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A B S T R A C T   

The lateral flow immunoassay (LFIA) has played a crucial role in early diagnosis during the current COVID-19 
pandemic owing to its simplicity, speed and affordability for coronavirus antibody detection. However, the 
sensitivity of the commercially available LFIAs needs to be improved to better prevent the spread of the infection. 
Here, we developed an ultra-sensitive surface-enhanced Raman scattering-based lateral flow immunoassay 
(SERS-based LFIA) strip for simultaneous detection of anti-SARS-CoV-2 IgM and IgG by using gap-enhanced 
Raman nanotags (GERTs). The GERTs with a 1 nm gap between the core and shell were used to produce the 
“hot spots”, which provided about 30-fold enhancement as compared to conventional nanotags. The COVID-19 
recombinant antigens were conjugated on GERTs surfaces and replaced the traditional colloidal gold for the 
Raman sensitive detection of human IgM and IgG. The LODs of IgM and IgG were found to be 1 ng/mL and 0.1 
ng/mL (about 100 times decrease was observed as compared to commercially available LFIA strips), respectively. 
Moreover, under the condition of common nano-surface antigen, precise SERS signals proved the unreliability of 
quantitation because of the interference effect of IgM on IgG.   

1. Introduction 

The novel coronavirus (COVID-19) pandemic has infected more than 
one hundred million people and caused millions of deaths. Early in vitro 
diagnosis of infectious diseases has been regarded as an effective anti- 
transmission measure because it can reduce the spread of viruses and 
guide prompt treatment [1,2]. Currently, the methods used to diagnose 
COVID-19 mainly include nucleic acid detection based on real-time PCR 
technology [3,4] and immunoglobulin detection based on immunolog-
ical assays [5–7]. The former method has the advantages of high 
sensitivity and excellent accuracy. However, due to complex procedures 
and expensive instruments, it is difficult to implement the method in 
countries or areas with limited resources. Methods such as lateral flow 
immunoassay (LFIA) use a ubiquitous kit that offers the advantages of 
simplicity, inexpensiveness and flexibility, and meet the rapid screening 
requirements [8,9]. 

An LFIA strip (based on immune-strips and gold (Au) colloids) is 

considered to be the most prevalent rapid screening method [10–12], 
which can generate valuable data on the dynamics of virus infection and 
early diagnosing [2]. The main principle of the method is the de-
terminants bind to the labelled antibodies (Au colloids) and move 
through capillary action until they are captured by the immobilized 
antibodies in the designated zone. Then, they exhibit colour that can be 
analysed by naked eye or other optical devices. However, it is difficult to 
provide any guarantee of the accuracy, sensitivity and quantification 
ability achieved by colorimetric recognition [13]. Recently, some LFIA 
biosensors have been developed for anti-SARS-CoV-2 antibodies detec-
tion. For example, Wang et al. have used Selenium nanoparticles instead 
of conventional Au colloid and obtained a good sensitivity to IgM (but 
not to IgG) [14], Liu et al. have adopted dual-layers DTNB-modified 
SiO2@Ag NPs as SERS nanotags and obtained up to 800 times 
improvement as compared with colorimetric results [15] and Bayin 
et al. have used superparamagnetic nanoparticles (SMNPs) to reduce the 
detection limit to ng/mL level through a giant magnetoresistance (GMR) 
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sensing system [16]. Similarly, dual-mode SiO2@Au@QD nanobeads, 
lanthanide-doped polystyrene nanoparticles and PS@QDs@SiO2 nano-
beads have been applied as fluorescent labels for analysis of clinical 
samples [17–19]. Especially, SERS nanotags, which provide very intense 
fingerprint signals, can be used in place of colorimetry and other sensors 
as an ultrasensitive indicator [20–22]. In recent years, SERS-based 
analytical technology combined with LFIA detection platform has 
attracted wide attention for trace biochemical detection of viruses [23, 
24], bacteria [25,26], biomarkers [27–32] and harmful substances [33]. 

SERS nanotags usually consist of noble metal nanoparticles which 
serve as plasmon resonance enhanced substrates, and Raman-active 
molecules adsorb on or close to the nanoparticle surface. Here, we uti-
lized a highly efficient SERS probe structure in which the Raman re-
porters were embedded in the interior-nanogap between the core and 
shell of the Au nanostructure [34,35]. This multilayer nanostructure, 
also called gap-enhanced Raman tags (GERTs) or nanomatryoshkas [34, 
36,37], protect Raman reporters from external influences and minimize 
the effects of desorption. Furthermore, GERTs provide a large electro-
magnetic (EM) field generated by the plasmons coupled between both 
sides of the gap, result in more than one order of magnitude enhance-
ment compared with conventional nanotags [34,38]. In addition to 
SERS-based LFIA, this nanotag has been used in various sensors research 
such as dot-immunoassay [39,40], cell imaging [37,41–43] and 
unclonable anti-counterfeiting labels [44]. To ensure the generation of 
outstanding Raman signals, 4-nitrobenzenethiol (4-NBT), which ex-
hibits the largest Raman cross-section among thiol aromatic derivatives, 
was selected as a Raman reporter [27,45] and spacer. IgM and IgG were 
conjugated with immune-sensing probes and immobilized on the cor-
responding test lines. Then, they were identified via colorimetric assays 
and Raman spectrometer. 

