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Abstract
A dual-mode immunoassay strategy based on CdS nanoparticles as signal probes with both of photoluminescent (PL) and 
multi-phonon resonance Raman scattering (MRRS) properties was developed. Simplified structural design and preparation 
were achieved due to the intrinsic integration of PL and MRRS dual signals in the single-unit CdS nanoprobes. Human 
immunoglobulin G (HIgG) was sensitively and specifically detected using the proposed PL-MRRS dual-mode strategy. The 
linear relationship between the HIgG concentration and the intensity of 707 nm PL peaks/300 cm−1 MRRS peaks under the 
excitation of 488 nm laser was established. The limit of detection was 0.93 fg mL−1 for PL and 1.10 fg mL−1 for MRRS. 
In comparison with previous IgG detection methods, the proposed method exhibited prominent advantages in detection 
sensitivity and working range with good stability and repeatability. An internal self-calibration was realized which ensured 
the accuracy and reliability of detection results. Both results of specificity experiments and serum sample analysis further 
confirmed the feasibility of the designed immunoassay strategy in practical serological detection.
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Introduction

The outbreak of major diseases and public health emergen-
cies has seriously threatened the public health, economy 
development, and society stability. As the most recent 
example, the terrible influence of coronavirus disease 2019 
(COVID-19) is still ongoing [1, 2]. The variation of antigen 
level plays a pivotal role in the judgment of disease progres-
sion and evaluation of treatment effect [2–5]. Human IgG 
(HIgG), as the main component of serum protein, is the main 
force against viruses and important biomarker of various 

autoimmune diseases. Its detection is thus of great signifi-
cance for the early diagnosis, mass screening, and prognosis 
monitoring [6–8].

The optical methods, such as colorimetric and photolumi-
nescent (PL) strategies, are the mainstream in biodetection 
[9, 10]. Although the excellent performances like bare eye 
identification and high sensitivity have been well obtained, 
the single-mode strategies based on the single optical signal 
are usually challenged by accuracy due to the susceptibility 
to the external interferences [11, 12]. Combining two signals 
as the dual-mode detection strategy attracts much focus on 
account of the internal verification [13–16]. The dual-mode 
methods including PL/surface-enhanced Raman scattering 
(SERS) [17], colorimetry/PL [18], and colorimetry/SERS 
[19] methods have been developed for HIgG detection. How-
ever, those methods integrate two or more functional materi-
als by multifarious steps to obtain the dual signals, which 
may affect the uniformity or stability of the signals and limit 
the reproducibility of detection [11]. Hence, to reasonably 
design and develop the dual-mode nanoprobes with simple 
structures and components is an important issue.

Semiconductor nanomaterials possess outstanding 
PL property which makes them superior to design the 
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nanoprobes [20, 21]. Besides that, some of them have strong 
electron–phonon interaction which endows them with multi-
phonon resonant Raman scattering (MRRS) property [22]. 
Our previous work has confirmed that the MRRS signals are 
highly stable and can be used in sensitive biodetection [23, 
24]. Utilizing the semiconductor nanomaterials as signal 
carriers of PL and MRRS to design the dual-mode detection 
strategy may be a solution to simplify the preparation proce-
dures and perform the dual-mode detection with good repro-
ducibility. As a typical II–VI semiconductor material, CdS 
shows prominent performance in the field of biolabeling and 
biodetection [25, 26]. More importantly, the bandgap of CdS 
is 2.42 eV which is in accordance with the energy of 488 nm 
(2.54 eV) laser. Under the illumination of 488-nm laser, CdS 
exhibits PL and MRRS properties [27, 28], making it suit-
able for the design of dual-mode nanoprobe. Nevertheless, 
there have been no related reports on the PL/MRRS dual-
mode strategy using CdS nanoparticles, which may result 
from that the PL property of CdS is impressive while the 
MRRS is ignored.

Herein, the CdS nanoparticles with PL and MRRS prop-
erties were synthesized by a hydrothermal method. The 
onerous design and integration of functional materials were 
avoided and the signal verification capability was remained. 
The PL and MRRS dual-mode detection strategy was devel-
oped for HIgG detection. The feasibility and practical value 
were illustrated by the serum HIgG detection.

Materials and methods

Chemicals

The chemicals used in experiments are described in the 
“Supplementary information.”

Preparation of CdS nanoparticles

The CdS nanoparticles were prepared according to the 
reported work [29, 30], and the preparation processes have 
been put in the Supplementary Information.

