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Abstract 
Serological antibody tests are useful complements of nuclei acid detection for SARS-CoV-2 diagnosis, which can significantly 
improve diagnostic accuracy. However, antibody detection in serum or plasma remains challenging to do with high sensitiv-
ity. In this study, Ag nanoparticles with ultra-thin Au shells embedded with 4-mercaptobenzoic acid (MBA)  (AgMBA@Au) 
were manufactured and then assembled onto  Fe3O4 surface by electrostatic interaction to construct the  Fe3O4-AgMBA@Au 
nanoparticles (NPs) with magnetic-Raman-colorimetric properties. Based on the composite nanoparticles, a colorimetric and 
Raman dual-mode lateral flow immunoassay (LFIA) for ultrasensitive identification of SARS-CoV-2 nucleocapsid (N) protein 
antibody was constructed. The magnetic nanoparticles  (Fe3O4 NPs) were acted as the core and coated a layer of  AgMBA@Au 
particles on the surface by electrostatic interaction to prepare  Fe3O4-AgMBA@Au NPs, which can amplify the SERS signal 
due to multiple  AgMBA@Au particles concentrated on a single magnetic nanoparticle. Moreover, the  Fe3O4-AgMBA@Au NPs 
facilitated pre-purifying sample using magnetic separation, and complex matrix interference would be greatly decreased in 
the detection. The  Fe3O4-AgMBA@Au NPs modified with N protein recognized and bound with N protein antibodies, which 
were trapped on the T-line, forming color band for observing detection. Under optimal conditions, the N protein antibodies 
could be qualitatively detected in colorimetric mode with the visual limit of  10−8 mg/mL and quantitatively detected by SERS 
signals between  10−6 and  10−10 mg /mL with 0.08 pg/mL detection limit. The coefficients variations (CV) of intra-assay was 
8.0%, whereas of inter-assay was 11.7%, confirming of good reproducibility. Finally, this approach was able to discriminate 
between positive, negative, and weakly positive samples when detecting 107 clinical serum samples. The process enables 
highly sensitive quantitative assays that are valuable for evaluating disease processes and guiding treatment.
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Introduction

Since December 2019, the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) appeared and caused 
coronavirus disease 2019 (COVID-19), spreading glob-
ally at an alarming rate. The nucleic acid detection of 

nasopharyngeal swabs is the gold standard to verify the 
infection of SARS-CoV-2 at present [1, 2]. However, the 
negative results obtained by this method need to be veri-
fied by several repeated detections because of its high false-
negative rate. In addition to evaluating the viral nucleic acid, 
it has been demonstrated that detecting particular antibod-
ies can help confirm SARS-CoV-2 infection, especially for 
individuals those with undetectable viral nucleic acid [3, 4].

When the virus infects human cells, the nucleocapsid 
(N) protein is highly expressed, which is essential for 
viral particle assembly. In the immunoassay for detecting 
SARS-CoV-2, the N protein is used as specific biomarker 
due to its high expression [5, 6]. Moreover, N protein is 
highly immunogenic; therefore, the human body produces 

 * Congying Wen 
 flcyxt@163.com

 * Jingbin Zeng 
 xmuzjb@163.com

1 College of Chemistry and Chemical Engineering, China 
University of Petroleum (East China), Qingdao 266580, 
People’s Republic of China

/ Published online: 22 November 2022

Analytical and Bioanalytical Chemistry (2023) 415:545–554

http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-022-04437-1&domain=pdf


 Li J. et al.

1 3

many antibodies to it. And, an excellent association was 
seen between the amount of N protein antibodies in serum 
and the serum’s ability to neutralize the virus [7]. Fur-
thermore, N protein-specific antibodies do not necessar-
ily indicate S-RBD neutralizing antibodies [7]. So N pro-
tein antibody testing is an essential sign for detecting the 
severity SARS-CoV-2 infection, which is helpful to guide 
clinical treatment [8–11]. Additionally, antibody testing 
can detect ongoing or past infections, thereby developing 
effective and accurate control strategies [12].

