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We present an attractive model of surface-enhanced Raman scattering-based lateral flow immunoassay
(SERS-LFIA) for the sensitive and accurate detection of Mycoplasma pneumoniae (MP) infection in
human serum. The SERS-LFIA strip uses Au@Ag nanoparticles (Au@Ag NPs) loaded with two layers of
Raman dye 5,5 -dithiobis-(2-nitrobenzoic acid) (DTNB) as SERS tags. The advantages of the dual dye-
loaded SERS tags (Au/DTNB@Ag/DTNB) are the high sensitivity and the bioconjugation flexibility of the
detection antibody. As determined from our SERS-LFIA strip, human IgM was quantified by monitoring
the SERS signal on the test line. The limit of detection for human IgM was 0.1 ng mL™%, which was 100
times more sensitive than that by using the colorimetric method. Our assay results for 20 MP-specific
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IgM positive serum specimens showed 100% accuracy and detection rate, whereas the parallel enzyme-

linked immunosorbent assay only showed 85% detection rate. The SERS-LFIA strip also exhibited high
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1. Introduction

Mycoplasma pneumoniae (M. pneumoniae, MP), a unique path-
ogen lacking a peptidoglycan cell wall and self-reproducing
without a host, is the common reason of pneumonia and
respiratory diseases in all age groups worldwide.'* Approxi-
mately 6-30% of pneumonia cases in all ages can be ascribed to
M. pneumoniae infection, and the epidemic peaks in intervals of
3-7 years.*® The early diagnosis of M. pneumoniae infection is
important for deciding the treatment modality and guiding the
appropriate antibiotic therapy.® The current gold standard
method remains conventional culture, which is the most
definitive and inexpensive diagnosis method for M. pneumo-
niae.* However, MP culture is time consuming (2-8 weeks) and
requires professional media and trained personnel.” Serological
analysis, another conventional method, is uncertain for the
definitive identification of M. pneumoniae infection on account
of its low diagnostic sensitivity.** As an alternative, numerous
molecular methods based on antigen detection or nucleic acid
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specificity and potential clinical applications. Therefore, our SERS-based LFIA strip has strong potential
for practical applications in the sensitive and rapid detection of MP.

have appeared as major techniques for the identification of M.
pneumoniae; these methods contain DNA sequencing, poly-
merase chain reaction (PCR), and enzyme-linked immunosor-
bent assays (ELISA).**™* These molecular techniques have
achieved specificity and sensitivity in the detection of M. pneu-
moniae infection but also exhibited some shortcomings,
including the requirement of sophisticated equipment or
expensive reagent, tedious or complex procedures, and the
occasional false-positive results.?

A membrane-based lateral flow immunoassay (LFIA) strip
has been extensively applied in many fields due to its simplicity,
flexibility, rapidity, and use of low-cost strips; in this method,
nanoparticles (NPs) are combined with chromatography and
immunochemical reactions.*>* The principle of most LFIA tests
is based on color visualization using small size Au NPs as
reporters.**> Nevertheless, these common LFIA strips have
poor sensitivity and can only provide qualitative and semi-
quantitative result on analyte concentrations, thus limiting
their application.’®"” Novel signal-enhancement strategies,
including dual Au NPs-based signal enhancement strategy,
enzyme-amplified signal system, fluorescence-based signal
enhancement method, and magnetic NP-based strategy have
been developed to overcome these disadvantages.'*' However,
in these strategies, the results may undergo optical interference,
and additional steps are required for signal detection.