Preparation of PL‑MRRS nanoprobes

The N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride/N-hydroxysulfosuccinimide sodium salt 
(EDC/NHS) crosslinking method was used to couple CdS 
nanoparticles with the antibodies. The ultrasonically redis-
persed CdS morpholine ethanesulfonic acid (MES) disper-
sion (1 mL, 80 μg mL−1) was mixed with 0.5 mL EDC/
NHS (0.1 M/0.02 M) MES solution (pH = 5.6, 0.05 M) and 
shaken at 25 °C for 30 min. Subsequently, the dispersion was 
incubated with goat anti-human IgG (40 μg mL−1, 1 mL) at 

37 °C for 1 h. Bovine serum albumin (BSA, 100 μg mL−1, 
40 μL) was added, and the mixture was further incubated 
at 37 °C for 30 min to block unbound sites. The product 
was centrifuged (6000 rpm, 5 min) for three times and then 
dispersed in 1 mL deionized water.

Construction of the immunoassay protocol

The immunoassay strategy is illustrated in Fig. 1. The nano-
probes were incubated with HIgG at different concentra-
tions using a shaker at 37 °C for 1 h. The blank control 
samples were obtained without adding HIgG in the prepara-
tion process. Sequentially, the complexes were centrifuged 
and washed with phosphate buffer saline (PBS) for three 
times and redispersed into 1 mL PBS. The gold-coated 
silicon wafers were soaked in thioctic acid ethanol solu-
tion (10 mg mL−1) for 6 h, rinsed with ethanol and blown 
dry. Then, they were immersed in EDC/NHS MES solution 
for 30 min, washed with deionized water and blown-dried. 
Finally, the substrates were soaked in goat anti-human IgG 
(20 μg mL−1), incubated at 37 °C for 1 h and soaked in BSA 
(100 μg mL−1) for 20 min to block the remaining binding 
sites.

The substrates were immersed in the nanoprobe/HIgG 
complex dispersion and the mixture was shaken at 37 °C for 
1 h, washed with deionized water and blow-dried. The final 
substrates were stored at 4 °C in dark conditions before the 
PL and MRRS spectral tests.

Evaluation of selectivity and specificity

A number of blood disruptors including HIgA, HIgM, uric 
acid (UA), glucose (GLU), and lysozyme (LYS) were used to 
evaluate the selectivity and specificity of as-proposed immu-
noassay strategy for HIgG detection. These disruptors (each 
of 10 μg mL−1) were in place of or mixed with analyte HIgG 
(100 pg mL−1) during immunoassay.

Detection of HIgG in serum samples

HIgG solution was replaced with serum samples for test-
ing to verify the practical potential of as-proposed detec-
tion strategy. Serum samples were firstly analyzed using 
commercial ELISA kits (Shanghai Fanke Industrial Co., 
Ltd) to detect the HIgG content. Then, they were diluted to 
obtain following concentrations: 10 fg mL−1, 50 fg mL−1, 
10 pg mL−1, 50 pg mL−1, and 50 ng mL−1. The other pro-
cesses of the immunoassay protocol constructing were the 
same. The serum sample analysis was conducted under the 
guidance of the Ethics Committee of Northeast Normal 
University.
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Characterization

The characterization information is described in the “Sup-
plementary information.”

Results and discussion

Characterization of CdS nanoparticles

The structure and morphology of CdS nanoparticles pre-
pared by the hydrothermal method were characterized by 
XRD and TEM. As shown in Fig. 2a, the characteristic peaks 
of as-prepared samples at 26.5°, 44.0°, 52.1°, 64.0°, 70.4°, 
and 72.8° corresponded to (111), (220), (311), (400), (331), 
and (420) crystal planes of cubic sphalerite CdS (JCPDS 
10–0454), respectively. It indicates the successful prepara-
tion of CdS. The TEM image of CdS nanoparticles is shown 
in Fig. 2b. It can be seen that the particle size was about 
7.2 ± 0.6 nm.

Properties of CdS nanoprobes

CdS nanoprobes were obtained by coupling goat anti-human 
IgG to CdS nanoparticles via the EDC/NHS crosslinking 
method. The PL and MRRS properties of CdS nanoprobes 
were verified by using a 488-nm laser as the excitation 
light source. The PL spectrum of nanoprobes is shown in 
Fig. 2c. A weak emission peak centered at 526 nm and a 
relatively strong one at 707 nm can be observed. Under the 

irradiation of 488-nm laser, four-order longitudinal optical 
(LO) phonon scattering signals which arise from the intrin-
sic electron–phonon coupling were observed at 300 cm−1, 
601 cm−1, 902 cm−1, and 1203 cm−1, respectively (Fig. 2d). 
The equal peak intervals between each LO line were easy 
to be recognized. The strongest PL peaks at 707 nm and 
MRRS peaks at 300 cm−1 were hence taken as the quan-
tification signals. These results validated the superior PL 
and MRRS performances of nanoprobes, which provided a 
crucial prerequisite for the construction of PL-MRRS dual-
mode immunoassay strategy.

