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Abstract
The rapid analysis and detection of biomolecules has become increasingly important in biological research. Hence, here we
propose a novel suspension array method that is based on gold nanorod (AuNR)-enhanced Raman spectroscopy and uses micro-
quartz pieces (MQPs) as microcarriers. AuNRs and Raman reporter molecules are coupled together by Au–S bonds to obtain
surface-enhanced Raman scattering labels (SERS labels). The SERS labels are then assembled on the surfaces of the MQPs via
electrostatic interactions, yielding encoded MQPs. Experimental results showed that the encoded MQPs could be decoded using
a Raman spectrometer. A multiplex immunoassay experiment demonstrated the validity and specificity of these encoded MQPs
when they were used for bioanalysis. In concentration gradient experiments, the proposed method was found to give a linear
concentration response to the target biomolecule at target concentrations of 0.46875–30 nM, and the detection limit was
calculated to be 1.78 nM. The proposed method utilizes MQPs as carriers rather than conventional microbeads, which allows
the interference caused by the background fluorescence of microbeads to be eliminated. The fluorescence of the encoded MQPs
can be simply, rapidly, and inexpensively quantified using fluorescence microscopy. By dividing the quantitative and qualitative
detection of biomolecules into two independent channels, crosstalk between the encoded signal and the labeled signal is averted
and high decoding accuracy and detection sensitivity are guaranteed.
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Introduction

Labeled detection technology and label-free detection tech-
nology [1] are the main methods used to detect biomolecules
such as proteins and DNA. Due to recent advances in the life
sciences and analytical chemistry, methods permitting the
high-throughput detection of biomolecules are now urgently
required in the field of medical diagnostics [2–5]. Traditional
detection methods such as enzyme-linked immunosorbent as-
says (ELISAs) [6, 7] and chemiluminescence immunoassays
[8, 9] are expensive and only allow single-channel analysis.
On the other hand, encoded-microcarrier suspension arrays
have been found to be very effective methods for multiplex
detection, as they are relatively inexpensive, accurate, and
sensitive and can be employed for multichannel analysis
[10–13]. In these encoded-microcarrier suspension arrays,
microbeads are generally used as the microcarriers, and
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organic fluorescent dyes and quantum dots (QDs) are fre-
quently used as the encoding materials [14–16]. However,
although fluorescence-encoded microbeads are commonly
used in multiplex bioassays, the presence of these microbeads
complicates the decoding process to some extent due to the
ease with which organic fluorescent dyes are quenched and
the relatively wide fluorescence peaks of QDs. Thus, while
encoded-microbead suspension arrays have many advantages,
they also have many limitations.

Compared with fluorescence spectra, Raman spectra are
scattering spectra with high spectral resolutions, narrow peaks,
and good peak stability. Therefore, suspension arrays based on
Raman spectra should, in theory, be more attractive for real-
world applications than suspension arrays based on fluores-
cence spectra [17, 18]. However, the Raman signal intensity
is weak and the detection signal can sometimes be submerged
in the noise. Hence, it is necessary to enhance the Raman signal.
Some researchers have noted that nanometallic structures ex-
hibit plasmon resonance when an electric field is applied, great-
ly enhancing the signal from the Raman reporter molecules; this
is termed the surface-enhanced Raman scattering (SERS) effect
[19–22]. Paresh Chandra Ray et al. used gold nanoparticles to
create a SERS probe for the detection of trinitrotoluene [23]. In
order to maximize the intensity of the Raman signal, it is useful
to bind noble metal nanoparticles to the Raman reporter mole-
cules. For example, gold nanoparticles and Raman reporter
molecules coupled through Au–S bonds have been used for
the quantitative detection and analysis of IgG [24]. Compared
with traditional gold nanoparticles, the tunable longitudinal ex-
tinction peak and the lightning rod effect of AuNRs result in an
enhanced SERS signal [25]. Moreover, the findings of EI-
Sayed et al. indicate that AuNR aggregates enhance the SERS
signal more than gold nanosphere (AuNS) aggregates under
similar experimental conditions [26].