Currently, various analytical techniques have been 
developed based on different platforms, including enzyme-
linked immunosorbent assay (ELISA) [13], microfluidic 
[14], chemiluminescence immunoassay (CLIA) [15, 16], 
and lateral flow immunoassay (LFIA) [17]. Among them, 
LFIA has received great attention with the distinctive 
virtues of being quick, simple, low-cost, portable, and 
friendly to users [18]. However, due to their limited sen-
sitivity and difficulty in quantitative detection, traditional 
LFIAs based on gold nanoparticles may not meet present 
detection requirements. Besides, the single detection mode 
based on colorimetric results is susceptible to interference 
from biological environment with high background, par-
ticularly serum and plasma. Recent studies have applied 
colorimetric/fluorescence [19], colorimetric/luminescence 
[20] and colorimetric/surface-enhanced Raman spectros-
copy (SERS) [21, 22] dual-mode analytical models to 
LFIA platform [4], based on colloidal gold [17], carbon 
nanoparticles [23], fluorescent nanoparticles [24–27], 
SERS-active nanomaterials [28, 29], and magnetic nano-
particles [30, 31] as the LFIA reporters.

One of these models is SERS, an ultrasensitive vibration 
spectroscopy technology, which has quick reaction time, 
excellent band resolution, and a wealth of fingerprint data. 
The nanotags used in SERS determine the accuracy and 
sensitivity of the readout signals [32, 33]. Gold and silver 
nanoparticles (Au and Ag NPs) are the main nanotags used 
for SERS-based detection of antibodies. However, they need 
to be combined with Raman reporter molecules to amplify 
the SERS signal [33, 34], which are easily disturbed by envi-
ronmental interference. Typically, Au NPs are stable and 
biocompatible, while Ag NPs have much stronger SERS 
signal activity than Au NPs, yet they have a lower stability 
and poor surface functionalization [21, 35]. In the previous 
work, we used a ligand-assisted epaxial growth approach to 
encapsulate Ag NPs modified with 4-mercaptobenzoic acid 
(MBA) with an ultrathin gold shell for enhanced stability, 
bio-modification, and SERS performance [36]. Colorimetric 
and SERS modes were achieved to detect SARS-CoV-2 S 
protein antibody based on the  AgMBA@Au NPs. Although 
the detection was superior to the standard colloidal gold 
approach, the detection limit was larger than that of gold 
nanostars, and especially the detection limit in serum was 

greater than that in PBS, suggesting interference by the com-
plex matrix in serum.

In this study, we used magnetic nanoparticles as the core 
and coated a layer of  AgMBA@Au particles on the surface 
by electrostatic interaction to prepare  Fe3O4-AgMBA@Au 
probes with magnetic-Raman-colorimetric properties. Each 
 Fe3O4 nanoparticle carries multiple  AgMBA@Au NPs, which 
can greatly enhance the magnitude of the SERS signal read-
out. Moreover, using magnetic properties of  Fe3O4 to enrich 
and purify the targets from the samples can effectively avoid 
the interference from the matrix. Then,  Fe3O4-AgMBA@Au 
NPs conjugated with the SARS-COV-2 N protein were 
employed as the dual-signal colorimetric/SERS probes. 
Combined with LFIA platform, we developed an approach 
for quantification of SARS-COV-2 N protein antibodies in 
actual serum samples, which showed much higher sensitiv-
ity and great promise for direct use in more complicated 
samples such as plasma. Moreover, the  Fe3O4-AgMBA@Au 
NPs-based LFIA enable simple and rapid detection in epi-
demic areas, which has the potential to be popularized to the 
detection of other pathogens or antibodies.