The viral infection usually results in the production of IgM, followed 
by the production of IgG in several weeks. Hence, simultaneous detec-
tion of IgM and IgG will provide more information about the stage of 
infection in positive patients. Therefore, the SERS-based LFIA strips 
were used to develop an in vitro diagnostic (IVD) and point-of-care 
(POC) method which offers the advantages of speed, sensitivity and 
multiplex detection of IgM and IgG. In this study, not only the detection 
sensitivity was discussed (compared with commercially available LFIA 
strips and other improved LFIA strips), but also the quantitative feasi-
bility and critical comparison with other improved LFIA strips were 
carried out. In view of this, the work will provide a new perspective for 
the sensitive multiplex detection of biomarkers or viruses in current and 
future pandemics. 

2. Experimental section 

2.1. Materials and chemicals 

Chloroauric acid tetrahydrate (HAuCl4⋅3H2O) was purchased from 
Shanghai Anpel Reagent (Shanghai, China). Ascorbic acid, cetyl-
trimethylammonium chloride (CTAC), 4-NBT, trisodium citrate, sodium 
hydroxide (NaOH), Tris (hydroxymethyl) aminomethane, hemoglobin 
(HB) and triglyceride (TG) were obtained from Maclink Reagent (Beijin, 
China). Bilirubin sodium (BIL) was purchased from J&K Scientific 
(Beijing, China). A 0.5 M phosphate-buffered saline (PBS, pH 7.6) so-
lution was used to control pH. A 50 mM Tris solution containing 1% 
Tween-20% and 1% bovine serum albumin (BSA) was used as the 
dilution buffer. All of the aqueous solutions were prepared in ultrapure 
water that was purified with a Millipore Milli-Q system (18.24 MΩ/cm). 
The nitro-cellulose (NC) membrane (Sartorious CN140 with 8 µm pore 
size), Millipore glass fibre conjugated pad, absorbent pad and sample 
pad (Ahlstrom 8964) were obtained from Joey-bio (Shanghai, China). 
Commercial anti-SARS-CoV-2 IgM/IgG detection LFIA strips, COVID-19 
recombinant antigens (CN97), positive standard IgM and IgG, mouse 
anti-human IgM and IgG, chicken IgY and goat anti-chicken IgY were 
supplied by Hanzhou Goodhere Biotechnology Co. (Hanzhou, China). 

2.2. Instrumentation 

High-resolution TEM images were obtained with a JEM-2100F 
electron microscope at an accelerating voltage of 200 kV. Scanning 
electron microscopy (SEM) images were taken by an FEI Nova 200 
NanoSEM instrument operated at 20 kV. UV–vis extinction spectra of 
nanoparticles were measured with a Shimadzu UV-2650 spectrometer. 
SERS mappings of SERS-based LFIA strips were acquired on a Renishaw 
inVia Plus Raman system (785 nm laser). A Leica optical microscope and 
an Olympus 20× objective lens were used to focus a 10 µm diameter spot 
and the illumination area inside the test zone was 290 × 390 µm (1131 
pixels). The laser power was set to 5% (15 mW) and the acquisition time 
was 1 s per step size. The obtained spectra were modified by baseline 
subtraction and smoothed via Renishaw WiRE4.2. Three random tests 
were performed on each test line for each sample. The SERS signals of 
the NBT-Au and GERT solutions were detected by an Optosky ATR3110 
portable Raman spectrometer supplied by Xiamen Optosky Technology 
Co. (Xiamen, China). 

2.3. Preparation of GERTs 

Gold nanoparticles with a diameter of 55 nm (cores of the nanotags) 
were prepared according to a previous report with slight modifications 
[46]. Typically, 0.35 mL of trisodium citrate solution (1% wt) was added 
to 49.5 mL of a boiling HAuCl4 aqueous solution (0.01% wt) and stirred 
for 30 min. Then, 0.5 mL of trisodium citrate (1% wt) was added and 
stirred for 2 min. The reaction mixture was cooled to room temperature, 
which yielded red-purple Au nanoparticles. Next, 500 μL of 250 mM 
CTAC solution containing 25 µg/mL 4-NBT was added to 2 mL of the 
above Au core nanoparticles under vigorous stirring at room tempera-
ture for 30 min. These modified Au cores were centrifuged twice at 10, 
000 rpm for 3 min to discard the unabsorbed molecules with CTAC (50 
mM), and then, the modified Au cores were resuspended in 50 mM 
CTAC. The Au shells of the nanotags were grown by adding 20 mL of 
CTAC solution (50 mM), 200 μL of aqueous HAuCl4 (1% wt) and 480 μL 
freshly prepared ascorbic acid solution (50 mM) to 2.5 mL of the 
pre-formed cores. The mixture was stirred at room temperature for 30 
min, the colour of the solution changed from the initial light red to 
blue-grey and orange-red. The final product was washed twice with 
trisodium citrate solution (0.01% wt) by centrifugation at 10,000 rpm 
for 3 min and dispersed in the same volume of trisodium citrate solution 
(0.01% wt). 

