-141 has been recognized as
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a critical biomarker for various malignant cancers.6,7 Several
methods have been developed for proling miRNA expression,
including northern blotting,8 real-time quantitative reverse-
transcription polymerase chain reaction methods (qRT-PCR),9

and microarray methods.10 Nevertheless, miRNAs' intrinsic
properties, such as short lengths, high-sequence similarity
within miRNA families and low abundance in serum, have
restrained the accurate measurement of miRNAs by conven-
tional methods.11 Moreover, these sensing processes normally
rely on uorescent-dye signaling, which exhibits sensitivity and
multiplex-detection limitations, due to the intrinsic uorophore
photobleaching and the broad uorescent bands that are easily
overlapped.12

Recent advances in the elds of nanotechnology and surface-
enhanced Raman scattering (SERS) spectroscopy have opened
up possibilities for sensing a large number of biomarkers, such
as nucleic acids,13 proteins,14 and even cells.15 The scattering
enhancement of SERS mainly comes from localized surface
plasmon resonance (LSPR) on the nanostructured surfaces of
noble metals (mostly gold and silver), under irradiation with
light within a certain wavelength range.16 When positioned
within an electromagnetic eld induced by LSPR, light
This journal is © The Royal Society of Chemistry 2017
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scattering cross-sections of Raman dye compounds are signi-
cantly enlarged, resulting in an enhanced SERS signal. SERS
offers a number of advantages over uorescence-based detec-
tion methods, including ultrahigh sensitivity,17 low photo-
bleaching,18 and multiplexing capabilities.19,20

The comprehensive SERS advantages are very valuable in
miRNA proling. In an early study,21 Driskell developed a SERS
platform that enabled rapid and specic miRNA detection
without enzyme-assisted amplication of target sequences. In
a later study, he demonstrated that the reproducibility of SERS
spectra was sufficient for quantitative analysis of miRNA
proles.22 Recently, Wang employed an “OFF-to-ON” SERS
signal switch for multiplexed detection of breast cancer-related
miRNAs, by sensing the spectroscopic “brightness” of Raman
labels on plasmonic nanostars.23 Label-free SERS assays have
also been developed for the direct detection of miRNA based on
single- versus double-stranded oligonucleotide affinity for SERS
substrates with limit of detection (LOD) sensitivities in
a dynamic range of 100 pM to 100 mM.24–26

To achieve higher detection sensitivity, signal amplication
systems have been incorporated in SERS detection of miRNAs.
Pang reported a SERS-based detection of miRNA with LOD
sensitivity of 0.3 fM, using duplex-specic nuclease (DSN) to
trigger the signal-amplifying recycling.27 Recently, enzyme-free
nucleic acid amplication methods, including hybridization
chain reaction (LOD of 0.3 fM)28 and DNA machines (LOD of
0.17 fM),29 have been used in SERS detection of miRNAs for
subfemtomolar sensitivity. Despite the high-level LOD sensi-
tivities, these amplication systems face the challenges of the
low miRNA expression efficiency, laborious probes fabrication,
time-consuming hybridization reactions and extra washing
steps. It has been found that the greatest Raman enhancements
are located within nanoscale interstitial spaces or gaps between
SERS substrates, named as “hot spots”.30 Fabricating nanogaps
for SERS signaling, such as nanowire interstices,31 nanogaps in
gold–silver nanomushrooms,13 and DNA-mediated nanogaps,32

has enabled femtomolar and even attomolar miRNA LOD
sensitivities. However, the preparation of nanogap-based SERS
substrates demands technical expertise and complicated reac-
tion conditions that may be difficult to scale up.

