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Background: Due to educational, social and economic reasons, more and more women
are delaying childbirth. However, advanced maternal age is associated with
several adverse pregnancy outcomes, and in particular a high risk of Down’s syndrome
(DS). Hence, it is increasingly important to be able to detect fetal Down’s syndrome
(FDS).
Methods: We developed an effective, highly sensitive, surface plasmon resonance (SPR)
biosensor with biochemically amplified responses using carboxyl-molybdenum disulfide
(MoS2) film. The use of carboxylic acid as a surface modifier of MoS2 promoted dispersion
and formed specific three-dimensional coordination sites. The carboxylic acid immobilized
unmodified antibodies in a way that enhanced the bioaffinity of MoS2 and preserved
biorecognition properties of the SPR sensor surface. Complete antigen pregnancyassociated plasma protein-A2 (PAPP-A2) conjugated with the carboxyl-MoS2-modified
gold chip to amplify the signal and improve detection sensitivity. This heterostructure
interface had a high work function, and thus improved the efficiency of the electric field
energy of the surface plasmon. These results provide evidence that the interface electric field
improved performance of the SPR biosensor.
Results: The carboxyl-MoS2-based SPR biosensor was used successfully to evaluate
PAPP-A2 level for fetal Down’s syndrome screening in maternal serum samples. The
detection limit was 0.05 pg/mL, and the linear working range was 0.1 to 1100 pg/mL.
The women with an SPR angle >46.57 m° were more closely associated with fetal
Down’s syndrome. Once optimized for serum Down’s syndrome screening, an average
recovery of 95.2% and relative standard deviation of 8.5% were obtained. Our findings
suggest that carboxyl-MoS2-based SPR technology may have advantages over conven
tional ELISA in certain situations.
Conclusion: Carboxyl-MoS2-based SPR biosensors can be used as a new diagnostic
technology to respond to the increasing need for fetal Down’s syndrome screening in
maternal serum samples. Our results demonstrated that the carboxyl-MoS2-based SPR
biosensor was capable of determining PAPP-A2 levels with acceptable accuracy and
recovery. We hope that this technology will be investigated in diverse clinical trials and
in real case applications for screening and early diagnosis in the future.
Keywords: carboxyl-functionalized molybdenum disulfide, carboxyl-MoS2, surface
plasmon resonance, SPR, pregnancy-associated plasma protein A2, PAPP-A2, Down’s
syndrome, DS, fetal Down’s syndrome, FDS
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Introduction
Advanced maternal age and late marriage have become
a global trend,1 and this phenomenon has led to an
increase in maternal pregnancy diseases such as gesta
tional diabetes, gestational hypertension and preeclampsia, and abnormal fetal diseases such as Down’s
syndrome (DS) and premature delivery or death. Many
studies have confirmed that advanced maternal age is
highly correlated with the incidence of fetal Down’s syn
drome (FDS), and thus these women are considered to be
a high-risk group for DS.2–4 DS remains the most common
chromosomal abnormality (trisomy 21) disorder, and it is
mostly sporadic and not genetic. The prevalence and life
expectancy for people with DS have increased over the
past 50 years.5,6 Each year, about 6000 babies are born
with DS, which is about 1 in every 700 babies born in the
United States (2004–2006).7 Between 1979 and 2003, the
number of babies born with DS increased by about 31.1%
in the United States.6 Globally, the prevalence of DS in
2015 was 5,361,800 people,8 with 26,500 deaths.9 In addi
tion, among the approximately 200,000 newborns born
each year from 2005 to 2018 in Taiwan, an estimated
200 to 300 had DS. The prevalence of DS continues to
increase as the maternal age increases; however, DS can be
diagnosed by prenatal screening during pregnancy. In
recent years, a highly sensitive and specific non-invasive
prenatal blood test for DS during pregnancy using
DNA10,11 and serum biomarkers12–15 has been introduced.