A surface-enhanced Raman scattering (SERS)-based LFIA
technology has recently attracted more and more attention
because of its high sensitivity and quantitative analysis
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potential.*>*® The fundamental principle of this technique is
using functional SERS tags instead of the Au NPs, which are
utilized in conventional LFIA strips, such as the Raman
reporter-labeled and antibody-conjugated metal NPs.””** The
incident light field can be significantly enhanced by the local-
ized surface plasmon effects when the Raman reporter mole-
cules coupled on the SERS tags exposure to a single excitation
light source.**** This enhancement impact displays promise in
resolving the poor sensitivity problem of conventional LFIA and
luminescence or fluorescence-based assay techniques.”
Furthermore, quantitative analysis can be performed in Raman
spectroscopy because the intensity of the SERS signal is directly
in accordance with the number of SERS tags on the test
line.*?*** The combination of SERS tags and LFIA contributes
to the sensitivity and accuracy for quantitative point-of-care test
(POCT). This new combined biosensor system is helpful to
practical use in clinical diagnostics.

In our research, we reported a new SERS-LFIA strip for the
quantitative and highly sensitive detection of human IgM and the
accurate early diagnosis of MP infection in human serum. MP-
specific IgM antibodies appear early at the onset of the infec-
tion, peak in a few of weeks, then drop to extremely low levels.
Because of the early occurrence and short life span of IgM anti-
bodies, the detection for MP-specific IgM allows the diagnosis of
early and acute infection using a single serum specimen.*
Approximately 44 nm Au@Ag core-shell NPs were utilized as the
SERS substrates because Au@Ag has better SERS activity than
same-sized Au NPs and a more uniform distribution than Ag
colloids.*** These characteristics are critical to signal strength
and reproducibility. The Au@Ag NPs were loaded with two layers
of DTNB molecules as the dual-dye SERS tags. Owing to the
strong enhancement capability of plasmonic Au@Ag NPs, the
dual dye-loaded SERS tags exhibited strong and quantitative
SERS signal and were subsequently conjugated with target
detection antibody to serve as the SERS tags in the LFIA strip.*®
Under the optimized condition, the SERS-LFIA strip became
a rapid and effective detection tool for the detection of human
IgM and the limit of detection (LOD) was as low as 0.1 ng mL ™.
This LOD value is 100 times more sensitive than that acquired
from the colorimetric method. Moreover, we compared the assay
results for 20 MP clinical positive specimens with those obtained
from a commercially available semi-quantitative MP-specific IgM
ELISA kit to validate our proposed strip for clinical application.
So far as we know, this research is the first to utilize SERS-based
LFIA strip to accomplish MP rapid and highly sensitive detection.
This approach can be a suitable diagnostic tool for MP detection.

2. Experimental section

2.1. Chemicals and materials

Chloroauric acid (HAuCl,), ascorbic acid (AA), silver nitrate
(AgNO3y), 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), N-(3-dime-
thylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-
hydroxysulfosuccinimide sodium salt (sulfo-NHS), poly-
vinylpyrrolidone (PVP, 40 K), Tween-20, bovine serum albumin
(BSA), goat anti-human IgM, goat anti-mouse IgG, and IgM from
human serum (human IgM) were obtained from Sigma-Aldrich
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(USA). Mouse anti-human IgM (p-chain specific) was purchased
from Fapon Biotech Inc., (China). Donkey anti-goat IgG was ob-
tained from Sangon Biotech Co., Ltd., (Shanghai). MP P1 antigen
was purchased from Xiamen One Clone Biotech Inc., (China).
Sodium chloride (NaCl), sucrose, sodium tetraborate (Na,B,O,-
-10H,0), and boric acid were acquired from Sinopharm Chem-
ical Reagent Co., Ltd., (China). 1 M Tris-HCl (pH 8.0) was
obtained from Applygen Technologies Inc., (China). The nitro-
cellulose (NC) membrane (Hi-flow plus HF180) with 6 um pore
size was obtained from Millipore Corporation (USA). The glass
fiber sample loading pad (XQ-Y2), glass fiber conjugate pad
(GL0194), PVC bottom plate and absorbent pad were obtained
from Jieyi Biotechnology Co., Ltd., (China).