Recently, paramagnetic nanoparticles (MNPs) have been
used to enhance SERS signaling in detection of target DNA
sequences and proteins by magnetic manipulation and
concentration of Raman-active gold nanoparticles (GNPs)
conjugated with probes specic to target biomarkers.33,34 For
instance, a co-author's previous study showed that the incor-
poration of silica-coated MNPs (Silica@MNPs) into SERS-based
hybridization assay enhanced SERS intensity of GNPs coated
with 5,50-dithiobis(succinimidyl-2-nitrobenzoate) (DSNB) by 200
times and resulted in a LOD sensitivity of 10 pM for small-target
DNA sequences (53 nucleotides).35 This assay provides
intriguing opportunities for detecting miRNAs of a similar
length scale and recognizable by DNA/RNA hybridization reac-
tions. However, there is still room for more research into using
MNPs as magnetic substrates to improve SERS signaling even
more due to their nonplasmonic surfaces, which would
decrease the probability of hot-spot formation between
This journal is © The Royal Society of Chemistry 2017
plasmonic GNPs in magnetically concentrated aggregates.36 In
the present study, we describe a magnetic-capture SERS assay
for detection of target miR-141 sequences, using gold-coated
MNPs (Au@MNPs) as magnetic substrates. Fig. 1 illustrates
the scheme summarizing capture and detection of miR-141.
The miR-141 sequence is rst recognized by hybridization
reactions with Au@MNPs conjugated with complementary
capture oligonucleotides (Capture-Au@MNPs) and GNPs
conjugated with complementary reporter oligonucleotides and
Raman reporters, DSNB (Reporter-GNPs; Fig. 1A). The resultant
hybridization complexes, Capture-Au@MNPs/miR-141/
Reporter-GNPs, are then injected into the microuidic
channel and magnetically concentrated (Fig. 1B). Laser inter-
rogation of the sample pellets yields a Raman spectrum prole
of DSNB that is restricted to miR-141. The current LOD sensi-
tivity for miR-141 sequence is estimated to be 100 fM, which is
improved by a 100-fold compared to the LOD sensitivity (10 pM)
previously reported for detecting small oligonucleotides using
the same DSNB-coated GNPs as Raman reporters but using
Silica@MNPs as magnetic captures.35 These results indicate
that the MNP's additional Au shell decreases exposure of non-
plasmonic iron oxide surfaces and increases the probability of
forming SERS hot spots with nearby nanostructured Au
contents in magnetic concentrates (Fig. 1C). This offers
improved SERS signal enhancement and detection sensitivity
over nonplasmonic MNPs used in a conventional magnetic-
based SERS assay (Fig. 1D).
Experimental
Materials

Unless indicated otherwise, all other chemicals and materials
were purchased from Sigma-Aldrich. GNPs of 30 nm (2 � 1011

particles per mL) were ordered from Ted Pella (USA). All solu-
tions were prepared using RNase-free water obtained from
Takara Biotechnology Co., Ltd. (Dalian, China). All HPLC puri-
ed oligonucleotides used in this study were purchased from
Sangong Biotech Co., Ltd. (Shanghai China), and validated by
quality control mass spectroscopy. Their sequences are shown
in Table S1.†
Synthesis and characterization of Au@MNPs

To synthesize the Au@MNPs, the core MNPs were rst synthe-
sized according to previous methods with modication.37

Briey, 3 mmol of Fe(acac)3, 12 mmol of 1,2-hexadecanediol,
6 mmol of oleic acid, 6mmol of oleylamine, and 20mL of benzyl
ether (99%) were vigorously stirred under an N2 blanket. The
solution was heated to 200 �C for 2 h, followed by heating to
300 �C for 2 h. Aer reaction, the 13 nm of MNPs were precip-
itated by addition of ethanol and recovered by centrifugation.

Au@MNPs were synthesized via reductions of Au(OOCCH3)3
using 13 nm of MNPs as seeds, similar to previous methods
with modication.33,38 A 100 mg portion of MNPs, 5 mmol of
Au(OOCCH3)3, 12 mmol of 1,2-hexadecanediol, 1.5 mmol of
oleic acid and 6 mmol of oleylamine were added to 30 mL of
benzyl ether and vigorously stirred under argon for 2 h at
RSC Adv., 2017, 7, 52782–52793 | 52783
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Fig. 1 Schematic of magnetic capture and SERS detection of cancer biomarkers, miR-141, using Au@MNPs conjugated with capture probes and
SERS-active GNPs conjugated with reporter probes.
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200 �C, followed by heating to 250 �C for 3 h. Precipitation by
ethanol and separation by centrifugation produced 27 nm
Au@MNPs with �7 nm Au shells. The hydrophobic particles
were treated with tetramethylammonium-11-aminoun-
decanoate in dichloromethane (2% w/v) to obtain hydrophilic
27 nm Au@MNPs, which were dispersed in phosphate-buffered
saline (PBS) solution (10 mM phosphate buffer, 300 mM NaCl,
pH 7.4).