In this paper, we present a novel digital encoding method
that is based on AuNR-enhanced Raman spectroscopy and
uses micro-quartz pieces (MQPs) as microcarriers. Raman
reporter molecules were bound to AuNRs via Au–S chemical
bonds to form surface-enhanced Raman scattering labels
(“SERS labels”). Various SERS labels were then assembled
on the surfaces of MQPs through electrostatic interactions,
yielding SERS-label-encoded MQPs, and the Raman spectra
of these encoded MQPs were obtained using a Raman spec-
trometer. Finally, multiplex immunoassay experiments and
concentration gradient experiments were performed to ana-
lyze the qualitative and quantitative properties of the SERS-
label-encoded MQPs, and the detection limit of this novel
technique was obtained. In general, Raman spectra have
smaller peak half-widths than fluorescence spectra, which
provides more space for spectral encoding, thus improving
multichannel detection performance. The use of MQPs as car-
riers eliminates interference arising from background fluores-
cence, which is an issue when using polystyrene microbeads

as carriers. The AuNR-enhanced Raman signal and QD fluo-
rescence are used as the encoded signal and the labeled signal
respectively, effectively suppressing any crosstalk between
the encoded signal and labeled signal. Meanwhile, as the va-
riety of Raman reporter molecules present is increased, the
number of potential codes and thus the coding capacity in-
crease exponentially.

Materials and experiments

Experimental principle

First, a previously reported seed-mediated growthmethodwas
used to synthesize the AuNRs. Four Raman reporter mole-
cules with sulfhydryl groups were then selected. These report-
er molecules were dissolved completely and mixed with
AuNRs, leading to the formation of SERS labels via Au–S
bonds. Next, we modified the SERS labels with (3-
aminopropyl)triethoxysilane (APTES) to produce surface
amino groups. After centrifugation and washing, the SERS
labels exhibited positive potential. The MQPs were modified
with polyethyleneimine (PEI) and poly(sodium-p-
styrenesulfonate) (PSS), after which the surfaces of the
MQPs were negatively charged. The positively charged
SERS labels and the negatively charged MQPs were then
combined via electrostatic interactions to obtain the encoded
MQPs. Finally, the encodedMQPs were further modified with
glutaraldehyde to create aldehyde groups on their surfaces,
and IgGs were grafted onto the modified surfaces of the
encoded MQPs to act as bioprobes for detecting QD-labeled
analytes. Multiplex immunoassay experiments were per-
formed to demonstrate the applicability of this novel suspen-
sion array method in biomedicine. Raman decoding of the
encoded MQPs was implemented to determine the type of
Raman reporter molecules present, and qualitative detection
of the analyte was carried out. Fluorescence measurements of
the encoded MQPs were conducted, and the analyte was de-
tected quantitatively based on the fluorescence intensity. A
schematic of the synthesis and detection of the encoded
MQPs is shown in Fig. 1.

Materials

Hydrogen tetrachloroaurate(III) hydrate (HAuCl4·3H2O) and
cetyltrimethylammonium bromide (CTAB) were purchased
from Sigma–Aldrich (St. Louis, MO, USA). Sodium borohy-
dride (NaBH4) was purchased from Damao Chemical Reagent
Factory (Tianjin, China). Silver nitrate (AgNO3) was purchased
from SinopharmChemical Reagent Co., Ltd. (Shanghai, China).
Ascorbic acid (AA) was purchased from Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). Polyethyleneimine
(PEI), poly(sodium-p-styrenesulfonate) (PSS), (3-
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aminopropyl)triethoxysilane (APTES), 2-naphthalenethiol (2-
NT), 4-chlorothiophenol (4-CBT), 4-mercaptophenol (4-HBT)
and 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) were purchased
from Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Phosphate-buffered saline (PBS) was purchased from
Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China). Sodium chloride (NaCl) was purchased from Tianjin
Zhiyuan Reagent Co., Ltd. (Tianjin, China). Non-protein
blocking solution was purchased from Beijing Bai’aolaibo
Technological Development Corporation (Beijing, China).
Three types of IgGs (mouse, rabbit, and human) were purchased
from Bioss Biotechnology (Beijing, China). Three types of QD-
labeled anti-IgGs (goat anti-mouse IgG labeled with 565-nm
QDs, goat anti-rabbit IgG labeled with 585-nm QDs, and goat
anti-human IgG labeledwith 610-nmQDs)were purchased from
NajingTech Co., Ltd. (Hangzhou, China).