Clinical serum specimens were collected from Chinese PLA
General Hospital. Informed consent was written by all patients. All
procedures were performed according to the approved guidelines
of the Ethics Committee of the Institute of Radiation Medicine and
Chinese PLA General Hospital. Each subject was phlebotomized to
collect 3 mL of whole blood. Serum was acquired by centrifugation.
Serum specimens were stored at —80 °C.*

2.2. Instruments

High-magnification transmission electron microscopy (TEM)
images were acquired with a Hitachi H-9000 TEM with an
acceleration voltage of 100 kV. UV-Vis spectra were obtained by
a Shimadzu 2600 spectrometer. Dynamic light scattering (DLS)
data for the NPs were obtained by a Nano-ZS90 (Malvern) appa-
ratus. Raman spectra and SERS mapping images of the tested
SERS-LFIA strips were recorded on a Renishaw inVia plus Raman
system with an excitation laser at 785 nm. Incident radiation
coupled to an Olympus BX51 optical microscope was focused to
a 2 pm diameter spot via a 5x objective. The acquisition time of
the data at each spot was 5 s. The signal intensities were stan-
dardized in regard to the silicon wafer at 520 cm™*.*

2.3. Synthesis of Au/DTNB@Ag/DTNB NPs

Au NPs were prepared according to the citrate reduction
method. In brief, 100 mL of HAuCl, solution (0.01%, w/v) was
first heated to the boiling point with stirring. Afterward, 1.5 mL
of trisodium citrate (1%, w/v) was added rapidly to the boiling
solution. The suspension was boiled for 15 min and then
allowed to reach thermal equilibrium at room temperature,
which yielded the Au NPs with a diameter of 35 nm.
DTNB-modified Au NPs (Au/DTNB NPs) were prepared by
attaching DTNB molecules on the Au NP surface. In brief, 10 pL
of 10 mM DTNB ethanol solution was mixed to 10 mL of Au NPs
solution. The mixture was under vigorous stirring at room
temperature for 4 h. The ultimate solution was centrifuged at
8000 rpm for 8 min to eliminate the redundant DTNB molecules.
The sediment was resuspended in 10 mL of deionized water.**
The Au/DTNB@Ag core-shell NPs were prepared by the
following procedure. First, 10 mL of Au/DTNB NPs solution was
four times diluted and then heated to boiling temperature.
Subsequently, 0.5 mL of trisodium citrate (1%, w/v) was rapidly
added into the solution under vigorous stirring. Ultimately,
1 mL of silver nitrate (1 mM) was drop-wise added into the

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra03323d

Open Access Article. Published on 11 June 2018. Downloaded on 3/31/2026 7:28:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

above solution, and the resulting mixture was kept on boiling
for another 15 min. Finally, the color of solution changed from
red to orange red, which indicated the formation of Au/
DTNB@Ag NPs.

The preparing method of DTNB-modified Au/DTNB@Ag NPs
(Au/DTNB@Ag/DTNB) is similar to that of the DTNB-modified
Au NPs.

2.4. Preparation of Au/DTNB@Ag/DTNB NP SERS tags for
SERS-based lateral flow immunoassay

The dual dye-loaded SERS tags (Au/DTNB@Ag/DTNB-antibody)
were prepared through the EDC/sulfo-NHS coupling between
the amino group of the antibody and DTNB-COOH group. The
SERS tags for detecting human IgM were prepared by conju-
gating goat anti-human IgM, and the SERS tags for the specific
recognition of MP-specific IgM were prepared by conjugating
mouse anti-human IgM (p-chain specific). In brief, 500 pL of Au/
DTNB@Ag/DTNB NPs were reacted with 20 pL of EDC/sulfo-
NHS solution (1 mg mL™ '), and the reaction solution was
under vigorous shaking for 15 min. Afterward, 5 pL of the
antibody (5 mg mL™") and 500 pL of the BBS buffer (borate
buffer solution, 10 mM, pH 8.0) were mixed into the above
solution, and the resulting solution was under vigorous shaking
for 2 h for conjugation.** The unreacted carboxyl sites of SERS
tags were blocked with 100 pL of BSA (10%, w/v) for an addi-
tional 1 h. The precipitate was separated by centrifugation and
then washed several times with BBS buffer (10 mM, pH 8.0). The
resultant precipitate was resuspended with 500 pL of preserva-
tion solution containing Tris-HCI (50 mM, pH 8.0), 1% BSA (w/
v), 0.1% PVP (w/v), 10% sucrose (w/v), and 0.5% Tween-20 (v/v)
for further use.