Experimental section

Reagents and samples

AgNO3,  NaBH4,  Na2SO3, NaOH,  KH2PO4,  Na2HPO4, 
NaCl,  H2O2,  FeCl3, ethylene glycol, sodium acetate, and 
KCl were of AR grade and used without additional purifica-
tion. Trisodium citrate (TSC), L-ascorbic acid (L-AA), and 
polyvinylpyrrolidone (PVP, MW = 10,000) were purchased 
from Macklin Biochemical Co., Ltd (Shanghai, China). 
N-hydroxysuccinimide (NHS), chloroauric acid  (HAuCl4), 
sucrose, MBA, and 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC) were purchased from 
Energy Chemical Co., Ltd (Shanghai, China). HS-(PEG)n-
COOH (MW = 2000) was purchased from ToYongBio 
Tech. Inc. (Shanghai, China). SARS-CoV-2 spike protein, 
mouse anti-N protein antibody, and rabbit anti-human IgG 
were purchased from Sino Biological Inc. (Beijing, China). 
Mouse anti-Staphylococcus aureus antibody and mouse anti-
Salmonella typhimurium antibody and were purchased from 
Sigma-Aldrich (Saint Louis, MO, USA). SARS-CoV-2 N 
protein antibody was purchased from Abcam. Bovine serum 
albumin (BSA) was purchased from Labgic Technology 
Co., Ltd. (Beijing, China). Tween-20 was purchased from 
EKEAR Bio@Tech Co., Ltd. (Shanghai, China). Glass fiber 
conjugate pad, nitrocellulose membrane (NC membrane), 
PVC substrate, and absorbent pad were purchased from 
Joey-biotech Co., Ltd. (Shanghai, China). Serum samples 
were taken from the affiliated hospital of Qingdao University 
and stored at − 20 ℃ for use.
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Instruments

A Millipore Autopure WR600A system was used to obtain 
ultrapure water with a purity level of 18.2 MΩ·cm. On a 
UV-2450 spectrophotometer (Shimadzu), Ultraviolet visible 
(UV–vis) absorption spectra were analyzed. The iPhone11 
(Apple) was used to capture the photos. Transmission elec-
tron microscopy (TEM) pictures were collected by a JEM 
1400 microscope (JEOL). The Tecnai F30 microscope 
(Philips, FEI, TECNAI) was used for energy-dispersive 
X-ray elemental mapping (EDX) and high-resolution TEM 
(HR-TEM) investigations. The Raman scattering spec-
tra were measured on the SR-510PRO Raman analyzer 
(Ocean optics). The test strips were sprayed by HGS510 
(AUTOKUN) and divided by HGS210 induction cutting 
machine (AUTOKUN).

AgMBA@Au NPs synthesis process

The  AgMBA@Au NPs were synthesized utilizing the 
approach from the previous study [36]. Briefly, by com-
bining the seed-mediated growth and thermal reduction of 
 AgNO3 with citrate in a step-wise growth procedure, the 
stable Ag NPs were obtained [37]. The Au shell encapsula-
tion method used sulfites to epitaxially deposit Au onto the 
surface of Ag nanostructures, resulting in size-controlled 
Ag@Au nanospheres with excellent plasma properties and 
good stability, as well as endurance in SERS applications 
[38]. The procedure was described in extensive detail in the 
Supporting Information.

Preparation of Fe3O4 NPs

In a 100-mL flask, we mixed 80 mL of ethylene glycol with 
2.6 g of anhydrous ferric chloride, 1.0 g of sodium citrate, 
and 4.0 g of sodium acetate. The solute was completely dis-
solved under vigorous stirring. Then, after 12 h of reaction 
at 200 °C, the product resulted from the mixed solution was 
cooled to room temperature in a 100-mL Teflon-lined reac-
tion kettle. And, the product was washed three times in a 
magnetic field with ethanol and ultrapure water and vacuum-
dried at 60 °C for 12 h.

Preparation of Fe3O4‑AgMBA@Au NPs (MNPs)

AgMBA@Au NPs were assembled onto  Fe3O4 surface by 
electrostatic interaction (Fig. 1a). Specifically, 0.1 g of 
 Fe3O4 was dispersed in 10 mL of ultrapure water, followed 
by the addition of 50 mL hydrochloric acid (0.1 M), and 
the mixture ultrasonically oscillated for 10 min. The  Fe3O4 
NPs were washed three times with ultrapure water to remove 
excess hydrochloric acid and finally dispersed in 5 mL of 
ultrapure water. The above  Fe3O4 was mixed with 45 mL of 

1% PEI solution, after ultrasonic vibration for 1 h, washed 
three times in ultrapure water, and then redispersed in 10 mL 
of ultrapure water. 1 mL of the above PEI-modified  Fe3O4 
solution was mixed with a certain volume of  AgMBA@
Au solution and ultrasonically oscillated to assemble the 
 AgMBA@Au on the  Fe3O4 surface. The free  AgMBA@Au NPs 
were washed away by magnetic separation, and the assem-
bled product was dispersed in 10 mL of ultrapure water.