Characterization

Scanning electron microscopy (SEM) was performed with a
Supra 55 instrument (Carl Zeiss, Jena, Germany).
Transmission electron microscopy (TEM) was carried out with
an FEI (Hillsboro, OR, USA) Tecnai Spirit T12. Zeta potentials
were measured on a Zetasizer Nano ZS90 (Malvern
Instruments, Malvern, UK). Raman spectra were recorded
using a confocal Raman microscope (LabRAM HR800,
HORIBA, Kyoto, Japan) with a 50× microscope objective
and laser-induced excitation at 785 nm. The acquisition time
was 5 s, and two repetitions were performed per spectrum. The

laser power of the Raman microscope used in the acquisition
was 7.8 mW, and the spectral resolution was 2 cm−1.

Synthesis of gold nanorods

CTAB-stabilized AuNRs were synthesized using a previously
reported seed-mediated growth method that involves seed
synthesis and continuous seed growth [27, 28]. In brief,
4 mL of 100 mM CTAB solution, 40 μL of 24.28 mM
HAuCl4, and 24 μL of 100 mM NaBH4 freshly prepared in
ice water were added to a 50-mL round-bottom flask and
stirred for 90 s to prepare the AuNR seed solution. The growth
solution was prepared by adding 20 mL of 0.2 M CTAB
solution, 400 μL of 24.28 mM HAuCl4 solution, 150 μL of
5 M HCl, as well as 50 μL of 40 mM AgNO3 solution and
160 mL of 0.1 M AA to a 50-mL round-bottom flask at inter-
vals of 2 min. The AgNO3 was added to adjust the aspect ratio
of the synthesized AuNRs. Lastly, 28 μL of the seed solution
were added to the growth solution and the mixture was stirred
for 30 s. Finally, the flask was left standing in an incubator at
30 °C for 12 h, during which time the mixture turned blue,
indicating the formation of AuNRs. For more information on
this, please refer to the section “The synthesis of gold nano-
rods” in the “Electronic supplementary material” (ESM).

Synthesis of surface-enhanced Raman scattering
labels

SERS labels were obtained by coupling the Raman reporter
molecules with AuNRs via Au–S chemical bonds (see the

Fig. 1 Principle of the novel digital encoding method that is based on AuNR-enhanced Raman spectroscopy and uses micro-quartz pieces (MQPs) as
microcarriers, and the procedure employed to synthesize the encoded MQPs
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“Synthesis of surface enhanced Raman scattering labels” sec-
tion in the ESM) [29, 30]. Firstly, 10 mL of freshly synthe-
sized AuNRs were centrifuged twice and redispersed in 1 mL
of ethanol for subsequent use. A certain mass of Raman re-
porter molecules was then weighed and dissolved in 2 ml of
ethanol at a concentration of 0.3 mol/L. After the Raman re-
porter molecules had completely dissolved, they were mixed
with the AuNRs that had been dissolved in ethanol for 2 h.
This mixture was left to stand overnight in a fume hood to
allow the Raman reporter molecules to bind to the AuNRs and
thus obtain SERS labels. In this work, we used four different
Raman reporter molecules: 2-NT, 4-CBT, 4-HBT, and DTNB.
Au–S chemical bonds formed spontaneously between the se-
lected sulfhydryl Raman reporter molecules and the AuNRs.
After the mixture had been left overnight, the supernatant was
removed and the precipitate was washed by centrifugation
several times to acquire the SERS labels. A comparison of
the results of standard Raman spectroscopy and enhanced
Raman spectroscopy using the four Raman reporter molecules
is shown in Fig. S1 of the ESM.