DTNB AgNO3
—— —
e
Au NPs Au/DTNB AuDTNB@Ag
b A
e
Target

Fig. 1
lateral flow immunoassay.
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2.5. Preparation of SERS-LFIA strips

The SERS-based LFIA strip comprised an absorbent pad, an NC
membrane with 6 um pore size, a conjugate pad with SERS tags
and a sample loading pad (Fig. 1b). To ensure solution migra-
tion, four components was affixed to a plastic backing card in
sequence. A desired volume of the as-prepared SERS tags was
dropped on the conjugate pads. The conjugate pads with SERS
tags were dried at 37 °C incubator for 3 h. For detecting human
IgM, the test and control zones of the NC membrane were
coated by spraying 1 mg mL ™" of goat anti-human IgM and 1 mg
mL~' of donkey anti-goat IgG, separately. For the specific
recognition of MP-specific IgM, the test and control lines were
prepared by spraying MP P1 antigen and goat anti-mouse IgG,
respectively. The NC membrane was prepared by spraying
antibody or antigen at a rate of 1 uL em™ ' using a spraying
platform (Biodot xyz5050). In the end, the integrated SERS-LFIA
strips were stored in an airtight container.

3. Results and discussion

3.1. Principle of SERS-based LFIA

Fig. 1b shows the testing principle for quantitative analysis of
human IgM antibody based on the SERS-LFIA strip. This
experiment is based on the formation of antibody/antigen/
antibody-conjugated SERS tags sandwich immune complexes.
The sample solution containing target human IgM was dropped
on the sample pad. Specific recognition and combination
occurred between the human IgM- and anti-human IgM-
conjugated SERS tags when the sample solution travelled
through the conjugation pad. Under the capillary action, the
resulting immunocomplexes continued migrating along the NC

-‘&x,;-

4

X
-

Dual-dye SERS tags

Antibody
o —

Y

Au/DTNB@Ag/DTNB

4% SERS tags
‘ %¢ Goat anti-human IgMm
)‘9‘ \Y/ Donkey anti-goat IgG

Y Human IgM

(a) Synthetic route for dual dye-loaded SERS tags; (b) schematic illustration of quantitative detection of human IgM using SERS-based

RSC Adv., 2018, 8, 21243-21251 | 21245


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra03323d

Open Access Article. Published on 11 June 2018. Downloaded on 3/31/2026 7:28:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

membrane and were caught by the anti-human IgM antibodies,
which were previously coated on the test line. The excess SERS
tags continued migrating and were caught by donkey anti-goat
IgG immobilized on the control zone of NC membrane. The
aggregation of SERS tags on the test/control line produced two
visible red bands. When there was no target human IgM exist-
ing in the sample solution, only the red band of the control zone
was observed. The line also validated the test system well.
Finally, the SERS signal of the test line was tested for the
quantitative analysis of human IgM.

3.2. Characterization of Au/DTNB@Ag/DTNB SERS tags

SERS tags are usually applied in label method as the extrinsic
mode of target detection and have three basic components:
a metal nanostructure as enhancing substrate, a specific Raman
reporter molecule to produce specific SERS signal, and bio-
recognition molecules to identify target substance. In this work,
a dual dye-loaded Au/DTNB@Ag/DTNB nanostructure was
designed as a novel SERS tag that possessed two advantages
over the commonly used Au or Ag NP SERS tags [Fig. 1a]. Au/
DTNB@Ag/DTNB consists of two layers of DTNB molecules.
DTNB acted as the Raman reporter molecule that was modified
on the surface and embedded in the Au@Ag NPs to generate
stable and strong SERS signal. The outside DTNB layer of Au/
DTNB@Ag/DTNB NPs was biofunctional to serve as a Raman
reporter and link with amino groups of the antibodies.