2.4. Preparation of immune-GERTs and immune-Au 

Immune-GERTs were functionalized with COVID-19 recombinant 
antigens (CN97) obtained by the combination of coronavirus spiked- 
protein (S-protein) and nucleocapsid protein (N-protein) through a 
sequence of amino acids (GGGGSGGGGSGGGGS) as a soft linker. The 
soft linker structure keeps S-protein and N-protein separately, assist in 
free rotation and avoid interfering with each other. 

First, 20 mL of nanotag solution was taken and the pH was adjusted 
to 8.0 with PBS (0.5 M) and NaOH (1 mM). Then, 200 μL of recombinant 
antigen (1.1 mg/mL) was added under stirring (600 rpm) for 1 h to 
obtain conjugates through electrostatic adsorption. Subsequently, the 
conjugates were blocked with 200 μL of 10% BSA under stirring (600 
rpm) for 1 h. Finally, the above solution was centrifuged at 6000 rpm for 
20 min to remove the uncoated biomolecules and then resuspended in 2 
mL of Tris-HCl solution (10 mM, containing 1% BSA). All of the above 
processes were performed at room temperature. To realize independent 
quality control, Au nanoparticles (55 nm) were functionally modified 
with chicken IgY. The fabrication processes and reaction parameters 
were consistent with the above protocols used for Immune-GERT syn-
thesis by using chicken IgY instead of recombinant antigen. 
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2.5. Preparation of the SERS-based LFIA strip for IgM and IgG detection 

The conditions for the preparation of SERS-based LFIA strips were 
optimized according to the commercial scheme of Hangzhou Goodhere 
Biotechnology Co. Fig. 1 shows a schematic diagram of the SERS-based 
LFIA strip. IgM and IgG test lines were separately coated on the surface 
of NC membrane by spraying mouse anti-human IgM (1 mg/mL) and IgG 
(1 mg/mL), and the control line was coated by spraying 0.5 mg/mL 
polyclonal goat anti-chicken IgY. In the above processes, 0.8 mm wide 
dispensing bands were formed on a fixed area of the NC film at a con-
stant rate (0.1 μL/mm) through a line dispensing instrument (HMY300, 
Hanzhou Weizan Technology Co.). Subsequently, the prepared NC 
membrane was dried in an incubator at 37 ℃ for 1 h. The conjugate pad 

was prepared by spraying immune-nanoparticles onto a piece of glass 
fibre at a constant rate (4 μL/cm) via a high precision plane spray in-
strument (PJY200, Hanzhou Weizan Technology Co.). The immune- 
nanoparticles were premixed by immune-GERTs and immune-Au (3:1, 
100 times concentrated). Then, the prepared conjugate pad was dried in 
an oven at 37 ℃ for 1 h. Finally, the as-prepared NC membrane, a 
conjugate pad, a sample pad and an absorption pad were assembled onto 
a plastic backing pad and then cut into individual 4 mm strips via an 
automatic guillotine cutter (QZY100, Hanzhou Weizan Technology Co.). 
The obtained strips were stored in a dry environment. 

Fig. 1. Schematic diagram of the SERS-based strip for the detection of IgM and IgG.  

Fig. 2. (a) Scheme of GERTs and immune-GERTs synthesis. (b) TEM image of 55 ± 5 nm Au cores. (c, d) TEM image of GERTs and an enlarged image with a 1 nm 
gap between the Au core and shell. (e) SERS spectra of NBT-Au and GERTs. (f) UV–vis extinction spectra and photographs of the four steps of colloid synthesis. 
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2.6. LFIA experiment 

Before testing, all the solutions were warmed to room temperature. 
Then, 20 μL of serum (blood) sample was taken and diluted in 50 μL 
dilution buffer. This diluted sample was added to the sample pad, and 
the result was checked after 15 min. A colorimetric method was used 
followed by Raman spectroscopy for ultra-sensitive analysis. Due to the 
local epidemic prevention and control policy, it was very difficult to 
obtain clinical samples. Therefore, simulated samples were designed for 
analysis. 