The types of serum biomarkers can be divided into the first
and second trimesters. For the first trimester (11–13
weeks) of pregnancy, a combined test for two early detect
able serum markers, pregnancy-associated plasma protein
A (PAPP-A) and human chorionic gonadotrophin (hCG) or
its individual subunits (free α-hCG and free β-hCG) has
been shown to provide early diagnostic information with
an assay rate of approximately 65%.12,13 For the second
trimester (14–18 weeks) of pregnancy, a double test for
alpha-fetoprotein (AFP) and hCG has been shown to have
an assay rate of 59%, compared to 69% for a triple test for
AFP, hCG, and unconjugated estriol (uE), and 76% for
a quadruple test for AFP, hCG, uE3, and inhibin A.14,15
According to the current screening strategy, the overall
detection rate of combined first and second trimester quad
ruple testing in Taiwan is between 80% and 85%.16
The maternal serum biomarker of pregnancyassociated plasma protein-A2 (PAPP-A2) has recently
been used to screen for FDS17 and pre-eclampsia.18 PAPP-
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A2 is a metalloproteinase that is similar to PAPP-A. The
prepro-parts of PAPP-A2 and PAPP-A are not homolo
gous, but mature PAPP-A2 shares 45% of its residues
with PAPP-A.19 The average PAPP-A2 level at the end
of pregnancy (∼200 ng/mL) is 500-fold higher than levels
outside pregnancy (0.4 ng/mL).20 In addition, the average
PAPP-A level is about 25,000-fold higher in pregnant
women (100 IU/mL at term) than in nonpregnant women
(4 mIU/mL).20 Interestingly, a previous study of DS diag
nostic tests found that the serum concentration of PAPP-A
decreased during the first trimester of pregnancy, and then
increased during the second trimester, suggesting that
PAPP-A2 can be used as a specific marker of DS.17,21 In
addition, Kløverpris et al reported an enzyme-linked
immunosorbent assay (ELISA) for the detection of PAPPA2 had a coefficient of variability of 20% at 0.08 ng/mL
and a limit of detection (LOD) of 0.071 ng/mL.20
Munnangi et al used sandwich ELISA to measure the
concentration of PAPP-A2 in the serum of women with
DS pregnancies, and reported a concentration of 82.70 ±
12.13 ng/mL between 15 and 20 weeks in aneuploid
pregnancies, and 56.35 ± 3.63 ng/mL in normal
pregnancies.17 In addition, Bocková et al used
a sandwich assay involving functionalized gold nanoparti
cle (AuNP)-based surface plasmon resonance (SPR) which
could detect PAPP-A2 in 30% blood plasma at levels as
low as 3.6 ng/mL.22 In previous work, we showed that an
SPR immunosensor based on functionalized graphene
oxide (GO) could be used to detect PAPP-A2 at levels as
low as 0.01 pg/mL in spiked human plasma.23 In addition,
Fan et al developed a GO-based SPR biosensor that
allowed for the label-free simultaneous detection of
PAPP-A and PAPP-A2 in clinical blood samples during
pregnancy.24 In addition, we demonstrated that a carboxylGO-based SPR aptasensor to assay hCG in the blood
serum of pregnant women had a detection limit of 1.15
pM,25 and that it could be used to screen women with fetal
DS by detecting hCG protein at limits of 1 pM in buffer
samples and 1.9 pM in clinical serum samples.26
To improve the sensitivity and LOD of biosensors for
clinical application, novel types of graphene-like twodimensional (2D) nanomaterials of molybdenum
disulfide (MoS2) have been developed due to their extra
ordinary electronic structure, chemical bonding and optical
properties. These 2D-MoS2 materials have been proven to
have high sensitivity and biocompatibility,27–37 mainly
through the beneficial biological effects and bioaffinity of
sulfide in the material.38,39 Furthermore, Sarkar et al
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reported that a difference in band gap resulted in a more
than 74-fold increase in sensitivity for MoS2 over
graphene.40 Previous reports of MoS2-based biosensor
technologies include electrochemical,27,28 fluorescence,29
field effect transistors,30–32,40 SPR33–36 and surfaceenhanced Raman scattering37,41 applications, mainly
because of the high sensitivity, label-free quantification,
accurate measurement and low cost for biomolecule detec
tion. Soni et al used a polyaniline-MoS2 hybrid nanostruc
ture-based electrochemical biosensor to detect specific
oligonucleotide DNA sequences in patients with chronic
myelogenous leukemia, and reported an LOD of
3 × 10−18 M.27 Chu et al used a thin-layer MoS2 and gra
phene-based electrochemical sensor to detect circulating
tumor DNA, and reported an LOD of 1 × 10−17 M and
linear range from 10−16 M to 10−13 M.28 Cai et al used
a MoS2-based fluorescence biosensor for the detection of
microRNA-21 in serum samples related to breast cancer,
and reported an LOD of 500 pM.29 Lee et al used a MoS2based field effect transistor biosensor to electrically detect
prostate-specific antigen, and reported an LOD of 1 pg/
mL.30 In addition, Liu et al used a MoS2 field-effect
transistor-based DNA sensor to screen for DS, and
reported an LOD of 100 aM.32 In our previous study, we
developed a carboxyl-MoS2-based SPR immunosensor
which exhibited high affinity to detect BSA and CK-19
proteins.33–35 Few studies have reported the clinical appli
cation of MoS2-based SPR biosensors, and only focused
on theoretical calculations42,43 and spiked human serum
analysis.34,35 However, there have been no reports so far
on the use of MoS2-based SPR biosensors to screen for
diseases in clinical samples.