The Au@Ag core-shell NPs were prepared by in situ growth of
Ag shells on the surface of Au NPs. In this study, the average
diameter of the synthesized Au NPs was 35 nm. The Au NPs were
utilized as the seeds and the Raman dye DTNB could be easily
absorbed onto the Au surface via the disulfide bond in the
DTNB molecules. In brief, 1 mL of AgNO; solution (10 mM) was
used to produce an Ag shell over the 100 mL of Au seed solution.
The synthesized Au seeds and Au@Ag NPs were characterized
via TEM (Fig. 2a and b). The high-resolution (HR) TEM image of
Au@Ag NPs denotes the thickness of the Ag shell was approxi-
mately 5 nm as inset in Fig. 2b. The DLS data in Fig. 2c and
d also show that the average diameter of Au NPs increased from
35 nm to approximately 44 nm after Ag shell coating.

3.3. Dual dye-loaded Au@Ag NPs

Other two kinds of single-dye modified SERS tags (Au/DTNB and
Au@Ag/DTNB NPs) were synthesized for comparison to verify
the SERS activity of the newly designed dual dye-loaded SERS
tags. These SERS tags were modified with the same concentra-
tion Raman dye molecule DTNB under magnetic stirring for 4 h.
Fig. 3a reveals the UV-Vis spectra of the prepared SERS tags. The
extinction peak of the Au NPs appeared at the wavelength of
525 nm. This peak blue shifted at approximately 23 nm after the
Ag shell coating. The UV-Vis spectra of Au/DTNB@Ag/DTNB
appeared almost identical with those of Au@Ag/DTNB NPs,
indicating that embedding DTNB inside the Ag shell did not
influence the wavelength of Au@Ag NPs. The Raman spectra of
the three kinds of SERS tags as shown in Fig. 3b. The main
Raman band of DTNB centered at 1335 cm ' was used for
comparison. The SERS signal of our proposed dual dye-loaded
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SERS tags (Au/DTNB@Ag/DTNB) was twice those of Au/DTNB
NPs and about 1.5 times those of Au@Ag/DTNB NPs.

3.4. Quantitative analysis of human IgM based on SERS-LFIA
assay

To confirm the detection sensitivity of the proposed SERS-LFIA
strips, we used goat anti-human IgM-conjugated Au/DTNB@Ag/
DTNB NPs as models for capture and reporting agents. The
SERS detection protocol is shown in Fig. 1b. The human IgM
was diluted in a range of 10 ug mL ™" to 0.1 ng mL ™, and 1x
PBST (1x PBS, 0.05% Tween-20, pH 7.4) as a blank control.
Fig. 4a shows the photographs of the SERS-LFIA strips testing
for human IgM in different concentrations (0.1 ng mL™" to 10
pg mL~Y). When the human IgM concentration increased, many
immunocomplexes were formed, and the visible red color was
found on the test line. The control line of each strip displayed
ared band, indicating that the SERS-LFIA strip worked properly.
The color observed on the test line was at a higher concentra-
tion of human IgM (10 ng mL™"). Such high visual detection
result could not meet the demand for actual testing and provide
quantitative information on target concentrations. However, for
the SERS-based LFIA strip, it is feasible that human IgM is
quantitatively analyzed through the characteristic Raman signal
of the Raman dye molecules of SERS tags on the test line. Fig. 4b
shows the SERS spectra of different concentrations of target
human IgM. The SERS signals on the test lines were weakened
when the human IgM concentration decreased, and the main
peak at 1335 cm™ ' was distinguished when the human IgM
concentration declined to 0.1 ng mL~". Therefore, the LOD of
the proposed SERS-LFIA strips based on the dual dye-loaded
SERS tags was 0.1 ng mL~". The calibration curve was plotted
between the logarithm of human IgM concentrations (0.1 ng
mL~" to 10 pg mL ') and the SERS signal intensity at Raman
peak 1335 cm ™", and is shown in Fig. 4c. A good linear rela-
tionship was observed in the range of 0.1 ng mL " to 10 ug mL "
human IgM concentration (R*> = 0.986). The homogeneity of
SERS signals across the test line was observed by mapping the
SERS spectra over an extended area (800 um x 400 pm) with
a 50 um step at Raman peak 1335 cm™ . For different concen-
trations (0.1-1000 ng mL ") of human IgM, the corresponding
SERS mapping images across the test lines were obtained as
shown in Fig. 4d. The SERS signal intensity at the front of the
test area is higher due to the fact that it is the first place the fluid
encounters as it migrates through the strip at high human IgM
concentration (1000 ng mL~'). The homogeneity of SERS
signals across the test line decreases with the IgM concentration
decreasing from 100 ng mL " to 100 pg mL .