3. Results and discussion 

3.1. GERTs synthesis and characterization 

As shown in Fig. 2a, the preparation process of immune-GERTs was 
divided into three steps. (1) The modification of NBT on Au core sur-
faces, (2) Au shell growth and gap formation based on NBT-Au and (3) 
the functional modification of COVID-19 recombinant antigens on the 
GERTs surface. 

The first step was different from the common scheme applied for the 
preparation of Au cores using a surfactant as a capping reagent [27,38, 
39,41,42,47]. The Frens method [48] was used to synthesize spherical 
cores with a particle size of ~55 ± 5 nm (Fig. 2b). As compared to 
previously reported Au cores with particle size less than 40 nm [39, 
41–43], the 55 nm Au cores have a stronger surface electromagnetic 
enhancement effect and thus achieved a stronger SERS signal [49]. 
However, bare Au cores with such large particle size were easy to 
aggregate during the molecular modification process. Hence, CTAC was 
added as a stabilizer to prevent aggregation. 4-NBT was used as reporter 
molecule because it exhibits the largest Raman scattering cross-section 
among thiol aromatic derivatives [27,45] and has excellent chemical 
affinity for Au. The adsorption of 4-NBT molecules on the Au core sur-
face was a crucial factor for the formation of gap between the core and 
shell. Here, 4-NBT was used in excess (5 µg/mL) to saturate the core 
surface. The CTAC and 4-NBT were simultaneously added to the bare 
cores to ensure the rapid adsorption of 4-NBT on the Au surface without 
aggregation. 

At present, there is still a debate about the effect of adsorption degree 
of 4-NBT molecules on shell formation. For instance, Zhang et al. have 
proposed that the formation of a smooth shell was affected by incubation 
time, which tended to form a “petal-like” shell [42]. Nevertheless, 
Khlebtsov et al. have reported that this was resulted from the extra 
4-NBT molecules in the reaction solution [40]. Here in this work, to 
obtain a smooth shell for further surface modification, we investigated 
the adsorption degree of 4-NBT on the Au surface by using 
time-dependent SERS analysis. Figure S1a,b shows Raman spectra and 
intensity curves for the reaction time of 4-NBT incubated on Au cores. 
When 4-NBT was added, a signal of 1181 counts was observed within a 
few seconds, and then, the signal gradually increased to 2737 counts in 
20 min. When the incubation time was 20–90 min, the SERS signal 
tended to be stable at approximately 2800–2900 counts. Further 
extension in the incubation time to 16 h slightly increased the signal to 
3580 counts. Accordingly, three typical incubation times (2 min, 30 min 
and 16 h) were selected to coat the shells. As shown in Fig. S2a, when 
the incubation time was 2 min, no distinct core-shell morphology was 
observed, and instead, uniform spherical nanoparticles (having irregular 
gaps) with 120 ± 10 nm diameters were formed [34]. This is because 
the insufficiently adsorbed molecules (acting as spacers) were not 
enough to support the formation of a gap between the core and shell. 
Moreover, this structure was accompanied by a relatively poor Raman 
enhancement signal (Fig. S2b). On the other hand, GERTs with obvious 
interior nanogaps were obtained upon incubation for 30 min. Further-
more, GERTs with irregular morphology and obscure gaps were pro-
duced when incubated for 16 h (Fig. S2c), similar to previously reported 
flower-like structure [41,43]. We presumed that after long time 

incubation, some 4-NBT molecules on the surface of the cores dissoci-
ated and interfered with the regular coating, and led to anisotropic 
growth of the shell. Surprisingly, this structure has a stronger probe 
signal, approximately six times stronger than that of the former GERTs 
(Fig. S2d). However, the irregular surface was not favourable for antigen 
modification and couldn’t fulfilled the nanotag requirements for this 
study. Therefore, 30 min was selected as the optimal adsorption time to 
ensure the formation of a stable 4-NBT molecular layer on the 55 nm Au 
cores. 