Functionalization of Fe3O4‑AgMBA@Au NPs

After adding 10 mL of a solution containing  Fe3O4-AgMBA@
Au NPs to 5.0  mL of a solution containing HS-(PEG)
n-COOH (5.0 mg/mL), then the mixture was shaken vig-
orously for an hour at room temperature.  Fe3O4-AgMBA@
Au NPs were performed three washes in PBS (10 mM, 
pH = 6.8) by magnetic separation and then dispersed. To 
the above solution, following the successive addition of 100 
μL of 10 mg /mL NHS and 100 μL of 20 mg /mL EDC, 
the resulted solution was gently shaken for 30 min at room 
temperature. Then, the nanoparticles were magnetically 
separated and washed several times with PBS before being 
dispersed in 1 mL of PBS with 10 μg of SARS-COV-2 N 
protein. The mixture was shaken vigorously for 2 h at room 
temperature. Subsequently, the BSA solution was added 
to the immunofunctionalized nanoparticles (IMNPs) and 
shaken on a shaker for 30 min. Finally, after washing with 
PBS, the obtained IMNPs were redispersed into a solution 
of 1% Tween-20, 1% BSA, 1% sucrose in PBS, and stored 
at 4 °C.

Fabrication of the LFIA strip

Wet-method LFIA is utilized to identify SARS-COV-2 N 
protein antibody, as illustrated in Fig. 1b. The test strip is 
organically assembled from five parts: nitrocellulose mem-
brane, sample pad, binding pad, absorption pad, and PVC 
substrate. First, the sample pad, binding pad, absorbent pad, 
and nitrocellulose membrane were pasted on the PVC sub-
strate in an overlapping manner, with an overlap of 2 mm. 
Then, at a rate of 1.0 μL  cm−1, 1 mg/mL mouse anti-SARS-
CoV-2 N protein antibody and 1 mg /mL rabbit anti-human 
antibody were sprayed onto the T-line and C-line, respec-
tively. After 12 h of drying at 37 °C, the sprayed test strips 
were slit to a width of 3 mm and kept at 25 °C until further 
usage.

Detection of N protein antibody with the dual‑mode 
LFIA in simulated serum

Serum from healthy volunteers was spiked with various 
amounts of SARS-CoV-2 N protein antibody to make 
simulated samples. Following a tenfold dilution in PBS, 
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the samples were analyzed with dual-mode LFIA. In a 
centrifuge tube, after thoroughly mixing 40 μL of the 
SARS-CoV-2 N protein antibody with a specified quantity 
of the IMNPs, the final volume was adjusted to 200 μL by 
adding 0.01 M PBS (pH = 7.4). The mixed solution was 
shaken at 150 rpm on a shaker, and then the IMNPs were 
collected using a magnetic separator. After being washed 
in 0.01 M PBS (pH = 7.4), the resulting precipitate was 

dispersed in 100 μL of running solution (0.01 M pH = 7.4 
PBS with 2% Tween-20 and 1.5% BSA) and then added 
to the microplate. The test strip’s sample pad was inserted 
into the microplate’s solution. After 20 min, the color of 
the T-line was visually observed for qualitative detection. 
And the intensity of Raman peak at 1075  cm−1 was meas-
ured using portable Raman spectrometer equipped with a 
785 nm laser for quantitative detection.

Fig. 1  a Synthesis schematic 
of  Fe3O4-AgMBA@Au NPs. b 
Diagram of the detection prin-
ciple and test strip for detecting 
human SARS-CoV-2 N protein 
antibody using  Fe3O4-AgMBA@
Au NPs. c Interpretation of test 
results
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Application to clinical samples

Blood samples from 9 unvaccinated and 98 vaccinated vol-
unteers were stored overnight and centrifuged at 1000 × g 
for 20 min at 4 °C and then detected. Before being analyzed 
with this abovementioned protocol, the samples were diluted 
tenfold with PBS.