The repeatability of SERS signals was measured at 10
different spots on the three different batches of SERS-LFIA
strips, and the result is shown in Fig. S1.t The relative stan-
dard deviation from was 10.6%, which indicated the good
reproducibility of the SERS-LFIA strips. We further compared
the sensitivity of SERS-LFIA strip based on the dual dye-loaded
SERS tags with that of other two SERS-LFIA strips based on
single dye-loaded SERS tags (Au/DTNB-antibody or Au@Ag/
DTNB-antibody). Fig. S21 shows that the visual and SERS

This journal is © The Royal Society of Chemistry 2018
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Fig.2 TEM images of the prepared Au NPs (a) and the Au/DTNB@Ag NPs (b). HRTEM image of the magnified Au/DTNB@Ag NPs was inset in (b)
(arrows indicate the thickness of Ag shell). DLS distributions of the prepared Au NPs (c) and Au/DTNB@Ag NPs (d).

signal detection limits of Au/DTNB- and Au@Ag/DTNB-based
LFIA strips were 10 and 1 ng mL ™", severally. Thus, the detec-
tion sensitivity of the Au/DTNB@Ag/DTNB based on SERS-LFIA
strip was dramatically enhanced by nearly 10 and 100 folds in
comparison with those of single-dye-loaded SERS tag-based and
conventional LFIA, respectively.

3.5. Detection rate of MP-specific IgM positive serum
specimens based on SERS-LFIA strips

MP-specific IgM positive clinical serum specimens were detec-
ted to confirm the effectiveness and sensitivity of our proposed
SERS-LFIA strips for MP clinical serum specimens. According to
the methods described earlier, the test and control lines were
prepared by spraying MP P1 antigen and goat anti-mouse IgG,
respectively, for the specific recognition of MP-specific IgM.

This journal is © The Royal Society of Chemistry 2018

Twenty MP-specific IgM positive clinical serum specimens and
ten MP-specific IgM negative clinical serum specimens were
confirmed by using the diagnostic kit for measurement of
antibodies to Mycoplasma pneumoniae (passive particle aggluti-
nation), SERODIA-MYCO II from Fujirebio Inc. (Japan). In brief,
10 pL of clinical serum and 60 pL of 2% NaCl (w/v, pH 7.0)
solution were mixed and dropped on the sample pad of the
prepared SERS-LFIA strips. Based on immunoreaction and
chromatography, the MP-specific IgM positive serum speci-
mens would develop both red T and C lines visible to the naked
eye, but MP-specific IgM negative serum specimens would only
develop visible red C lines. As shown in Fig. 5a, the test lines of
the number 2, 3, 5, 7, 10, 11, 14, and 20 of the positive group
were readily visible, whereas the others were not easily observed
by the naked eye. All the test lines of the negative group were not
observed.