In the second stage, the Au shell was grown on the core surface by 
reducing chloroauric acid with ascorbic acid in the CTAC solution, and 
the NBT layer served as the Raman reporters and spacers. A typical 
overview of the GERTs is shown in Fig. 2c,d, which depicts the gap 
between the core and shell. The gap size was estimated to be 1 nm, 
which is in agreement with previous reports [27,45]. The morphology of 
the GERTs was polygonal, the nanoparticle size was approximately 
140 ± 25 nm and the average Au layer thickness was approximately 
40 nm. Some of the GERTs showed irregular shapes, this is because the 
presence of reporter molecules (layer) on the core surface affected the 
growth dynamics of the Au shell and the morphology of the GERTs. 
From an optical point of view (Fig. 2f), the colour of the GERTs solution 
was markedly different from that of the Au core solution and was 
changed from red to orange. Moreover, the SPR peak of the GERTs was 
shifted from 539 to 586 nm and broadened. This indicated an increase in 
non-uniform and large size particles. To further investigate the perfor-
mance of the nanotags with gap structures, the SERS signals of the 
GERTs and NBT-Au were detected at identical excitation conditions 
(laser power, integration time and focal distance) by a portable Raman 
device. The concentration of the latter was 12.5 times that of the former, 
which was calculated based on the cores and synthesized product so-
lution volume. For NBT-Au, the main characteristic peaks of NBT were 
720, 849, 1077, and 1339 cm− 1, corresponded to π(CH) + π(CS) + π 
(CC), δ(CH), ν(CS) and ν(NO2) vibrations, respectively. For the GERTs, 
the 4-NBT signals were significantly enhanced, and more characteristic 
peaks at 329, 528 and 1568 cm− 1 were observed, corresponded to δ(CS), 
γ(CCC) and ν(CC) vibrations, respectively. In addition, the Raman shift 
of the ν(NO2) vibration was shifted to 1332 cm− 1, reflected a change in 
the 4-NBT structure and reduction in the electron density of the nitro 
group influenced by the surface conductive Au shell. This was regarded 
as an important indicator that molecules were embedded in the interior 
nanogaps [50]. Here, the Raman shift was taken corresponded to the 
ν(NO2) vibration with the strongest amplitude as the characteristic peak 
of 4-NBT for both nanoparticles. As shown in Fig. 2e, after the GERTs 
formation, the signal intensity was increased sharply from 2884 to 7028 
counts. Based on the concentration ratio, an increase of approximately 
30-fold was obtained. 

In third stage, the immune-GERTs were obtained by functionalizing 
the GERTs surface with COVID-19 recombinant antigens, which were 
prepared by our group and used as a commercial product in the current 
pandemic. The following selected steps were applied to improve the 
commercial protocol. In brief, excess recombinant antigens (10 μg per 
1.1 × 10− 3 g GERTs) were attached to the GERTs surface by electrostatic 
interactions at the isoelectric point. The abundant amino groups 
randomly distributed on the antigen surface provided a strong affinity to 
Au and promoted the formation of a stable binding layer [51]. Then, 
excess BSA was used as a blocking agent to cover up the remaining free 
sites on the GERTs surface and prevent further nonspecific binding. 
From an optical point of view (Fig. 2f), the colour of the GERTs after 
functionalization with modified proteins did not change significantly, 
but an apparent redshift from 586 to 594 nm was observed in the 
extinction spectrum. This is due to the swollen corona of the surface 
protein micelles, which resulted in a larger hydration particle size for the 
GERTs. The synthesized immune-GERTs were used to fabricate a con-
jugate pad. The immune-GERTs were found stable and can be stored at 
room temperature for at least two months. 
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3.2. The performance of SERS-based LFIA strips for anti-SARS-CoV-2 
IgM and IgG detection 

3.2.1. The principle of SERS-based LFIA strip 
Figure 1 shows a schematic diagram of the SERS-based LFIA strip, 

which consists of a conventional LFIA strip and the SERS-based nanotag. 
As the blood/serum sample was added to the sample pad of the SERS- 

based LFIA strip, the liquid moved to the conjugate pad through capil-
lary action, whereby a specific interaction occurred between the anti-
bodies and coronavirus recombinant antigens on the GERT surface. 
Then, the above complexes moved to the NC membrane and migrated in 
the direction of the IgM test line (T1 line), IgG test line (T2 line) and 
control line (C line). In the presence of IgM or IgG, the corresponding 
conjugates were captured by the T1 or T2 line with goat anti-mouse IgM 

Fig. 3. (a) Photographs and corresponding SERS spectra of the test lines of the SERS-based strips in the presence of IgM and IgG. (b, c) Typical SEM images of the test 
zone for positive samples; the red arrows point to the nanoparticles of the positive sample in the enlarged image. (d, e) Typical SEM images of the test zone for 
negative samples. 
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or IgG coating, respectively. Unlike the above-mentioned reports [14,15, 
17,18], the remaining objects that contain chicken IgY-modified Au 
moved on and were captured by the C line coated by goat anti-chicken 
IgY. This realized independent quality control and was not affected by 
T line combination. Moreover, this approach can effectively save the raw 
material (recombinant antigens) to increase yield, especially in the early 
stage of the epidemic. Finally, all the excess fluid was adequately 
absorbed by the absorption pad at the end of the strip. After the 
completion of these processes, the colorimetric method was used for 
rapid detection, followed by Raman spectroscopy for more accurate and 
sensitive analysis. 