In this study, we fabricated a carboxyl-MoS2-based
SPR biosensor to detect PAPP-A2 to screen for FDS in
maternal serum samples. Our results showed effective
biochemically amplified responses on the interfaces of
Au and carboxyl-MoS2 films. This interface feature is
a new technology for surface plasmon-enhanced photoca
talysis
on
metal-semiconductor
heterostructures.
A heterostructure interface with a high work function
may increase the electric field efficiency and propagation
energy state of surface plasmons to enhance performance
and sensitivity. Carboxyl-MoS2-based SPR biosensors are
of great significance and have high potential for use in
clinical diagnosis applications due to the high sensitivity
and bioaffinity of sulfide and the covalent targeting of the
binding site carboxylic acid to detect biomolecules.
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Materials and Methods
Preparation of Carboxyl-MoS2
Nanocomposites and Carboxyl-MoS2Based SPR Chips
MoS2 powder (molybdenum (IV) sulfide, average particle
size <2 μm, purity 98%, molecular weight 160.07) was
purchased from Sigma-Aldrich (CAS 1317–33-5, 23,482)
as shown in Figure 1A. In this study, MoS2 sheets were
prepared at a concentration of 2 mg/mL in a total volume
of 15 mL deionized water using ultrasound-assisted liquidphase exfoliation (UALPE) for 3 hours at 60°C and soni
cation power of 500 W as shown in Figure 1B. Then, 1.2
g of sodium hydroxide (NaOH) and 1.0 g of chloroacetic
acid (ClCH2CO2H) were added to the MoS2 sheet solu
tion, followed by sonication for 3 hours to synthesize
carboxyl-MoS2 nanocomposites as shown in Figure 1C.
As shown in a previous study,44 the use of UALPE to
prepare MoS2 sheets can increase the amount of sulfur
vacancies on the surface of MoS2. The mechanism of
this modification facilitates the occupation of sulfur vacan
cies by the chlorine atoms of chloroacetic acid45,46 to form
covalent bond modifications as shown in Figure 1D.
Finally, centrifugation was carried out using a 12,000 rpm
centrifuge, and the supernatant (chloroacetic acid and
NaOH) was replaced with deionized water to obtain
a chloroacetic acid-modified aqueous solution of MoS2,
which was termed carboxyl-MoS2. The synthesis of car
boxyl-MoS2 nanocomposites was pre-processed and
improved based on previous work.33
To manufacture the sensor chip, we performed thermal
evaporation deposition on a glass (BK7) substrate to
obtain 2 nm chromium (Cr) and 47 nm gold (Au) thin
films. The formation of short-chain amino alkane thiol
molecule self-assembled monolayers (SAMs) was then
achieved using 5 mM of cystamine dihydrochloride 98%
(Cys) (C4H12N2S2, Alfa Aesar, United Kingdom) for 24
hours at room temperature to covalently bond amine
groups onto the Au surface as shown in Figure 1D–
F shows the carboxyl-MoS2 nanocomposites at
a concentration of 0.5 mg/mL to SAMs on the –NH2
terminus of Cys to form chemical covalent bonds after 5
hours. This covalent immobilization can provide the best
entry point to combine longevity of the carboxyl-MoS2
modified surface with high sensitivity, resulting in the
formation of three dimensional specific coordination
sites,47 which can facilitate the immobilization of
antibodies.