The physical properties of synthesized MNPs and Au@MNPs
were characterized by transmission electron microscopy (TEM),
UV-vis absorption spectroscopy, X-ray diffraction (XRD) and
dynamic light scattering (DLS). TEM images were taken on
a Hitachi H-7650 electron microscope at an accelerating voltage
of 200 kV. The nanoparticle (NP) samples dispersed in hexane
solution were deposited on formvar-coated copper grid lms,
followed by evaporation at room temperature. X-ray powder
diffraction patterns of dried NP samples were obtained on
a Siemens D-500 diffractometer under Co Ka radiation (l ¼
1.788965 Å). UV-vis absorbance spectra were obtained with
a Cary 50 UV/vis-NIR spectrophotometer over the range of 300–
750 nm. Particle size distributions were determined by DLS
using a Zetasizer Nano ZS ZEN 3600 (Malvern, UK).
Fabrication and characterization of SERS NP assemblies

The thiolated capture probe was immobilized onto the gold
surface of Au@MNPs, according to previous report.33 Briey,
1 mL of 0.1 mg mL�1 Au@MNPs (�5 � 1011 particles per mL) in
52784 | RSC Adv., 2017, 7, 52782–52793
PBS buffer and 40 mL of 100 mM thiol-modied capture probe in
PBS buffer were incubated overnight at room temperature.
Excess unbounded reagents were removed by magnetic sepa-
ration, and the capture-probe-conjugated Au@MNPs were
redispersed into 1 mL PBS buffer. The gold surface of the
Au@MNPs was then passivated using 0.1 mM 6-mercapto-1-
hexanol (MCH) in 1 mL of PBS buffer. The Capture-Au@MNPs
were washed with PBS buffer using repeated magnetic separa-
tion and nally resuspended in 1 mL PBS buffer.

The Raman reporter label DSNB was synthesized and
attached to colloidal GNPs according to previous methods.39

Next, 1 mL of DSNB-conjugated GNPs (�2.5 � 1011 particles per
mL) in PBS buffer and 40 mL of 100 mM amino-modied reporter
probes were mixed and incubated for 12 h. The amines of
reporter probes favored the formation of an amide linkage by
reaction with succinimidyl ester of DSNB to produce the
Reporter-GNPs. Excess unconjugated reporter probes were
removed by centrifugation at 7000 rpm for 20 min. The
Reporter-GNP precipitate was washed three times and nally
dispersed in 1 mL PBS buffer.

Surface modications of NP assemblies were analyzed by X-
ray photoelectron spectroscopy (XPS) to determine the element
and chemical bond compositions. XPS measurements were
conducted on a Kratos AXIS Ultra DLD spectrometer using
a focused monochromatic Al Ka X-ray (1486.7 eV) source for
excitation. Compositional survey and high-resolution spectra of
NP assemblies were acquired using pass energy of 80 eV and
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra10918k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

1/
16

/2
02

5 
12

:1
0:

42
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
20 eV respectively. For the high-resolution spectra, the collected
binding energies were referenced to the Au4f peak at 84.0 eV.
XPS spectra were deconvoluted into separate peaks using the
soware program XPS Peak 4.1.

Microuidic device fabrication

The straight microuidic channel with cross-sectional dimen-
sion of 150 � 150 mm was fabricated using standard PDMS so
lithography techniques.40 Briey, a master of the microchannel
features was created by photoresist methods (MicroChem, USA)
on a silicon wafer. The polydimethylsiloxane (PDMS) (Sylgard
184, Dow Corning) solution was cast upon the master wafer and
the cured PDMS microchannel replicas were cut and then
bonded to clean glass slides following treatment by oxygen
plasma. Sample solutions are injected into the PDMS micro-
channel via syringe pump (NanoJet syringe pump, USA).

Procedures of miRNAs detection

All hybridization reactions were conducted in 1.5 mL PBS buffer
solution or diluted human serum solution (Sigma, USA), con-
tained �2.5 � 1011 Reporter-GNPs per mL, 0.25 mg mL�1 of
Capture-Au@MNPs and target miR-141 or control miRNA
sequence, miR-429. These hybridization reaction mixtures were
incubated in capped glass vials at 37 �C for 2 h, aer which the
hybridization solutions were pumped through the straight
microuidic channel and accumulated by a small external
magnet. Laser excitation of concentrated sample pellets was
performed using an Advantage NIR Raman spectrometer (Del-
taNu Inc., USA; 60 mW power, 785 nm laser) tted with right
angle input optics and camera with 100� magnication. Spec-
tral data was acquired using NuSpec soware and recorded in
the 200–2000 vibrational unit range (Raman shi/cm�1), with
a integration time of 5 s. Grams/AI soware (Thermo Fisher
Scientic) performed the data analysis.

QCM-D modeling of hybridization complex formation

The formation of Capture probe/miR-141/Reporter-GNPs
hybridization complexes on Au-coated quartz crystals (5 MHz
AT-cut) was monitored by QCM-D analysis (E4, Biolin Scientic,
Sweden) using conditions similar to previous reports.41,42 In
brief, sensor crystals were boiled in a cleaning solution (30%
H2O2, 28% ammonia, and deionized water in a volume ratio of
1 : 1 : 5) for 5 min. The freshly cleaned crystals were immersed
in 100 mM thiolated capture probe in PBS buffer overnight, and
then passivated using 2 mM MCH in PBS buffer. The immobi-
lization of capture probes generated a surface that supports the
hybridization reaction with target miRNA and subsequent
hybridization with Reporter-GNP while resisting nonspecic
adsorption. A nonspecic surface saturated with MCH was also
produced by immersing cleaned sensor crystal in 2 mM MCH
PBS buffer solution. Aer rinsing with RNAnase-free water and
drying with nitrogen, the treated sensor crystals were ready to be
used for the measurements.