Conjugation of the SERS labels and micro-quartz
pieces

In our experiments, micro-quartz pieces (MQPs) about
100 μm in side length were used as microcarriers. The
MQPs and the SERS labels were combined via electrostat-
ic interactions (see the “Conjugation of SERS labels and
micro-quartz pieces” section in the ESM). Briefly, this ex-
perimental process involved three specific operations.
First, the SERS labels were functionalized by mixing them
with 3 mL of a 50% (v/v) APTES ethanol solution for 2 h
at room temperature to obtain amino-functionalized SERS
labels with positively charged surfaces [31]. After
centrifuging twice and removing the supernatant, the pre-
cipitate was dissolved in 1 mL of deionized water and
saved for subsequent use. Second, the MQPs (5000 pieces)
were modified by a layer-by-layer self-assembly method.
Specifically, the MQPs were soaked in piranha solution to
have hydroxyl groups on its surface and enhance the hy-
drophilicity, and then washed with deionized water to re-
move the piranha solution. Next, the MQPs were dispersed
in 1.5 mL of 6.7 mmol/L PEI solution (4 mg / mL, 0.5 M
sodium chloride solution) and stirred for 1 hour to ensure
that the MQPs were positively charged. After washing with
deionized water five times, the MQPs were redispersed in
1.5 mL of 0.025 mmol/L PSS solution (2 mg/mL, 0.5 M
sodium chloride solution) and stirred for 1 h to create a
negatively charged surface environment. Then, the MQPs
were redispersed in 500 μL of deionized water and amino-
functionalized SERS labels were added. Third, the mixture
solution was stirred at room temperature for 1.5 h to obtain
the final SERS-label-encoded MQPs. It is worth noting

that the positively charged surfaces of the SERS labels
allowed them to react directly with the MQPs, which had
negatively charged surfaces. The time required from the
start of the synthesis of the AuNRs to the final synthesis
of encoded MQPs was 25.5–27.5 h

Application of SERS-label-encoded MQPs
to the detection of target biomolecules

In order to demonstrate the potential of the SERS-label-
encoded MQPs for high-throughput biomolecule detec-
tion, we grafted probe molecules onto the surfaces of
the encoded MQPs and carried out a series of antigen–
antibody binding experiments [32, 33]. The three Raman
reporter molecules we used in these experiments were 2-
NT, 4-CBT, and DTNB, which were combined in differ-
ent ways. In the multiplex immunoassay experiments, we
prepared three different types of SERS-label-encoded
MQPs: MQPs-AuNRs-DTNB (“MQPs1”), MQPs-
AuNRs-(2-NT) (“MQPs2”), and MQPs-AuNRs-(DTNB+
4-CBT) (“MQPs3”). These three kinds of encoded MQPs
were then mixed with 1.5 mL of a 5% glutaraldehyde
[34, 35] solution for 1 h at room temperature and washed
with PBS solution. Thereafter, 200 μL of rabbit IgG
(1 mg/mL), 200 μL of mouse IgG (1 mg/mL), or
200 μL of human IgG (1 mg/mL) were added to the
three types of encoded MQPs, respectively, and the mix-
tures were stirred at 37 °C for 2 h in an incubator. After
completing the reaction, they were washed several times
with PBS solution before 1.5 mL of non-protein blocking
solution were added and the mixtures were stirred for 8 h
at 4 °C in order to block the amino groups that did not
participate in the reaction. Finally, QD-labeled anti-IgGs
(25 nM goat anti-mouse IgG labeled with 565-nm QDs,
15 nM goat anti-rabbit IgG labeled with 585-nm QDs,
and 8 nM goat anti-human IgG labeled with 610-nm
QDs) were mixed with PBS solution to create a sample,
and the three types of IgG-conjugated MQP solutions
were simultaneously added to the sample and allowed
to react with the QD-labeled anti-IgGs in an incubator
at 37 °C for 1 h. To remove the unreacted QD-labeled
anti-IgGs, the MQPs were washed with PBS solution
several times and redispersed in deionized water. To as-
sess the concentration response of the encoded MQPs,
we performed a concentration gradient experiment. For
quantitative analysis, goat anti-mouse IgG labeled with
565-nm QDs was used as the analyte at concentrations
of 0, 0.46875, 0.9375, 1.875, 3.75, 7.5, 15, and 30 nM
in order to demonstrate the concentration response of
MQPs1. For more information about this, refer to the
“Application of SERS labels encoded MQPs in biomol-
ecule detection” section of the ESM.
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Results and discussion