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Figure 1 Carboxyl-MoS2 nanocomposite synthesis and the sensing mechanism of the carboxyl-MoS2-based SPR biosensor to detect PAPP-A2 protein in maternal serum
samples. (A) Schematic diagram of sonication-assisted liquid-phase exfoliation (LPE) for the preparation of MoS2 sheets. (B) MoS2 exhibits a layered structure with planar
Mo–S bonds and sulfur vacancies on the MoS2 surface. (C) The carboxyl-MoS2 nanocomposites were successfully modified by chloroacetic acid. Carboxyl-MoS2-based SPR
chip immobilization steps and containing. (D) Au film substrate. (E) Cys linker containing a thiol-group to allow for assembly on the Au film substrate. (F) Covalent binding
of carboxyl-MoS2 on the Cys-linker. (G) EDC/NHS activated carboxyl groups resulting in a higher density of immobilized antibodies. (H) To detect PAPP-A2 protein to
screen for Down’s syndrome in maternal serum samples.
Abbreviations: MoS2, molybdenum disulfide; Carboxyl-MoS2, carboxyl-molybdenum disulfide; SPR, surface plasmon resonance; PAPP-A2, pregnancy-associated plasma
protein-A2; Au, gold; Cys, cystamine; NH2, amine groups; EDC/NHS, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide.

In this study, the modified carboxyl groups combined
with the antibodies on the surface of MoS2, in which the
lysine amine group coupled with the COOH group to form
a covalent bond. We have analyzed the binding character
istics between COOH groups and antibodies in detail in
previous studies.33,34 These studies showed that the orien
tation of antibodies will affect the detection sensitivity.
However, the present study used a high-density and threedimensional method to modify the surface of MoS2COOH to improve detection sensitivity.
We used an activator to activate the carboxylate group of
the carboxyl-MoS2 nanocomposites. This activator was com
posed of 1-ethyl-3-(dimethyl-aminopropyl) carbodiimide
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hydrochloride (EDC, C8H17N3, Sigma-Aldrich, USA)/
N-hydroxyl succinimide (NHS, C4H5NO3, Alfa Aesar,
United Kingdom). For surface activation, we used an equal
amount of 100 mL of a mixture of 0.1 M NHS and 0.4
M EDC pH 5.0–7.0 to activate the -COOH terminals of the
carboxyl-MoS2 surface. Carboxyl-MoS2 sheets are strongly
hydrophilic material, as they act as an acid and lose a proton
to form a negatively charged carboxylate ion on the MoS2
surface, which facilitates the immobilization of antibodies.
For the immunoassay, antibody proteins of anti-PAPP-A2
(MBS690059, mouse anti-human pappalysin-2 monoclonal
antibody, molecular mass of 150 kDa, MyBioSource, USA)
were immobilized on the carboxyl-MoS2 surface for 4 hours
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at 4°C. The –NH2 present in the lysine amino acid side-chain
on the anti-PAPPA2 protein (25 μg/mL) surface can be used
for covalent immobilization in a random fashion on the
carboxyl-MoS2 surface. This was followed by the addition
of 100 mg/mL bovine serum albumin (BSA, pH 7, ≥98%,
CAS 9048–46-8, B4287, Sigma-Aldrich, USA) to block the
remaining (other unbound antibodies) -COOH bonds. The
reaction was then terminated by dissolving 1
M ethanolamine hydrochloride (EA-HCl, ≥99.0%, CAS
2002–24-6, Sigma-Aldrich, USA) in phosphate-buffered sal
ine (PBS) to deactivate unreacted carboxyl groups, which
effectively reduced non-specific binding as shown in
Figure 1G.