Aer mounting into QCM chambers, the frequency baselines
of the treated sensor crystals were recorded using PBS buffer
solution before 1 mM PBS solution of target or nonspecic
This journal is © The Royal Society of Chemistry 2017
control miRNA sequence was injected. Once the changes in
resonant frequency (Df) and dissipation (DD) plateaued, the
crystals were rinsed with PBS buffer as a step to wash off excess
unbounded agents. The baseline-stabilized surfaces were then
washed with �2 � 1010 particles per mL PBS solutions of either
specic Reporter-GNPs or nonspecic DSNB-GNPs as control
particles, until the signal stabilized, and then rinsed again with
PBS buffer. Since the changes of dissipation (DD) signicantly
exceeded 10% of the corresponding values for Df,43 the adsor-
bed layers were considered to have viscoelastic properties and
the mass adsorption was analyzed by the Voigt-based model
implemented in Qtools (Biolin Scientic, Sweden),44 using
the combined Df and DD data at three harmonic overtones (n ¼
5, 7 and 9).

Results and discussion
Characterization of Au@MNPs

The core–shell nanostructure of Au@MNPs was characterized
by TEM, DLS and XRD. TEM images showed that MNPs with
a narrow size distribution and average size of �13 nm (Fig. 2A)
were synthesized by the well-established protocol with modi-
cations. DLS measurements were conducted for further char-
acterization of MNPs, providing an average particle size
distribution of 13.4 � 3.4 nm, which correlated with TEM
results. Unlike the previously reported multistep synthesis of
10 nmMNPs,33,37 we obtained 13 nmMNPs in a modied single-
step synthesis. Mediation of the incubation time at 200 �C and
reaction time at 300 �C is the key to increasing the diameter of
MNPs beyond 10 nm (data not shown). Narrowly distributed
Au@MNPs with average diameter of �27 nm (Fig. 2B) were
fabricated by reduction of Au(OOCCH3)3 onto the 13 nm MNPs,
indicating an Au shell of �7 nm. This addition of Au shell was
also characterized by DLSmeasurements, showing an increased
average particle size distribution of 27.5 � 7.3 nm in compar-
ison to 13 nm MNPs. In contrast to Au@MNPs with an Au shell
of 5 nm synthesized by three iterative reductions of
Au(OOCCH3)3 onto the core MNPs,33 this current procedure is
proved to be able to increase the thickness of the Au shell to
7 nm in a single reduction by controlling the reaction time and
the concentration of the Au precursor. Moreover, this synthesis
method exhibits good repeatability in average size control over
Au@MNPs with relative standard deviation (RSD) of 10.2%
obtained by DLS measurements of 3 Au@MNPs samples
synthesized from different batches.

The core–shell composition of Au@MNPs was further
conrmed by XRD spectra of 13 nm core MNPs and 27 nm
Au@MNPs. For core MNPs (Fig. 2C bottom), ve diffraction
peaks at 30.0�, 35.5�, 43.1�, 57.0� and 62.6� are evident in
spectrum, which correlate with the characteristic diffraction
peaks of standard Fe3O4 powder (Fig. 2C top) and indicate an
MNP crystal structure consistent with the cubic spinel type
structure of magnetite.37 By contrast, the XRD spectrum of
Au@MNPs (Fig. 2D bottom) matched the spectrum peaks for
standard Au powder (Fig. 2D top) and exhibited dominant peaks
at 38.2�, 44.4�, and 64.6�, which are indexed to (111), (200), and
(220) planes of gold in the cubic phase.45 Due to the heavy-atom
RSC Adv., 2017, 7, 52782–52793 | 52785
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Fig. 2 TEM images of (A) 13 nm core MNPs and (B) 27 nm Au@MNPs, (C) XRD spectra for magnetite powder standard (top), 13 nm core MNPs
(bottom), (D) Au powder standards (top) and 27 nm Au@MNPs (bottom). Scale bars in the inset windows of each TEM image correspond to 10 nm.
cps ¼ counts per s.
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effect of Au,46 we observed no characteristic peak of Fe3O4 in the
spectrum of Au@MNPs, suggesting a full Au-shell encapsula-
tion of the MNPs.
Optical and magnetic properties of Au@MNPs