Characterization of the AuNRs
and the SERS-label-encoded MQPs

The nanoparticles we used in the experiment were AuNRs, and
TEM and SEM images of the AuNRs we synthesized are
shown in Fig. 2a. It is clear from this image that the AuNRs
have a rod-like structure, and they are arranged neatly and
compactly before they are reacted with other chemical sub-
stances. Figure 2b shows a SEM image of blank MQPs at
low magnification. The image shows the square structure of
the MQPs. Figure 2c illustrates the electrical properties of the
SERS labels in aqueous solution. From the histograms shown
in the figure, it is clear that the APTES-modified SERS labels
are positively charged. A TEM image of APTES-coated
AuNRs is shown in the ESM (Fig. S3). In previous studies,
PEI and PSS have often been used as cationic surfactants and
anionic surfactants, leading to a positively or negatively
charged surface of the material being modified. In our experi-
ments, the surfaces of the MQPs were modified with PEI and

then PSS, leading to negatively charged MQP surfaces. We
found that SERS labels can be assembled on the surfaces of
these negatively charged MQPs. When the AuNRs were com-
bined with the four Raman reporter molecules and assembled
on the surfaces of the MQPs via electrostatic interactions, we
obtained 15 types of SERS-label-encodedMQPs. SEM images
of three types of encoded MQPs are shown in Fig. 2d–f.
Figure 2d shows a SEM image of DTNB-encoded MQPs,
which were obtained by combining DTNB with AuNRs and
assembling the resulting SERS labels on the surfaces of MQPs.
Figure 2e shows a SEM image of the (DTNB + 4-HBT)-
encoded MQPs, obtained by simultaneously reacting DTNB
and 4-HBT with AuNRs and combining the resulting SERS
labels with MQPs. Figure 2f presents a SEM image of
(DTNB + 4-CBT + 4-HBT)-encoded MQPs, which were ac-
quired by simultaneously assembling DTNB, 4-CBT, and 4-
HBT on the surfaces of AuNRs to form SERS labels, and then
combining these SERS labels with MQPs. The above results
and analysis confirm that SERS labels can be assembled on the
surfaces of the MQPs, and that the synthesis of SERS-label-
encoded MQPs using our method is feasible and effective.

Fig. 2 a TEM image of AuNRs
(scale bar: 100 nm). The inset
shows a SEM image of AuNRs
(scale bar: 100 nm). b SEM
image of the initial MQPs at low
magnification. c The zeta
potentials of various SERS labels.
d SEM images of DTNB-encoded
MQPs at different magnifications.
e SEM images of (DTNB + 4-
HBT)-encoded MQPs at different
magnifications. f SEM images of
(DTNB + 4-CBT + 4-HBT)-
encoded MQPs at different
magnifications
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Raman spectra and digital transformation
of the SERS-label-encoded MQPs

Using the four different Raman reporter molecules and combi-
nations of them, we prepared 15 different types of SERS-label-
encoded MQPs, which were examined by optical microscopy
and characterized by confocal Raman microscopy. These four
Raman reporter molecules were 4-HBT, DTNB, 2-NT, and 4-
CBT, and the Raman spectra and structural formulae of these
molecules are presented in Fig. 3a and d. The shaded regions of
the curves in Fig. 3a indicate characteristic peaks of these four
Raman reporter molecules, which are located at 390, 1330,
1380, and, 344 and 536 cm−1, respectively (the positions of
these characteristic peaks are also provided in Fig. 3d). These
peaks can be used to distinguish between the four Raman re-
porter molecules, so long as the peaks are separated by at least
20 cm−1 in the Raman spectrum. The four Raman reporter
molecules were mixed in different ways and combined with
AuNRs to obtain SERS labels, which yielded 15 types of
SERS-label-encoded MQPs. The 15 Raman spectra for these
15 types of encoded MQPs are shown in Fig. 3a–c.