3.2.2. Specificity study of SERS-based LFIA strip 
In the bovine serum sample, a high concentration, 1 µg/mL IgM and 

1 µg/mL IgG were added and the experiment was conducted according 
to 2.6. As shown in Fig. 3a, only the IgM sample displayed an orange-red 
colour at the T1 line and no colour change was observed at the T2 line. 
Conversely, only the IgG sample displayed an orange-red colour at the 
T2 line and no colour change was observed at the T1 line. Moreover, 
only the test lines with positive results showed strong SERS signals and 
no prominent SERS signal was observed from the negative test lines. In 
addition, all the C lines were red, regardless of the presence/absence of 
IgM/IgG. As the GERTs immunocomplexes on the NC membrane were 
invisible to the naked eye, the test lines were further characterized by 
SEM. Figure 3b–e shows the SEM images obtained from the coloured and 
uncoloured test lines. For the coloured test lines, white dotted nano-
particles were heterogeneously distributed on the multi-channel surface 
of the NC membrane, while on the test lines without colour development 
white dotted nanoparticles were hardly recognized. This indicated that 
the conjugates of IgM/IgG tended to combine with the corresponding 
coated antibody (goat anti-human IgM/IgG), while there was almost no 
obvious specific binding to the non-corresponding coated antibody. 

3.2.3. Interference study of BIL, HB and TG for simultaneous detection of 
IgM and IgG 

Three common components, bilirubin (BIL), hemoglobin (HB) and 
triglyceride (TG) present in human blood were used as interference 
objects to investigate the anti-interference capability of SERS-based 
LFIA. The concentrations of BIL, HB and TG were 6 mg/mL, 10 mg/ 
mL and 50 mg/mL respectively, these were according to the largest 
threshold values of commercial performance evaluation protocols. The 
interference objects were individually added into three groups of serum 
samples that contained mixed isoconcentration antibodies with high 
(1000 ng/mL), medium (30 ng/mL) and low (1 ng/mL) concentrations. 
Moreover, each group was comprised of three parallel samples along 
with a control sample. The test lines were detected and the spectra were 
collected by a portable Raman system with a 150 µm spot size, each 
sample was analyzed three times at different areas and the average 
spectrum was obtained. Images of colorimetric results of different 
interference objects are shown in Fig. 4a, c, d. It can be seen that it is 
difficult to estimate the difference between the same concentration 
groups and control group through a normal inspection. Therefore, SERS 

Fig. 4. Images of colorimetric results of different antibodies concentrations under the interference of BIL (a), HB (c) and TG (e). Corresponding Raman intensity of 
T1/T2 at different antibodies concentrations under the interference of BIL (b), HB (d) and TG (f). All error bars represent standard deviation (n = 3). 

Table 1 
The difference between the average Raman intensity of different concentrations 
group and the control group in the presence of BIL/HB/TG.  

Interference 
objects 

High 
concentration (T1/ 
T2) 

Medium 
concentration (T1/ 
T2) 

Low concentration 
(T1/T2) 

BIL  10.2 ± 7.9%  8.9 ± 2.3%  19.5 ± 11.1%  
9.8 ± 7.3%  5.4 ± 3.7%  13.2 ± 7.8% 

HB  7.4 ± 8.4%  5.6% ± 4.4%  17.1 ± 13.4%  
9.7 ± 4.6%  2.6 ± 6.6%  12.2 ± 4.4% 

TG  7.7 ± 5.9%  4.6 ± 2.5%  5.9 ± 12.4%  
2.5 ± 8.3%  6.9 ± 2.0%  6.3 ± 8.2%  
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Fig. 5. (a) Photographs of SERS-based LFIA strips for IgM and IgG detection. (b) Photographs of commercial conventional LFIA strips for IgM and IgG detection. (c) 
SERS mapping images of the typical test zones of SERS-based LFIA strips with different concentrations of IgM and IgG. (d, e) Averaged SERS spectrum of T1 and T2 
for different concentrations of IgM and IgG. (f, g) The logarithmic curve of the corresponding calibration lines for IgM and IgG. Error bars represent standard de-
viation (n = 3). All the insets show the enlarged portion of the figures. 
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signal acquisition method was adopted. The corresponding Raman 
spectrum and Raman intensity of different strips are shown in 
Figs. S3− 5 and Fig. 4b, d, f. Then, the difference between the average 
Raman intensity of each concentration group and the control group in 
the presence of different interference objects was calculated (Table 1). 
For BIL, in the high, medium and low groups, the Raman intensity of T1 
was 10.2 ± 7.9%, 8.9 ± 2.3%, and 19.5 ± 11.1% respectively. Raman 
intensity of T2 for the above-mentioned groups was 9.8 ± 7.3%, 
5.4 ± 3.7%, and 13.2 ± 7.8% respectively. Similarly, for HB, the values 
(for the high, medium and low groups) for T1 were 7.4 ± 8.4%, 5.6% ±

4.4%, and 17.1 ± 13.4%, and for T2 79.7 ± 4.6%, 2.6 ± 6.6%, and 
12.2 ± 4.4% respectively. For TG, the values for T1 were 7.7 ± 5.9%, 
4.6 ± 2.5%, and 5.9 ± 12.4%, and for T2 2.5 ± 8.3%, 6.9 ± 2.0%, and 
6.3 ± 8.2% respectively. These findings indicated that the interference 
of BIL, HB and TG to IgM and IgG is relatively low and acceptable. 
Hence, can be reliably applied to actual system. 