The optical properties of Au@MNPs were evaluated via UV/vis
absorption spectroscopy and SERS measurements. It has been
well documented that colloidal dispersions of metals exhibit
absorption bands in the ultraviolet and visible ranges, due to
surface plasma resonances.47 Particularly, Au NPs stabilized by
citrates exhibit a surface plasmon peak at 520 nm.48 As shown in
Fig. 3A, the UV-vis absorbance spectra for commercial GNPs
(30 nm; spectrum a) and Au@MNPs (spectrum b) show an
absorbance peak around 520 nm, which is absent for Fe3O4 core
particles (spectrum c). This result provides additional evidence
that the MNPs are coated with Au and demonstrates that the
optical character of Au@MNPs is near to that of pure GNPs.

SERS enhancement is dependent on the plasmon absorption
wavelength of plasmonic nanostructures and laser wavelength
used in measurements.49–51 As shown in Fig. 3B, laser excitation
(785 nm) of dried DSNB-labeled GNPs (spectrum a) and
52786 | RSC Adv., 2017, 7, 52782–52793
Au@MNPs (spectrum b) samples exhibited characteristic
vibrational peaks at 740, 848, 1059, 1149, 1330, and 1558 cm�1,
which are consistent with signature spectra for DSNB as previ-
ously reported,39,52 and weakly intensied in dried bare MNP
samples spiked with the same amount of DSNB (spectrum c).
Moreover, the signal-peak heights of 1059 and 1330 cm�1 are
comparable in spectra of DSNB-conjugated GNPs and
Au@MNPs, indicating that the Au character on both NPs
showed similar SERS activity, which is absent in MNP samples
due to the nonplasmonic iron oxide surfaces. On the basis of
these results, we expect that the surface plasmon resonance of
Au@MNPs is sufficiently tuned to the excitation frequency of
the laser, and using Au@MNPs to substitute the bare MNPs in
magnetic-capture-based SERS assays could substantially
improve SERS signaling.

The magnetic recovery of Au@MNPs was demonstrated in
a straight microuidic channel using a Raman system equipped
with a 100� magnication digital camera (Fig. S1†). Au@MNPs
labeled with DSNB (DSNB-Au@MNPs) was injected into the
microuidic channel at a ow rate of 10 mL min�1 and
concentrated at a specic spot by a small magnet below. The
integrated digital camera was able to precisely aim the laser
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) UV-vis spectra for a colloidal suspension of commercially supplied 30 nm GNPs (a), 27 nm Au@MNPs (b), and 13 nm MNPs (c) in H2O.
(B) SERS spectra for 20 mL air-dried NP samples spiked with DSNB (0.25 mM) 30 nm GNPs (a), 27 nm Au@MNPs (b) and 13 nm MNPs (c).
Measurements were conducted using equivalent NP concentrations (2.5� 1011 particles per mL). SERS spectra are taken at an integration time of
15 s. (C) SERS spectra in 1200–1700 cm�1 for an aqueous solution of DSNB-Au@MNPs in the microfluidic channel as a function of flowing time
when magnetically concentrated at the focal spot by an external magnet. (D) Kinetic plot of peak height at 1330 cm�1 (solid circle) and fitting
curve (dash curve). SERS spectra are taken at an integration time of 5 s. (0.25 mg mL�1 of DSNB-Au@MNPs).
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beam on the concentrated pellets with a 25 mm spot size for
laser interrogation. During the magnetic focusing, the intensi-
ties of SERS peaks at 1330 and 1558 cm�1 gradually increased as
a function of focusing time (Fig. 3C) and reached stabilization
aer 8 min, indicating the magnetic response of Au@MNPs
(Fig. 3D). Moreover, the plateaued SERS signal intensity aer
8 min revealed that the saturated surface coverage of concen-
trated pellets plays a key role in supporting stable SERS
signaling. To ensure signal reproducibility, all SERS measure-
ments of magnetically concentrated sample pellets in this paper
are taken aer 12 min of magnetic focusing time at a constant
10 mL min�1

ow rate.
Characterization of NP assemblies

XPS compositional data were compiled for the conrmation of
GNP and Au@MNP assemblies. The wide-scan XPS survey
spectra for DSNB-GNPs, Reporter-GNPs and Capture-
Au@MNPs, provided binding energy peaks that demonstrate
the presence of Au, S, C and N (Table 1). The S (2p3/2) and
S (2p1/2) doublet peaks (161.9 eV and 163.2 eV) in all three NP
This journal is © The Royal Society of Chemistry 2017
samples are clear evidence of sulfur bound to gold as a thio-
late.53 The single peak of P (2p) at 134.3 eV is diagnostic for the
phosphoester bonds of the DNA backbone.54 In addition, the
conjugation of amine-modied reporter probes to the DSNB-
GNPs was conrmed by the spectra for the N (1s) region. Two
peaks were evident in the DSNB-GNP spectrum: a higher energy
peak at 405.3 eV corresponding to the nitro functional group,55