We created a digital transformation map and obtained 15
sets of binary digit sequences [36] that could be used to dis-
tinguish the encoded MQPs. Color shading is used in Fig. 3a–
c to indicate the position(s) of a characteristic peak (or multi-
ple such peaks) in the Raman spectra of the encoded MQPs.
“1” was used to denote that a particular characteristic peak
was present in the Raman spectrum, whereas “0” indicated
the absence of that peak. It should be noted that the number
of possible codes increases exponentially with the number of
encoding materials when this coding and digital conversion
method is applied. Suppose we use n encoding materials, then
the number of potential codes can be obtained using the fol-
lowing formula:

w ¼ C1
n þ C2

n þ…þ Cn
n ¼ 2n−1:

Here, w is the number of possible codes. In practical
applications, the number of available codes is actually
lower than w due to, for example, background peaks;
however, the approximately exponential increase in the
number of codes with n can still provide sufficiently

Fig. 3 a Typical Raman spectra (left) of MQPs encoded with four kinds
of Raman reporter molecules and their corresponding binary digit
sequences (1000, 0100, 0010, 0001; right). b Raman spectra (left) of
MQPs encoded with two types of Raman reporter molecules and their
corresponding binary digit sequences (1100, 1010, 1001, 0110, 0101,
0011; right). c Raman spectra (left) of MQPs encoded with three or four

types of Raman reporter molecules and their corresponding binary digit
sequences (1110, 1101, 1011, 0111, 1111; right). d The structural
formulae of the four kinds of Raman reporter molecules, and selected
characteristic peaks for those molecules. All Raman spectra were
subjected to baseline removal and normalization
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large coding libraries to enable high-throughput biomol-
ecule detection based on Raman spectral features, so this
approach is widely used in multichannel analysis and
detection. Figure 3a shows the Raman spectra of MQPs
encoded with one type of Raman reporter molecule plus
AuNRs, as well as the binary sequence obtained by dig-
ital conversion method; Fig. 3b shows the same for
MQPs encoded with mixtures of two kinds of Raman
reporter molecules plus AuNRs. It can be seen in Fig.
3b that the spectra obtained from the encoded MQPs
contain characteristic peaks of two types of Raman re-
porter molecules. Six binary digit sequences were obtain-
ed in this case: 1100, 1010, 1001, 0110, 0101, and 0011.
The Raman spectra obtained when MQPs were encoded
with mixtures of three or four Raman reporter molecules
plus AuNRs, leading to five SERS labels, are shown in
Fig. 3c, as are the corresponding binary digit sequences.
(Note that the spectrum of MQPs encoded with DTNB,
2-NT, and 4-HBT plus AuNRs is provided in Fig. S2 of

the ESM.) In Fig. 3c, we can clearly distinguish the
characteristic peaks of the encoded MQPs, allowing us
to infer the Raman reporter molecules present.

Taking the spectral detection of 4-CBT-encoded MQPs as
an example, we obtained Raman spectra at multiple test points
in the same sample, which the test points of the samples were
randomly selected on the surface of the MQPs, as Fig. 4
shows. It is clear that the characteristic peaks of 4-CBT at
344 cm−1 and 536 cm−1 can be seen in all of the Raman
spectra obtained at 12 positions in the sample. Thus, the spec-
trum of the encoded MQPs shows excellent reproducibility,
and the results indicate that our method is effective.

Application of SERS-label-encoded MQPs
to biomolecule detection

To further demonstrate the feasibility of using encodedMQPs for
biomolecule detection, we prepared three different types of
SERS-label-encoded MQPs for multiplex protein detection:
MQPs1 (MQPs-AuNRs-DTNB), MQPs2 (MQPs-AuNRs-(2-
NT)), and MQPs3 (MQPs-AuNRs-(DTNB+4-CBT)), which
bind to mouse IgG, rabbit IgG, and human IgG, respectively.
We also prepared a sample containing three different QD-
labeled anti-IgGs: goat anti-mouse IgG labeled with 565-nm
QDs, goat anti-rabbit IgG labeled with 585-nm QDs, and goat
anti-human IgG labeled with 610-nm QDs. The three types of
IgG-grafted encoded MQPs were then added to the sample so-
lution and left to react for a period of time. The reacted MQPs
were placed on a glass slide and examined via fluorescence mi-
croscopy; see Fig. 5a. Figure 5b is a photograph obtained under a
Raman microscope of the same reacted MQPs shown in Fig. 5a.
The decoded Raman spectra for the three MQPs circled in
Fig. 5b are shown in Fig. 5c. Note that the colors used for the
Raman spectra correspond to the colors of the circles in Fig. 5b:
the red, blue, and black circles indicateMQPs containingDTNB,
2-NT, andDTNB+ 4-CBT, respectively. These Raman decoding
results are consistent with the labeled antibody species, indicating
that the encodedMQPs can capture specific antibodies, as shown