Optimization of immunoassay conditions

In order to achieve the superior immunoassay, the key 
experimental parameters including the nanoprobe concen-
tration, incubation time of nanoprobes with analytes, the 
incubation temperature and time of nanoprobes/analytes 
mixture with substrates were optimized. As seen in Fig. S1, 
the optimal condition for dual-mode detection can be set at 
21.5 μg mL−1, 60 min, 37 ℃, and 60 min.

Assay performance of the proposed dual‑mode 
immunoassay strategy

Under the optimal experimental conditions, the assay per-
formance of as-proposed dual-mode immunoassay strategy 
was evaluated by using HIgG as the target. The PL and 
MRRS dual-readout signals were collected on the same 
apparatus (a Raman spectrometer with 488-nm laser), 

Fig. 1   Schematic diagram of the 
proposed immunoassay strategy
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which is in favor of improving the cost efficiency and 
convenience for the comparison between diverse modes. 
As shown in Fig. 3a, the PL peak intensity at 707 nm 
gradually increased with the increase of HIgG concen-
tration. The correlation of PL peak intensity with the 
logarithm of HIgG concentration had excellent linearity 
from 2 fg mL−1 to 100 ng mL−1 with a regression equation 
of y = 787.75LogcHIgG + 58.17 (R2 = 0.998), as shown in 
Fig. 3b. The limit of detection (LOD) was 0.93 fg mL−1 
according to the 3σ/slope rule. As the MRRS detection 
spectra (Fig. 3c) shows, the intensity of MRRS increased 
with the increase of HIgG concentration. And in Fig. 3d, 
the linear correlation range of MRRS peak intensity at 
300 cm−1 with the logarithm of HIgG concentration was 
from 5 fg  mL−1 to 100 ng  mL−1. The LOD was calcu-
lated to be 1.10 fg mL−1 while a regression equation of 
y = 707.56LogcHIgG + 0.08 (R2 = 0.999) was obtained. The 
performance of the proposed dual-mode immunoassay 
strategy was compared with other reported IgG detection 
methods, and the results are shown in Table 1. It is not 
hard to find that the proposed dual-mode immunoassay 
strategy was comparable to some previous work in both 

LOD and detection range. Additionally, the CdS nano-
particles as the single-unit probe with dual signals effec-
tively avoid the multiple-step integration of the signal tags, 
which may have positive effect on improving the reproduc-
ibility of the results [31].

Various interferences are important factors affect-
ing the accuracy of detection results. So as to evaluate 
the selectivity and specificity of as-proposed dual-mode 
immunoassay strategy, the experimental investigations 
were conducted using biological substances commonly 
found in human body fluids such as HIgA, HIgM, UA, 
GLU, and LYS as interferences. Each interference was 
taken to replace or mix with HIgG for the dual-mode 
immunoassay, and the concentration of each one was set 
at 10 μg mL−1 while that of HIgG was 100 pg mL−1. As 
shown in Fig. 4, PL and MRRS intensities of the only-
interference-contained samples were close to those of the 
blank control samples. While the interference was mixed 
with HIgG, PL and MRRS intensities were nearly equal 
to that of pure HIgG sample. These results revealed the 
satisfactory selectivity and specificity of the dual-mode 
immunoassay strategy.

Fig. 2   a XRD pattern and b 
TEM image of CdS nanoparti-
cles. c PL and d MRRS spectra 
of CdS nanoprobes under the 
illumination of the 488-nm laser
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Stability and reproducibility assessment

The stability and reproducibility are the decisive criteria for 
the practical development of as-proposed dual-mode immu-
noassay strategy. They were evaluated by constructing the 
detection strategy using 5 parallel systems prepared in the 

same batch and different batches. Additionally, one detec-
tion system with HIgG concentration at 100 pg mL−1 was 
tested after storing for 4 weeks. In each test process, the PL 
and MRRS detection were repeated 30 times for the calcu-
lation of error bars. The detection results of PL and MRRS 
modes showed no distinct fluctuation as it can be seen in 

Fig. 3   a PL spectra of the dual-
mode immunoassay with HIgG 
concentrations from 2 fg mL−1 
to 100 ng mL−1. b The linear 
relationship between PL peak 
intensity at 707 nm and loga-
rithms of HIgG concentration 
from 2 fg mL−1 to 100 ng mL−1. 
c MRRS spectra of the dual-
mode immunoassay with HIgG 
concentrations from 5 fg mL−1 
to 100 ng mL−1. d The linear 
relationship between 1LO 
peak intensity at 300 cm−1 and 
logarithms of HIgG concentra-
tion ranging from 5 fg mL−1 to 
100 ng mL−1. PL and MRRS 
tests were carried out under a 
488-nm laser