In this study, we performed all immunoassay reactions
using a BI-SPR 3000 dual-channel system (Biosensing
Instrument Inc., Arizona, USA). The reference channel
compensated for temperature drift and also the bulk
index of refraction shifts and non-specific signals. This
allowed for the label-free and rapid detection of PAPPA2 with the carboxyl-MoS2-based SPR chip in clinical
serum samples. All of the sample injections used a flow
rate of 60 μL/minute and volume of 200 μL at room
temperature as shown in Figure 1H.

Preparation of Running Buffers and
Clinical Blood Samples
The preparation of a running buffer for clinical use is
a very important experimental parameter in the detection
of serum samples, as it can reduce false-positive reactions
caused by non-specific binding. Our running buffer has
been optimized for carboxyl-MoS2-based SPR biosensors
involving serum protein immunoassays. This non-specific
binding is primarily caused by molecular interactions
between the serum analyte (such as plasma proteins, pep
tides, fats, carbohydrates, growth factors, hormones, inor
ganic substances) and the sensor surface (such as charge
interactions, hydrophilic interactions, and Van der Waals
force). In order to reduce and eliminate non-specific inter
actions of the analysis proteins and carboxyl-MoS2 sur
face, we used running buffer for clinical conditions of
1 mg/mL (600 μL) BSA, 50 mM NaCl (500 μL), and
0.05% (50 μL) non-ionic surfactant Tween-20 (1 g/mL,
P9416, Sigma-Aldrich, USA) combined with experimental
conditions in 1x (100 mL) PBS to cause an interfacial
negative charge and disrupt hydrophobic interactions. We
adjusted the pH of the buffer to approximately 7.0–7.5 and
defined it as PBSBNT buffer for the clinical assay. The
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PBSBNT buffer was used to dilute the serum sample and
as a running buffer for the carboxyl-MoS2-based SPR
biosensor experiments.
For the serum samples, we used maternal serum sam
ples from normal pregnant women (NPW) and from preg
nant women with FDS provided by attending physician
Dr. Chen-Yu Chen from Mackay Memorial Hospital.
There were 10 FDS and 4 NPW samples of maternal
serum blood: at 19 weeks (FDS-1), 20 weeks (FDS-2),
14 weeks (FDS-3), 14 weeks (FDS-4), 22 weeks (FDS-5),
19 weeks (FDS-6), 21 weeks (FDS-7), 18 weeks (FDS-8),
19 weeks (FDS-9), and 18 weeks (FDS-10), and 14 weeks
(NPW-1), 12 weeks (NPW-2), 14 weeks (NPW-3) and 16
weeks (NPW-4), respectively. All 14 clinical samples were
collected from Taiwanese pregnant women, and the FDS
and NPW groups are shown in Tables S1 and S2, respec
tively, including age, history of miscarriage and when
blood was drawn. The concentrations of PAPP-A2 in the
serum samples were measured using a Human Pappalysin
2 (PAPP-A2) ELISA Kit Sandwich (MBS724290,
MyBioSource, California, USA), and were 95.15, 84.75,
74.27, 108.84, 86.26, 63.92, 56.74, 77.28, 52.96, 63.74,
25.52, 32.67, 38.97 and 23.50 ng/mL, respectively. In the
statistical analysis, we used the Student’s t test and
Fisher’s exact test to compare correlations between mater
nal age, time of miscarriage and SPR angle shifts of the
serum diluted in clinical samples.
This study was conducted in accordance with the
Declaration of Helsinki Ethical Principles. All experiments
were performed in compliance with the relevant laws and
institutional guidelines, and the work was approved by the
Institutional Review Board (IRB) of Mackay Memorial
Hospital for Human Clinical Trials (Permit Numbers:
15MMHIS020, 15MMHIS115 and 17MMHIS185).
Informed consent was obtained from all of the enrolled
women for the collection and examination of clinical sam
ples. All personal identifiers were anonymized prior to
analysis. This manuscript does not involve mouse cell
line experiments.