RSC Adv., 2018, 8, 21243-21251 | 21247
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(a) UV-visible spectra of Au/DTNB, Au@Ag/DTNB, and Au/DTNB@Ag/DTNB NPs. The insets show the photographs of the three kinds of

SERS tags. (b) SERS intensity of Au/DTNB, Au@Ag/DTNB, and Au/DTNB@Ag/DTNB NPs under the same conditions.

The SERS signal intensities at the Raman peak of 1335 cm ™"

on the test lines of the SERS-LFIA strips were measured and
analyzed and is shown in Fig. 5b. The SERS signal intensities of
all the MP-specific IgM positive serum samples were stronger
than those of the MP-specific IgM negative serum samples. The
SERS signal intensities of 10 MP-specific IgM negative serum
samples were low, which indicated that the proposed SERS-LFIA

b

strips have high specificity for the MP-specific IgM positive
serum. The result of statistical analysis shows that the Raman
intensity of positive group is observably higher than the nega-
tive group (*p < 0.05) as shown in Fig. S3.7 The cut-off value
(COV, negative serum + 3SD) was calculated as the averaged
signal intensities of 10 MP-specific IgM negative serum speci-
mens to three times of standard deviation measurements, and
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Fig. 4

(a) Photographs of SERS-LFIA strips based on Au/DTNB@Ag/DTNB tags after applying different concentrations of human IgM. (b) SERS

spectra measured in the corresponding test lines. The excitation laser energy was 10 mW, and the integration times were 5 s. (c) Calibration curve
for human IgM at a concentration of 0.1 ng mL™* to 10 ng mL~* obtained by using SERS intensity at 1335 cm™. Error bars represent the standard
deviations from five independent measurements. (d) SERS mapping images acquired using SERS signal intensity at Raman peak 1335 cm™ for six
different human IgM concentrations in 0.1-1000 ng mL ™2,
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(a) Photographs of SERS-LFIA strips applied in serum specimens. The numbers above the strips represent 20 MP-specific IgM positive

serum specimens and 10 MP-specific IgM negative serum specimens. (b) SERS signal intensities on the test lines of the corresponding SERS-LFIA
strips. The error bars show standard deviation from five independent measurements. (c) ELISA for 20 MP-specific IgM positive serum specimens,
10 MP-specific IgM negative serum specimens, serum diluent (blank), positive control, negative control, and three calibrators (P10, P50, and
P100) in a 96-well plate. The red circles represent three MP-specific IgM positive serum specimens that did not lead to the change of the color to

darker yellow. (d) Absorbance of these specimens at 450 nm.

the obtained value was 1543. The serum specimens with the
SERS signal intensities =1543 were considered MP positive,
whereas those with intensities <1543 were considered MP
negative. The SERS signal intensities of MP-specific IgM posi-
tive serum specimens were stronger than those of MP-specific
IgM negative serum specimens and higher than the COV.
With the proposed SERS-based LFIA strips, the detection rate of
MP-specific IgM positive serum specimens was 100%.

ELISA was conducted to compare the sensitivity of our
proposed SERS-LFIA strips with the common detection sensi-
tivity provided by a standardized immunoassay format. The
same MP-specific IgM positive serum specimens and negative
serum specimens were performed using SeroMP™ IgM kit
(Savyon® Diagnostics Ltd, Israel). A 96-well plate was coated
with MP P1 antigens that capture the MP-specific IgM anti-
bodies in MP-specific IgM positive serum. MP-specific IgM
antibodies were bound to the capture antigens, whereas HRP-
conjugated anti-human IgM (detecting antibodies) was bound
to MP-specific IgM antibodies. When the enzyme-linked
immunocomplexes were formed, a TMB-substrate was added,
and the reaction was terminated using stop solution (1 M
H,S0,). The last step resulted in the color changing from yellow
to dark yellow as shown in Fig. 5c. The right color chart repre-
sents the position of sample wells. The color caused by most