Fig. 4 Comparison of the characteristic peak positions (344 cm−1 and
536 cm−1) in Raman spectra of 4-CBT-encoded MQPs obtained at 12
points within the same sample

Fig. 5 a Fluorescence microscopy image of a mixed suspension array used in multiplexed analysis. b Raman microscopy image of the same mixed
suspension array. c Decoded Raman spectra of three of the reacted MQPs (circled)

Gold-nanorod-enhanced Raman spectroscopy encoded micro-quartz pieces for the multiplex detection of... 5515



in Fig. 5. Therefore, biomolecules can be specifically detected by
encoded MQPs synthesized using our method.

The ability of the fluorescence imaging pathway to perform
quantitative analysis was confirmed by carrying out concentra-
tion gradient experiments. We selected goat anti-mouse IgG la-
beled with 565-nm QDs as the analyte to be quantitatively ana-
lyzed at concentrations of 0, 0.46875, 0.9375, 1.875, 3.75, 7.5,
15, and 30 nM in order to verify the concentration response of a
MQPs1-based suspension array. The results of the concentration
gradient experiment (5000 MQPs were used with each concen-
tration of analyte) are shown in Fig. 6. Figure 6a–h show fluo-
rescence images of a group of analyte-bound MQPs1. We can
see that the average fluorescence intensity of the image decreases
in the order a–h, and the analyte concentrations that yield the
eight images are 30, 15, 7.5, 3.75, 1.875, 0.9375, 0.46875, and
0 nM, respectively. Figure 6i shows a plot of the average fluo-
rescence intensity of the reacted MQPs versus the analyte con-
centration, along with a linear fit to the data points. We can see
that the average measured fluorescence intensity of the MQPs
varies linearly with analyte concentration within a certain con-
centration interval. The detection limit, obtained by calculating
three times the standard deviation and using the fluorescence
intensity of the blank sample, was calculated to be 1.78 nM.
We know that there is a correlation between the detection limit
and the fluorescence intensity of the label. Utilizing QD labels

with higher quantum yields allows us to access lower detection
limits and better performance.

Conclusions

In conclusion, we developed a facile andmultiplex digital coding
method based on the use of AuNR-enhanced Raman spectros-
copy and MQPs to achieve the detection of biomolecules. We
utilized four kinds of Raman reporter molecules to obtain 15
different coding combinations and 15 binary digit sequences of
the encodedMQPs. Because the Raman spectrum is independent
of the fluorescence spectrum, crosstalk between the encoded
signal and the label signal can be avoided. The use of MQPs as
carriers can also eliminate interference from background fluores-
cence, which is an issue when using polystyrene microbeads for
example. In addition, quantifying the fluorescence of MQPs
using fluorescence microscopy has the advantages of being sim-
ple, fast, and inexpensive. At the same time, the number of codes
increases exponentially as more and more types of Raman re-
porter molecules are included, thus augmenting the coding ca-
pacity. Therefore, it is feasible to utilize this method to achieve
the multiplex detection of proteins, meaning that the method has
good potential real-world applicability and could be applied to
biomolecule detection.

Fig. 6 a–h Images showing the
fluorescence generated by the
reaction of the analyte with
MQPs1 at analyte concentrations
of 30, 15, 7.5, 3.75, 1.875,
0.9375, 0.46875 and 0,
respectively. Size of field of view:
1.26 mm× 1.26 mm. g
Concentration–response curve for
the reacted MQPs1
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