Results and Discussion
Morphology and Elemental Analysis of
Carboxyl-MoS2 Nanocomposites
The carboxyl-MoS2 nanocomposites were analyzed using
scanning electron microscopy (SEM) and transmission elec
tron microscopy (TEM) and energy dispersive X-ray spectro
scopy (EDS). A micrograph of the carboxyl-MoS2 sheets
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Figure 2 (A) SEM image of carboxyl-MoS2 sheets. (B) Cross-sectional SEM image of lateral flake thickness of carboxyl-MoS2 sheets. (C) TEM image of the carboxyl-MoS2
sheets. (D) TEM image of the MoS2 sheets. (E) EDS analysis of the carboxyl-MoS2 sheets (insert shows the carboxyl-MoS2 sheet for the EDS analysis).
Abbreviations: MoS2, molybdenum disulfide; Carboxyl-MoS2, carboxyl-molybdenum disulfide; SEM, scanning electron microscopy; TEM, transmission electron microscopy;
EDS, energy dispersive X-ray spectroscopy.

showed 2D flakes with grain boundaries and stacking order
structures. SEM micrographs of the carboxyl-MoS2 sheets on
the BK7/Cr/Au chip surface are shown in Figure 2A and B.
Figure 2A shows that the carboxyl-MoS2 sheet had an average
size <2 μm, and Figure 2B shows a cross-sectional SEM
image of multi-layered MoS2 sheets with a flake thickness of
3.03 nm.
Figure 2C and D show high-resolution TEM images of
the surfaces of the carboxyl-MoS2 and MoS2 sheets.
Compared to the MoS2 sheets, the surface morphology of
the carboxyl-MoS2 sheets at the carboxylic acid formed
a typical organic chitosan matrix compound shape with
a hydrophilic surface, which is similar to previous
studies.33,34,48,49 Figure 2E shows the EDS element analysis
of the BK7/Au/carboxyl-MoS2 chip. The spectrum showed
sulfur (S), carbon (C), molybdenum (Mo), gold (Au), oxy
gen (O) and silicon (Si) element content peaks of 35.5, 26.6,
22.9, 6.7, 4.8, and 3.4, respectively. The EDS spectrum
exhibited strong S (Kα line) and Mo (Lα line) peaks,
which is in agreement with the S to Mo atomic ratio of
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about 1.55, indicating sulfur vacancies in the carboxyl-MoS2
sheets. These results proved that chloroacetic acid had suc
cessfully modified the carboxyl-MoS2 nanocomposites.

XPS Spectra of Carboxyl-MoS2 and MoS2
Sheets
Representative X-ray photoelectron spectroscopy (XPS)
spectra of MoS2 (Figure 3A) and carboxyl-MoS2 (Figure
3B) clearly showed elemental signals of Mo, C, O, S, Si
and Au, where Si and Au were due to the glass and gold
substrate composition.
The Mo(3d5/2):S(2p) ratios of MoS2 and carboxylMoS2 were calculated from the peak areas of the XPS
patterns as 1:1.36 and 1:1.27, respectively, indicating the
sulfur-vacancy-enriched structures of carboxyl-MoS2.
The presence of Cl 2p signals in the MoS2 and car
boxyl-MoS2 sheets were investigated using highresolution XPS spectra as shown in Figure 3C. The
MoS2 sheets were modified by chloroacetic acid to form
a chlorine atom on the surface that replaced the sulfur
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Figure 3 The XPS survey spectra of (A) MoS2 sheets and (B) carboxyl-MoS2 sheets. The high-resolution XPS spectra of (C) C1 2p, (D) Mo 3d, (E) S 2p for MoS2 and
carboxyl-MoS2 sheets. (F) Analysis of XPS surface atomic intensity ratios of C1s/Mo3d and O1s/Mo3d on MoS2 and carboxyl-MoS2 sheets.
Abbreviations: MoS2, molybdenum disulfide; Carboxyl-MoS2, carboxyl-molybdenum disulfide; XPS, X-ray photoelectron spectroscopy.

atom. Accordingly, the presence of chlorine atoms (Cl 2p)
was detected on the XPS spectra, signifying that most of
the carboxyl modification on the MoS2 surface was
arranged in the structure. This result indicated that the
modification of the carboxyl-MoS2 nanocomposites was
successful.