This journal is © The Royal Society of Chemistry 2018

MP-specific IgM positive serum specimens (except for three
serum specimens marked with red circle) was darker than those
of 10 MP-specific IgM negative serum specimens. The absor-
bance at 450 nm converted by the enzyme was measured in
a microplate reader (Bio Tek Instruments, Inc., USA) and
analyzed (Fig. 5d). The absorbance of blank control was the
lowest, which was consistent with the lightest yellow color in
Fig. 5c. The absorbance of negative control was mildly higher
than the blank control. The absorbance values of positive
control, P100 calibrator (representing high MP positive human
serum), P50 calibrator (representing medium MP positive
human serum), and P10 calibrator (representing low MP posi-
tive human serum) were also reasonable. According to the
instructions, the cut-off value was the absorbance of P10 cali-
brator at 450 nm and the obtained value was 0.56. The serum
specimens with the absorbance values higher than that of the
P10 calibrator were considered MP positive and lower than P10
were considered MP negative. The absorbance of 10 MP nega-
tive serum specimens was lower than that of the P10 calibrator.
The absorbance of 20 MP positive serum specimens should be
higher than the P10 calibrator. However, the absorbance values
of three serum samples 12, 15, and 18 were lower than that of
the P10 calibrator. The detection rate of MP-specific IgM posi-
tive serum specimens based on ELISA was 85%. The above

RSC Adv., 2018, 8, 21243-21251 | 21249
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results indicated the sensitivity of the SERS-based LFIA was
better than that of ELISA.

3.6. Specificity of SERS-LFIA strip for MP-specific IgM
positive serum

The sera infected with the other six respiratory tract pathogens,
Chlamydia pneumoniae (CP), adenovirus (ADV), respiratory
syncytial virus (RSV), influenza A (FLU-A), influenza B (FLU-B),
and parainfluenza (PIV) were diagnosed by commercial
serology kits. These sera were also tested with the SERS-based
LFIA strips to further evaluate their specificity and selectivity.
The visual detection results of the strips in Fig. 6a show that two
red bands were observed for MP positive serum, whereas only
the control line was observed for the other six sera. The SERS
detection results (Fig. 6b) also indicated that these sera only
introduced weak Raman signals on the test lines, whereas MP
positive serum exhibited a strong signal. Moreover, the SERS
signal intensities of the other six sera were lower than the COV.
These sera were confirmed negative, and no obvious cross-
reaction was detected. The results proved that our SERS-LFIA
strip possessed good specificity and selectivity for detecting
the MP-specific IgM positive serum.

We compared the characteristics of our proposed SERS-
based LFIA strip using the dual dye-loaded SERS tags with
other recently reported LFIA strip for respiratory pathogens
detection. Table S1f shows that our results are superior or
equivalent to the results of other methods.*>**™*

4. Conclusions

In this study, a rapid, sensitive, and specific SERS-based LFIA
strip was developed for the early diagnosis of MP detection.
Instead of the Au colloids employed in a typical LFIA strip, dual
DTNB-labeled Au@Ag NPs were utilized as SERS tags in the

21250 | RSC Adv., 2018, 8, 21243-21251

SERS-LFIA biosensor to allow detection and quantification
through SERS signal intensity from the test line. Based on this
strategy, human IgM was quantitatively and sensitively detec-
ted, and MP infection was accurately diagnosed in clinical
samples. The LOD of the proposed SERS-LFIA strip for human
IgM was estimated to be 0.1 ng mL "', which are 100 folds more
sensitive than that by using the aggregation-based colorimetric
method. The detection rate of 20 MP positive serum specimens
based on our SERS-LFIA strip was up to 100% and 15% higher
than that of parallel ELISA. In addition, this strip displayed
many other merits, including short assay time, simple oper-
ating procedure, and high specificity and reproducibility. We
believe that SERS-LFIA platform has a good potential in field
applications for the rapid diagnosis of many diseases.
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