3.2.4. Simultaneous qualitative and quantitative analysis of IgM and IgG 
The sensitivity of the SERS-based LFIA strip to simultaneously detect 

IgG and IgM was investigated to meet the practical application because 
the majority of COVID-19 definite positive samples contain both IgM 
and IgG [2,7,52,53]. Different concentrations (0, 0.03, 0.1, 0.3, 1, 3, 10, 
30, 100, 300, and 1000 ng/mL) of IgM and IgG mixtures with a ratio of 
1:1 were added to bovine serum to simulate real samples. Figure 5a 
shows photos of the SERS-based LFIA of the two target antibodies. Under 
the optimized concentration range, the colour of the nanotags immo-
bilized on the test lines was clearly observed with naked eye and the 
intensity was found to gradually decreased with decreasing antibody 
concentration. The limits of detection (LODs) for IgM and IgG were 
10 ng/mL and 100 ng/mL, respectively. On the same strip, the colour of 
the T1 line was lighter than that of T2, mainly because the affinity of IgM 
for the recombinant antigen is weaker than that of IgG. So, less IgM were 
effectively bound to the nanotag and minimum number of nanotags 
were captured by coated antibodies. This is also the reason why the IgM 
detection limit was higher than that IgG. In addition, we compared the 
SERS-based LFIA strips with commercial LFIA strips based on 40 nm 
colloidal gold nanoparticles. Figure 5b shows photographs of commer-
cial LFIA strips with different concentrations (0–1000 ng/mL) of target 
antibodies under the same concentration. Through colorimetric anal-
ysis, the detection limits of the commercial LFIA for IgM and IgG were 
consistent with those of the SERS-based LFIA, and there was an 
approximate colour change pattern on the test lines. The most striking 
difference was that the colour bands on the test lines of the commercial 
LFIA strips appear redder due to the characteristic resonance extinction 
of 40 nm gold nanoparticles near 530 nm [27]. These results indicated 
that the substitution of GERTs for ordinary colloidal gold nanoparticles 
does not affect the performance of conventional LFIAs. Figure 5c shows 
the SERS mapping images obtained from the test zones with the Raman 
intensity at 1320–1340 cm− 1. Each image contains 1131 (29 × 39) 
pixels and the intensity of the Raman signal for each pixel was repre-
sented by a pseudo-colour. A narrow-range color scale was used to 
brighten the pseudo-colour for low concentration of the samples. With 
increasing concentrations of IgM and IgG, the number of coloured pixels 
and brightness increased in the test zone. This was owing to the binding 
of more target antibodies to the nanoparticles. A higher distribution 
density of GERTs in the test zone led to a wider Raman signal distribu-
tion and stronger Raman signal feedback. The distribution and bright-
ness of pixels in the test zone were heterogeneous, which was caused by 
the rough and porous structure on the NC membrane. Consequently, 
each test line was randomly measured in three zones to acquire a 
reproducible intensity value. Figure 5d, e shows the average SERS 
spectra of the three groups for different test zones. The corresponding 
relationship between the characteristic peak strength and logarithmic 
concentration is shown in Fig. 5(f-g). The error bars represent the 
standard deviation of the strength. For IgM, the slope was increased over 
the entire concentration range. For IgG, at 0–100 ng/mL, the curve 

showed a similar upward trend as the IgM curve, while at 
100–1000 ng/mL the strength slightly changed with increasing con-
centration. In this assay, the COVID-19 recombinant antigen containing 
both of the binding sites of IgM and IgG was used for immune binding. 
This is also a common protocol used for the multi-channel detection of 
IgM and IgG for COVID-19 in the current LFIA scheme [7,14–17]. 
However, competitive immune reactions inevitably occurred on the 
surface of nanotags to conjugate the same antigen. In a previous report 
[15], S-protein antibody was used as a single target and weaker SERS 
signals were observed as the S-protein concentration decreased. Then, 
the feasibility of quantitative analysis was confirmed and transplanted 
into dual-plex (IgM and IgG) detection. Here, we have a different view 
about this, owing to the following dynamic description obtained from 
the analysis of logarithmic curves. At high concentrations, because the 
nano-surface modified antigen can recognize both the IgM and IgG, 
some IgM and IgG were simultaneously bound to immune-GERTs (the 
physical model is shown in Fig. 6 a1) and captured by the anti-IgM 
antibodies in the first test line (the physical model is shown in Fig. 6 
a2). This resulted in a decrease in IgG binding to the second test line and 
a reduction in the Raman signal growth was observed (can be seen in the 
right part of the curve in Fig. 5g). When the mixed antibody concen-
trations were gradually decreased, the immune-GERTs accordingly 
became excessive for IgM and IgG. Both IgM and IgG tended to be 
associated with their respective immune-GERTs (the physical model is 
shown in Fig. 6 b1) and caused a dramatic decrease in the amount of IgG 
transported to T1 by IgM conjugates. Namely, the IgG in the mixed 
system were gradually captured by T2 (the physical model is shown in 
Fig. 6 b2). Consequently, as shown in the left part of the curve (Fig. 5g), 
the IgG concentration was more positively correlated with the Raman 
signal intensity, which was similar to the correlation observed in the IgM 
curve. In conclusion, benefited from the sensitive and accurate expres-
sion of the test lines of SERS-based LFIA, the interference effect under 
the recognition of the same antigen was revealed through quantitative 
data for the first time. Obviously, this interference effect of IgM on IgG 