and a lower energy peak at 401.3 eV indicating the succinimi-
dyl N.56 In contrast to the DSNB-GNPs, an additional peak at
399.5 eV appeared in the reporter-DSNB spectrum (Fig. 4),
which is attributed to heterocyclic N atoms.57 Meanwhile
a decrease in the intensity of the succinimidyl N peak (401.1 ev)
was detected. These results reect the immobilization of
reporter probes via amide linkage and the removal of
succinimidyl N. Two weak N (1s) peaks located at 398.7 and
400.2 eV were obtained for the Capture-Au@MNPs, which we
ascribe to intracyclic and exocyclic nitrogen atoms.58 C (1s)
peaks are in accordance with the binding energies of carbon
species including hydrocarbons, carbon bound to nitrogen and
oxygen, amide carbon and urea carbon with characteristic
RSC Adv., 2017, 7, 52782–52793 | 52787
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Table 1 XPS binding energies (eV) for NP assemblies

Atomic composition DSNB-GNPs Reporter-GNPs Capture-Au@PMPs

Au (4f7/2) 84 84 84
S (2p3/2) 161.8 161.9 161.8
S (2p1/2) 163.2 163.2 163.1
P (2p) nd 134.4 134.3
N (1s) 401.3, 405.3 399.5, 401.3, 405.3 400.6, 402.4
C (1s) 285.1, 286.3, 288.1, 289.1 285.1, 286.4, 288.2, 289.0 284.9, 286.5, 288.2, 289.0
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binding energies (BEs) of approximately 285, 286–287.8, 288,
and 289 eV, respectively.59
SERS detection of magnetically captured miR-141 target
sequence

A SERS detection assay of the target miRNA sequence was
conducted rst by incubating Reporter-GNPs and Capture-
Au@MNPs with miR-141 target oligonucleotide in capped
glass vials for 1 h and then injecting them into the microuidic
channel and concentrating them at a specic spot in micro-
channel by a small external magnet. Upon laser excitation, an
intense spectral peak prole specic for DSNB was recorded in
samples containing 1 nM target sequence (Fig. 5A spectrum a).
The detection specicity was demonstrated by a series of
control reactions, consisted of the absence of the target
sequence (spectrum d) and the nonspecic target miR-429
(spectrum c), reecting the nonspecic binding of probes. An
additional control assay, employing DSNB-GNPs unconjugated
with reporter probes to substitute Reporter-GNPs, provide
Fig. 4 XPS N (1s) spectra for DSNB-GNPs (top spectrum) and Repo
measurements, and the solid lines are fitted peaks from deconvolute
conjugation of the reporter oligonucleotide probe to GNPs via DSNB.)

52788 | RSC Adv., 2017, 7, 52782–52793
background spectra (spectrum b) that are similar to (spectrum
c) and (spectrum d).

Oligonucleotide interactions involved in the specicity of
miR-141 detection were conrmed by QCM-D analysis. As
shown in Fig. 5B, the real monitoring of the sequential depo-
sitions of target miR-141 sequence and Reporter-GNPs onto the
capture oligonucleotide-coated Au surfaces are consistent with
the recognition events observed in the SERS detections. The
high-level areal mass depositions for both target (476 ng cm�2)
and Reporter-GNPs (1750 ng cm�2) revealed the complementary
oligonucleotide interactions and the formation of hybridization
complexes on the recognition Au surface (curve a). By contrast,
control measurements in which the target sequence was absent
(curve d) or substituted by a nonspecic oligonucleotide miR-
429 (curve c) only yielded minimal areal mass change and
low-level subsequent deposition of Reporter-GNPs
(�210–230 ng cm�2). Additionally, we examined the specicity
of Reporter-GNPs in a negative control hybridization reaction
using the substitution of DSNB-GNP (curve b), in which a
rter-GNPs (bottom spectrum). The solid circles represent raw data
d raw data. cps ¼ counts per s. (Left is the schematic showing the