Results and discussion

Dual‑mode LFIA principle for detecting 
SARS‑CoV‑2 N protein antibody

The detection method is shown in Fig. 1b. The IMNPs are 
added to the serum samples to bind with N protein antibody 
via antigen–antibody interaction, and then magnetic sepa-
ration is used to eliminate interference from other matri-
ces (such as other antibodies in serum and proteins) in the 
serum sample. Following magnetic separation, the immune 
complexes were redispersed and transferred onto the test 
strip sample pad, which were caught by the rabbit anti-
human antibodies on the T-line, resulting a colorful band. 
For quality control, the mouse anti- SARS-CoV-2 N protein 
antibody captured free nanomaterials onto the C-line. As 
shown in Fig. 1c, the visual-based colorimetric detection 
mode shows that two obvious dark-gray bands on the T- 
and C-lines for positive samples and only one band on the 
C-line for negative samples, while the others were invalid. 
A portable Raman spectrometer could be used to measure 
the SERS signal for quantitative detection. The dual-signal 
readout of  Fe3O4-AgMBA@Au NPs made it possible to do 
both qualitative and quantitative analyses using naked eyes 
and instrument, respectively.

Characterization of Fe3O4‑AgMBA@Au composite 
nanoparticles

The composite nanoparticles used in this study were cre-
ated by electrostatically assembling  AgMBA@Au NPs onto 
the surface of  Fe3O4. This approach effectively preserved 
the nanoparticles’ basic morphology, Raman optical proper-
ties, and magnetic properties. The oxidation state of element 
Fe in the synthesized nanoparticles was confirmed by XPS 
(Fig. S1), which in turn confirmed the successful synthesis 
of  Fe3O4 NPs. On this basis, we performed other charac-
terizations of  Fe3O4 NPs and the composite particles. The 
TEM images showed that the synthesized  AgMBA@Au and 
 Fe3O4 NPs were in good dispersity and uniform size with 
sphere appearance (Fig. 2a–b). The average particle sizes of 
 AgMBA@Au and  Fe3O4 NPs were 32 ± 1 nm and 165 ± 6 nm, 
respectively, indicating that  AgMBA@Au and  Fe3O4 NPs 
had good homogeneity. After the assembly is completed, 

 AgMBA@Au NPs aggregated around  Fe3O4 particles 
(Fig. 2c). As shown in Fig. 2d, about dozens of  AgMBA@Au 
particles were clustered around one  Fe3O4 particle, which 
would enhance SERS signal intensity of the composite nan-
oparticles. The EDX images shown in Fig. 2e–i revealed 
that the outer periphery of the prepared composite nano-
particles was composed of  AgMBA@Au NPs, whereas the 
inner was composed of  Fe3O4 NPs. And by examining the 
UV–vis spectra of MNPs and  Fe3O4 alone, it can be seen 
from Fig. 2j that  Fe3O4 alone has no obvious absorption 
peak between 300 and 900 nm, while MNPs has a charac-
teristic peak at 422 nm. This characteristic peak is slightly 
red-shifted compared to  AgMBA@Au alone (408 nm). This 
may be caused by the aggregation of  AgMBA@Au nanoparti-
cles. And Fig. 2k shows the magnetic behavior of  Fe3O4 NPs 
and  Fe3O4-  AgMBA@Au NPs. The saturation magnetization 
(Ms) of  Fe3O4 NPs and  Fe3O4-  AgMBA@Au NPs were found 
to be 30.3 emu/g and 26.6 emu/g, respectively. Thus, the 
Ms of  Fe3O4 NPs was decreased by the absorption of the 
 AgMBA@Au NPs on their surface. The above characteriza-
tion confirmed that  Fe3O4-AgMBA@Au NPs were success-
fully synthesized.

Next, we optimized the assembling conditions. With the 
increasing volume of  AgMBA@Au nanoparticles assembled 
and the binding time, the SERS signal of  Fe3O4-AgMBA@
Au NPs increased continuously (Fig. 3a–b). When 30 mL 
 AgMBA@Au was added to 1 mg  Fe3O4, the SERS signal 
reached the highest, presumably because the surface sites 
of  Fe3O4 were virtually entirely occupied by  AgMBA@Au 
particles. When the binding time reached 40 min, the SERS 
signal reached its maximum value, which was very close 
to the value observed after 30 min of binding. We finally 
selected 30 min as the optimal binding time. As shown in 
Fig. 3c, we verified the relationship between the concentra-
tion of  Fe3O4-AgMBA@Au NPs and the intensity of Raman 
spectra and found that there was a good linear relationship 
(R2 = 0.999), which enabled quantitative detection based on 
the SERS signal.