Fig. 6. (a) Schematic diagram of IgM and IgG binding to immune-GERTs in 
high concentration IgM/IgG mixture, and the immunobinding on T1 and T2. 
(b) Schematic diagram of IgM and IgG binding to immune-GERTs in low con-
centration IgM/IgG mixture, and the immunobinding on T1 and T2. 
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makes it difficult to quantify IgG in the mixed system, especially at a 
high concentration of IgM. Therefore, using dual-plex LFIA with nano-
tags modified by the same antigen to quantitatively analyse the anti-
bodies is not rigorous and reliable in multiplex detection. Hence, the 
dual-model quantitative analysis of the SERS-based LFIA for IgM and 
IgG simultaneous detection using the similar strategy [14,16,17] need to 
be reconsidered. 

The LODs of the SERS-based LFIA strip for simultaneous detection of 
IgM and IgG was calculated by the following equation:  

LOD = Yblank + 3 × SDblank                                                                   

In our experiment, Yblank is the average signal intensity when the 
concentration is zero, and SDblank represents the standard deviation of 
the value measured for the blank. Thus, the LODs of IgM (1 ng/mL) and 
IgG (0.1 ng/mL) were easily obtained when the Raman intensity was 
larger than the threshold value, 17 counts. The above LODs are 100 
times lower than the LODs of the colorimetric method, regardless of 
whether the LFIA was a SERS-based LFIA or a commercial standard 
LFIA. A comparison of different LFIA biosensors for anti-SARS-CoV-2 
antibodies detection is listed in Table 2. Surprisingly, the reference 
[15] has the highest improvement factor as compared to other works, 
which is mainly due to the Dual-layers DTNB-modified SiO2@Ag NPs 
having a signal about 220 times higher than seed NPs. This value is 
about seven times as compared to this research and fits well with the 
difference in sensitivity between the two works. Other notable differ-
ences between these two articles can be seen in Table S1. Based on the 
performance parameters of the above methods, SERS method has certain 
advantages over other methods. We look forward to more other studies 
and more detailed data comparisons in future work. 

This improvement is important for reliable detection of infected 
persons with mild antibody expression, especially in the early stage of 
infection when IgM is difficult to detect in many cases [54] due to the 
poor content and relatively low specific binding ability of IgM to anti-
gens (compared to that of IgG). As we know, a viral infection usually 
leads to the generation of IgM and then IgG as long-term immunity. 
Thus, more sensitive detection of IgM and IgG could help to obtain a 
more accurate determination of the date of infection and provide better 
guidance for treatment. Furthermore, the sensitive detection can be used 
to trace the source of infection which is crucial for preventing the spread 
of the epidemic. 

4. Conclusion 

In this study, we successfully prepared a novel SERS-based LFIA strip 
for multiplex detection of anti-SARS-CoV-2 antibodies, IgM and IgG, by 
using GERTs as ultra-sensitive SERS probes. The SERS signal of the 
GERTs was improved by 30-fold compared with that of traditional 
nanotags, which directly adsorbed the reporter molecules on the particle 
surface. Compared with colorimetric method, the LODs of the proposed 
SERS-based LFIA strip for simultaneous detection of IgM and IgG were 
decreased by two orders of magnitude to 1 ng/mL and 0.1 ng/mL 
respectively. The interference effect of IgM on IgG was exposed under 
the condition of using the same nano-surface modified antigen as a 
recognizer of IgM on IgG. Hence, the low sensitivity of the commercially 

available LFIAs will be overcome, and great potential will be exerted for 
IVD and POC tests for infectious diseases. With the development of 
Raman spectrometers, such as the line illumination probe used for a 
portable SERS-LFIA reader proposed by Vi Tran [55], SERS-based LFIAs 
are more suitable for various applications and exhibit stronger detection 
potential. We believe that this novel SERS-based LFIA strip will have 
great application prospects in in-vitro diagnosis. 
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