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (A) SERS spectra for magnetic pull-down hybridization reactions (a) containing Reporter-GNPs, Capture-Au@MNPs, and target miR-141,
(b) containing DSNB-GNPs, Capture-Au@MNPs, and target miR-141, (c) containing Reporter-GNPs, Capture-Au@MNPs, and nonspecific target
miR-429, (d) containing only Reporter-GNPs and Capture-Au@MNPs. (B) QCM-Dmonitoring the response of capture-probe functionalized gold
surfaces to (a) target miR-141 sequence (476 ng cm�2) and sequentially to Reporter-GNPs (1750 ng cm�2), (b) target miR-141 sequence
(460 ng cm�2) and sequentially to nonspecific DSNB-GNPs (201 ng cm�2), (c) nonspecific miR-429 (27 ng cm�2) and sequentially to Reporter-
GNPs (229 ng cm�2), and (d) the absence of target sequence (5 ng cm�2) sequentially to Reporter-GNPs (212 ng cm�2). (C) Stacked spectra for
magnetic concentrates of hybridization reactions containing dilutions of targetmiR-141 in buffer solution: 1 nM (a), 100 pM (b), 10 pM (c), 1 pM (d),
100 fM (e) and the absence of miR-141 (f). (D) Plot of peak height at 1330 cm�1 vs. logarithm concentration of target miR-141. Error bars denote
the standard deviation for three replicate measurements at each dilution.
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low-level adsorption of DSNB-GNPs (201 ng cm�2) was observed
aer target sequence binding to the recognition Au surface. The
low-level adsorptions of assembled GNPs are routinely observed
in all negative controls, which are likely attributed to incom-
plete washings of nonspecically deposited GNPs.

The LOD sensitivity for miRNA target sequence was deter-
mined by acquiring spectra for hybridization reactions con-
taining dilution of the target oligonucleotide, and by identifying
the lowest concentration, at which the spectra intensity of the
1330 cm�1 peak is distinguishable from that in absence of
target miR-141. As shown in Fig. 5C, the spectra were
background-corrected, and there is a progressive reduction in
overall peak intensication as the concentration of target
This journal is © The Royal Society of Chemistry 2017
sequence decreased from 1 nM to 100 fM. The peak height of
the 1330 cm�1 peaks were plotted as a function of target miR-
141 concentration (fM) in Fig. 5D. The peak height is linearly
regressed versus the logarithm concentration of target miR-141
with R2 of 0.96, indicating a conservative LOD for miRNA at 100
fM. This current LOD sensitivity is a hundredth of the LOD
sensitivity (10 pM) previously reported in SERS detection of
small DNA sequences,35 using the same DSNB-conjugated GNPs
as Raman reporters, but using silica-coated MNPs as the
magnetic-capture substrates. Since short oligonucleotides
exhibit similar hybridization efficiencies,60 these results have
implications that the plasmonic Au shell of Au@MNPs could
enable a hot-spot enrichment aer magnetic concentration,
RSC Adv., 2017, 7, 52782–52793 | 52789
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which would substantially improve signal intensity of SERS
analytes and therefore increase the sensitivity of magnetically
capturing target microRNAs, and potentially for other
biomarkers. The wide-range quantication of target sequences
could meet the challenge in miRNA diagnosis, which is that the
concentrations of miRNAs may span several orders of magni-
tude.61 Moreover, using a microuidic device in this assay
signicantly reduced the sample volume to 120 mL, corre-
sponding to an attomole sensitivity for target miR-141 sequence
detection.
SERS detection of miRNA in serum

There has been increasing interest in using circulating miRNAs
in serum as cancer biomarkers, due to their high-level stability62

and noninvasive diagnosis.4 To test the practical application of
the current SERS-based magnetic-capture assay in serum
Fig. 6 (A) Stacked spectra for magnetic concentrates of hybridization rea
(a), 20 nM (b), 2 nM (c), 200 pM (d) and the absence of miR-141 (e), spectr
of magnetic concentrates vs. logarithm of target miR-141 concentration
sequence adsorption on capture-probe-functionalized gold surface in
spectra of Reporter-GNPs dispersed in buffer, 20% serum, 70% serum
deviation for three replicate measurements at each dilution. Spectral int

52790 | RSC Adv., 2017, 7, 52782–52793
miRNA detection, we investigated the LOD for miR-141 in
diluted serum (20%). The concentration-dependent SERS
spectra of miR-141 from 200 pM to 200 nM are shown in Fig. 6A.
In Fig. 6B, by plotting the 1330 cm�1 peak height vs. logarithm
of miRNA concentration, a linear relationship was observed
with R2 of 0.94, indicating a LOD of 200 pM for serum miR-141
detection which is a 2000-fold higher than that of miR-141 in
buffer solution. This dramatic sensitivity reduction is probably
due to either serum-protein interference with the target-
sequence-mediated tethering of Capture-Au@MNPs and
Reporter-GNPs, or the protein dissociation of Raman reporter
molecules on the GNPs surface63 or a combination of both
effects.