Dual‑mode LFIA performance in the detection 
of SARS‑CoV‑2 N protein antibody in serum

To obtain the ideal conditions for detection, we optimized 
the concentration of BSA in the blocking solution, the 
amount of IMNPs, and the amount of conjugated antibody 
on IMNPs (Fig. S2a–c). Finally, we chose 15% BSA, 30 μL 
of the probe solution, and 15 μg of conjugated antibody as 
the ideal conditions.

Under the optimized conditions, we evaluated the 
method’s sensitivity and linear range for detecting SARS-
CoV-2 N protein antibody with concentration gradient of 
0,  10−10,  10−9,  10−8,  10−7, and  10−6 mg /mL. As shown in 
Fig. 4a, for samples without target antibodies, just the C line 
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of the test strip displayed color. Once the antibody concen-
tration reached  10−8 mg/mL or more, the T-line is visible to 
the naked eyes as a dark-gray band, and its color gradually 
deepened as the antibody concentration rose. In addition, we 
compared the effect of magnetic separation on the detection 
signal. SERS signals were found to be stronger in samples 
with magnetic separation enrichment, as indicated in Fig. 4b, 
implying that the enrichment step greatly reduced the matrix 
interference in the samples, thereby improving the sensi-
tivity. For accurate quantitative analysis, portable Raman 
spectrometer was used to collect the T-line SERS spectra. As 

shown in Fig. 4c and d, the relationship between the target 
antibody concentration and the intensity of the maximum 
scattering peak at 1075  cm−1 was excellently linear within 
the range of  10−10 to  10−6 mg /mL (R2 = 0.995). SERS analy-
sis has the detection limit three orders of magnitude lower 
than visual detection, calculated to be 0.08 pg/mL from the 
minimal detectable signal (the average signal intensity plus 
triple standard deviation of the blank sample, n = 12). In 
addition, the detection sensitivity is approximately six times 
more than that of S protein antibody detection by  AgMBA@
Au NPs alone. Moreover, comparing various LFIA reporters 

Fig. 2  Characterizing 
 Fe3O4-AgMBA@Au NPs. a–c 
TEM images of  AgMBA@Au, 
 Fe3O4, and MNPs. d High-res-
olution TEM image of a single 
MNP. e–i EDX elemental analy-
ses of Ag, Au, Fe, O, and their 
overlay. j UV–vis spectra of 
 Fe3O4 and MNPs. k Hysteresis 
loops of  Fe3O4 and MNPs
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for detecting SARS-COV-2 N protein antibodies [19, 34, 
39–42], SERS-based LFIA demonstrated significantly 
lower detection limit and wider linear range. In particular, 
our assay is three orders more sensitive than one using Au 
gap-enhanced Raman nanotags (GERTs) [34]. This method’s 
excellent performance was owing to the incorporation of 
magnetic  Fe3O4 particles, which could boost the SERS sig-
nal by aggregating  AgMBA@Au particles and minimize the 
interference of complex substrates by magnetic separation.

Specificity and reproducibility

The specificity and reproducibility of the dual-mode 
immunoassay were studied further. To examine the speci-
ficity of this method, several proteins were added to serum 
samples for detecting the related SERS intensity, including 
SARS-CoV-2 N protein, SARS-CoV-2 N protein antibody, 

SARS-CoV-2 S protein antibody, SARS-CoV-2 neutral-
izing antibody, anti-Staphylococcus aureus antibody 
and anti-Salmonella typhimurium antibody. As shown in 
Fig. 5, only 0.01 μg/mL, the target antibody could generate 
an obvious signal on the T-line, while even if the concen-
tration of other samples was 100 to 200 times higher, they 
did not create any discernible differences compared to the 
negative samples. Therefore, this approach had satisfac-
tory specificity and enabled the accurate detection of the 
target N protein antibody in complex matrix. To further 
study the test strips’ reproducibility, we calculated the 
intra-assay and inter-assay coefficient of variation (CV) 
values in serum. As displayed in Table 1, the mean CV 
values were 8.0% for intra-assay and 11.7% for inter-assay, 
indicating good reproducibility for our method. Overall, 
the above results manifested that our dual-model immu-
noassay had high accuracy and reliability.