Table 1   Comparison of the strategy in this work with reported IgG detection

* FL fluorescence; EC electrochemistry; PEC photoelectrochemistry; CL chemiluminescence
** GOQDs graphene oxide quantum dots; PEDOT poly (3,4-ethylenedioxythiophene); MSNs mesoporous silica nanospheres; LuReGNPs lumi-
nol-reduced gold nanoparticles; 4-MBA 4-mercaptobenzoic acid

Methods* Materials** Linear range LOD Ref

FL GOQDs 1–105 pg mL−1 0.21 pg mL−1 [9]
EC AuNRs/Ferrocene 0.1 fg mL−1–100 ng mL−1 0.1 fg mL−1 [32]
EC MSNs/CdS 10 pg mL−1–100 ng mL−1 2.9 pg mL−1 [27]
PEC ZnS-HgS 10 pg mL−1–50 ng mL−1 3.9 pg mL−1 [33]
Colorimetry-CL LuReGNPs – – [34]

0.1–100 ng mL−1 33 pg mL−1

Colorimetry-SERS 4-MBA, Ag@Au Nanoparticles – – [35]
1 pg mL−1–100 ng mL−1 0.52 pg mL−1

SERS-FL Au@Ag, 4-MBA, CdTe 0.1 pg mL−1–1 μg mL−1 0.1 pg mL−1 [18]
0.1 pg mL−1–1 μg mL−1 –

PL-MRRS CdS NPs 2 fg mL−1–100 ng mL−1 0.93 fg mL−1 This work
5 fg mL−1–100 ng mL−1 1.10 fg mL−1
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Fig. 5 and Fig. 6. This shows that the strategy had satis-
factory stability and reproducibility. These results provided 
the dual-mode immunoassay strategy a guarantee for further 
practical research.

Detection of HIgG in human serum samples

Eventually, the serum sample containing a specified concen-
tration of HIgG was used for a recovery experiment to assess 

the usefulness of the dual-mode immunoassay strategy. The 
results are summarized in Table 2. The recovery of PL mode 
ranged from 100 to 101% with relative standard deviation 
(RSD) in the range of 0.99 to 2.27%. Meanwhile, the recov-
ery of MRRS mode was situated in the range of 99.2 to 
101% with the RSD located in the scope of 1.34 to 2.47%. 
These results confirmed the applicability of the dual-mode 
immunoassay strategy in ultra-sensitive and high-precision 
detection of serum HIgG.

Fig. 4   a PL and b MRRS 
results of selectivity and speci-
ficity tests of the dual-mode 
immunoassay strategy under 
the irradiation of 488-nm laser, 
where the 707-nm PL peaks 
and 300 cm−1 MRRS peaks 
were taken for the quantitation. 
HIgG concentration was set at 
100 pg mL−1 and each interfer-
ence was 10 μg mL−1

Fig. 5   a The intensity variation 
of PL peak at 707 nm obtained 
for immunoassays with a HIgG 
concentration of 100 pg mL−1 
using 5 parallel systems from 
the same batch and b from dif-
ferent batches. c The intensity 
variation of MRRS peak at 
300 cm−1 obtained for immuno-
assays with a HIgG concentra-
tion of 100 pg mL−1 using 5 
parallel systems from the same 
batch, and d from different 
batches. The PL and MRRS 
tests were carried out under a 
488-nm laser
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The consistency between the two modes of dual-mode 
immunoassay strategy is the key to realize internal self-
calibration. The consistency of this strategy was verified by 
comparing the PL and MRRS results of serum samples. As 
shown in Fig. S2, the detection results of PL and MRRS 
showed a good linear relationship with a linear regression 
equation of y = 0.999x + 0.001, which confirmed the excel-
lent detection consistency of the two modes.

Although the dual-mode strategy exhibited excellent 
performances in both LOD and detection range, there are 
still some room for improvement. If the gold-coated silicon 
wafers used in the study can be replaced with other sub-
strates such as the paper-based substrates for point-of-care 
test (POCT), the cost may be lowered. Additionally, the 
incubation time of nanoprobe/analyte with the substrates 
still needs to be shortened. The abovementioned questions 
should be well solved for the future development.

Conclusions

In conclusion, the CdS nanoparticles were prepared by a 
hydrothermal method and designed as the dual-signal nano-
probes for the HIgG detection. The combination and comple-
mentation of PL and MRRS signals endowed the designed 
dual-mode immunoassay strategy with ultra-sensitive, wide-
range, and high-accuracy specific detection capability. The 

LOD of PL mode was 0.93 fg mL−1 and MRRS mode was 
1.10 fg mL−1. The dual-mode immunoassay strategy can 
be extended to other biomolecule detection by replacing 
the corresponding antibodies. Nevertheless, there is still 
distances to the clinical application, such as the exploita-
tion of corresponding kits, the popularization of PL-MRRS 
spectrometers, and the development of portable equipment.
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tary material available at https://​doi.​org/​10.​1007/​s00604-​022-​05530-z.
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