To verify the cause for the sensitivity reduction, we rst
conducted QCM measurement of areal mass depositions of
miR-141 on the capture oligonucleotide-coated Au surfaces in
ctions containing dilutions of target miR-141 in buffer solution: 200 nM
a integration time is 5 s. (B) Plot of 1330 cm�1 peak height from spectra
in 20% serum solution. (C) QCM-D measurement of target miR-141-
buffer and 20% serum solution. (D) Peak heights at 1330 cm�1 from
and 40 mg mL�1 HSA buffer solution. Error bars denote the standard
egration time is 15 s.

This journal is © The Royal Society of Chemistry 2017
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20% serum. Compared with the measurement conducted in
buffer solution, there is no signicant difference in areal mass
depositions of miR-141 from buffer to 20% serum (Fig. 6C),
indicating that serum proteins offered little interference in the
hybridization of small oligonucleotide sequences.64 We further
measured the SERS enhancement of Reporter-GNPs spikes in
PBS buffer solution, 20% serum, 70% serum and 40 mg mL�1

human serum albumin (HSA) solution. As shown in Fig. 6D, the
1330 cm�1 peak height from spectra of Reporter-GNPs reduced
nearly three folds as the serum concentration increased, from
buffer solution to 20% serum. Additionally, the high-
concentration 70% serum and HSA solution also showed
a strong impact on SERS intensity of Reporter-GNPs and
reduced the signal intensity over four fold, compared to that in
buffer solution. These results indicate that the probable
mechanism by which the reduction of LOD sensitivity occurs is
the serum-protein-induced dissociation of Raman reporter
molecules from the GNP surface, as proteins tend to bind to and
denature on metal surfaces.65,66

Although the SERS signal reduction of free Reporter-GNPs
from buffer to 20% serum is not comparable to that of
captured Reporter-GNPs inmagnetic concentrates, we are of the
opinion that the protein displacement of Raman reporter
molecules, DSNB, would reduce the number of reporter oligo-
nucleotide probes conjugated to GNPs via DSNB linkers, which
would have a great impact on the formation of hybridization
complexes and therefore dramatically decrease the corre-
sponding sensitivity. Moreover, the disassociated reporter
oligonucleotide probes would bind to target sequences and
block the tethering of Reporter-GNPs to Capture-Au@MNPs,
resulting in less intensication of the SERS signal for target
detection.
Conclusions

In the work presented here, we have demonstrated a magnetic-
capture-based SERS assay for detection of microRNAs, in which
miR-141 was selected as target sequence and captured by
hybridization reactions with complementary probes conjugated
with Raman-active GNPs and Au@MNPs. SERS response to the
magnetically concentrated hybridization complexes, GNPs/miR-
141/Au@MNPs, featured high specicity to the target miR-141
sequence. QCM-D monitoring of the formation of hybridiza-
tion complexes on Au surfaces revealed the RNA/DNA interac-
tions involved in the specicity of miR-141 detection, and
positively correlated with recognition events interrogated by
SERS measurements. The recorded LOD of current SERS assay
is estimated to be 100 fM, a 100-fold improvement over the LOD
(10 pM) reported in a similar magnetic pull-down assay for
small DNA detection, but using nonplasmonic Silica@MNPs as
magnetic substrates. The enhanced detection sensitivity is
mainly due to the plasmonic Au shell of Au@MNPs that has
added benets of decreasing nonplasmonic iron oxide surfaces
in hybridization complexes and increasing the probability of
forming SERS hot spots with nearby nanostructured Au
contents.
This journal is © The Royal Society of Chemistry 2017
Although the LOD was not as low as those in earlier reports
using enzymes or oligonucleotides to trigger the target ampli-
cation, we believe further optimization of the plasmonic
activity of NPs should improve the detection limit to meet the
requirement of enzyme-free diagnostic settings. It will be of
interest in our future studies to investigate the dependence on
particle size and shape associated with surface plasmon reso-
nance and SERS enhancement in magnetic pull-down assays.
Additionally, as suggested by hybridization reactions conducted
in serum solutions, a reliable and reproducible SERS signaling
of clinical sample solutions will require SERS tags with
protection shells; that will prevent the serum-protein-induced
dissociation of Raman reporter molecules on the GNP surface.
Part of our ongoing work is to develop a SERS tag with protec-
tion shells, such as silica coating. Nevertheless, the simple
design of the current assay and the adaption of a microuidic
format provided opportunities to enable a rapid and affordable
point-of-care setting for detections of miRNAs, and potentially
of other biomolecular targets by constructing a series of
recognition probes.
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