Fig. 3  a Optimization of the dosage of  AgMBA@Au nanoparticles. b Optimization of binding time. c Linear relationship between particle con-
centration and Raman intensity

Fig. 4  a Photographs of SARS-
CoV-2 N protein antibody 
detection test strips (visible 
detection limit is  10−8 mg/mL). 
b The influence of magnetic 
separation on detection results. 
c Linear regression between 
the intensity of SERS signal at 
1075  cm−1 and SARS-CoV-2 N 
protein antibody concentration 
ranging from  10−10 to  10−6 mg/
mL. Error bars are computed 
using data from three independ-
ent experiments. d Correspond-
ing Raman spectra of the test 
trips with various concentra-
tions of SARS-CoV-2 N protein 
antibodies in serum
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Detection of actual samples

To investigate the feasibility of this method in practical 
application, we collected serum samples from 107 volun-
teers, including 9 unvaccinated and 98 vaccinated volun-
teers. The results were displayed in Fig. 6 and Table S2. 
Results with T-line visible was considered strong positive. 
Results whose T-line was not visible but could be identified 
with a portable Raman equipment was considered weak pos-
itive. Negative results were below Raman’s detection limit. 
Of the vaccinated samples, 49 were strong positive, 18 were 
weakly positive, and the rest were all negative, while the 9 
unvaccinated samples were all negative. Antibodies should 
be present in the vaccinated samples, but there is a wide 
range in antibody production following vaccination due to 
factors such as the timing of vaccination (no antibodies can 
usually be detected immediately following vaccination, and 
antibody levels in vaccinated volunteers are decreasing over 
time) and individual variation in immunity. The results dem-
onstrated that our approach could properly identify antibody 
levels in serum for outbreak control and vaccine guidance.

Conclusions

In conclusion, a new type of nanoprobe was created by 
combining the  Fe3O4 NPs and  AgMBA@Au NPs, based on 
which, a dual-mode colorimetric/SERS LFIA platform was 

successfully constructed for detecting oSARS-CoV-2 N 
protein antibody in an ultrasensitive mode.  AgMBA@Au NPs 
with Ag cores and ultra-thin Au shells displayed exceptional 
SERS properties, as well as good stability and biocompatibil-
ity. The magnetic nanoparticle  Fe3O4 could boost the SERS 
signal intensity due to emble numerous  AgMBA@Au NPs 
assembled on its surface, while its magnetic characteristic 
could also be employed to remove complicated substrates, 
thus highly improving detection sensitivity and anti-inter-
ference ability. Taking advantages of the superior dual signal 
readout of colorimetric/SERS, the designed LFIA for detect-
ing SARS-CoV-2 N protein antibody had visual detection 
limit of  10−8 mg/mL, and the quantitative detection limit 
reached 0.08 pg/mL by SERS, three orders of magnitude 
more sensitive than visual detection. In addition, our assay 
substantially improved the sensitivity of detecting SARS-
COV-2 N protein antibody compared to other LFIA report-
ers. Besides, the developed detection platform demonstrated 
rapidity, efficiency, and accuracy in serum samples. Moreo-
ver, we successfully used it to identify the target antibody 
levels in actual samples. While the proposed platform was 
successful in detecting total antibodies, it cannot discrimi-
nate subclasses like IgM, IgE, and IgG, which provide more 
information on the progression of an infection or the efficacy 
of vaccine. So, making multi-channel strips for the combined 
quantitative detection of IgG and IgM can make the test more 
accurate and confirm the course of an infection better.

Fig. 5  Specificity of the dual-mode LFIA method by adding various 
antibodies and proteins to serum

Table 1  Dual-mode LFIA 
reproducibility test based on 
 Fe3O4-AgMBA@Au NPs in 
serum

Antibody concentra-
tion (mg/mL)

Intra-assay Inter-assay

Mean SD CV (%) Mean SD CV (%)

10–6 10,227 720 7.0 11,583 1164 14.1
10–7 7335 421 5.7 7510 455 6.1
10–8 4543 519 11.4 4416 625 14.5

Intra-assay variability
8.0%

Inter-assay variability
11.7%

Fig. 6  Actual sample testing results based on the dual-mode LFIA
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Consequently, the dual-mode and multi-channel LFIA 
platform has significant potential for in situ and real-time 
detection, which is crucial for nations or regions with limited 
resources.
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