We also used XPS to analyze the binding energies of
Mo 3d and S 2s in the MoS2 and carboxyl-MoS2 sheets as
shown in Figure 3D. The same vibration orbitals of Mo4+
in the MoS2 and carboxyl-MoS2 sheets were observed

International Journal of Nanomedicine 2021:16

from the binding energy of Mo 3d3/2 and Mo 3d5/2 doublet
peaks. The two strong doublets at binding energies of
233.15 and 229.95 eV corresponded to the binding ener
gies of Mo 3d3/2 and Mo 3d5/2, respectively, indicating that
Mo4+ species were dominant in the product. The intensity
of the Mo4+ 3d3/2 peak was lower in the carboxyl-MoS2
sheets, suggesting higher carboxylic surface coverage. In
addition, the peak at a binding energy of 227.15 eV could
be indexed as S 2s, and the Mo 3d3/2 peak at 236.05 eV
showed that the peak was attributed to the Mo6+ state in
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MoS2. The decrease in intensity of the S 2s and the Mo6+
3d3/2 peaks in the carboxyl-MoS2 sheets may have been
affected by structural changes caused by carboxyl
modification.
In addition, the existence of S 2p orbitals of sulfur
species in the MoS2 and carboxyl-MoS2 sheets were
observed from the binding energies of S2- 2p1/2 and S22p3/2 orbitals as shown in Figure 3E. In the MoS2 sheet,
S2- 2p located at 163.8 and 162.8 eV could be assigned to
the spectra of S2- 2p1/2 and S2- 2p3/2 orbitals.50–52 In
comparison, in the carboxyl-MoS2 sheet, the S2- 2p spec
trum showed two binding energy peaks at 162.8 eV (S
2p3/2) and 164.0 eV (S 2p1/2). This result showed that the
binding energy of S 2p in the carboxyl-MoS2 sheet had
a larger forward shift, indicating that it was caused by
carboxyl modification, and signifying the oxidation state
in the carboxy-MoS2 heterostructure.53,54
In XPS analysis (Figure 3A and B), intensity ratios of
O(1s)/Mo(3d5/2) and C(1s)/Mo(3d5/2) atomic ratios in the
MoS2 sheet were 0.35 and 0.65, respectively, compared to
1.38 and 1.01 in the carboxyl-MoS2 sheets. This confirmed
that the carboxyl modification of MoS2 had successfully
increased the carbon and oxygen content of the MoS2
surface. As a result, the ratios of the intensity of
O(1s)/Mo(3d5/2) and C(1s)/Mo(3d5/2) peaks showed that
carboxyl-MoS2 had a relative increase in carbon and oxy
gen content compared to MoS2 (Figure 3F).55

XPS and UPS Spectroscopy Analysis of
the Interface Energy and Elements of the
Carboxyl-MoS2 Sheets
Figure 4A and B show the deconvoluted C1s and O1s
peaks of the surface of the carboxyl-MoS2 sheets. The
carboxyl-MoS2 sheets displayed multiple C1s peaks, ran
ging from 284.6 to 288.6 eV (Figure 4A). The higher
peaks at 284.6, 286.5 and 288.6 eV could be ascribed to
non-oxygenated ring (C-C) bonds, hydroxyl carbon (C-O)
bonds and carboxylate carbon (O-C=O) bonds, respec
tively. Three peaks were identified in the O1s spectra
that corresponded to carbonyl carbon (C=O, 531.4 eV)
bonds, C-O bonds (532.7 eV), and O-C=O bonds (533.2
eV) as shown in Figure 4B. In addition, high-resolution
C1s and O1s spectra indicated the presence of
O=C-O bond contents at C1s and O1s of 24.4% and
28.2%, respectively, in the carboxyl-MoS2 sheets. The
mass percentages of C and O were calculated according
to the XPS results, and showed that the carboxyl-modified
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MoS2 had a much higher content of C and O, further
confirming the successful attachment of carboxylic
groups.55
We then used ultraviolet photon spectroscopy (UPS) to
explore the energy level alignment with respect to the
work function (Φ) (Figure 4C). We performed work func
tion analysis in order to understand the characteristics of
the interface electric field of the MoS2 and carboxyl-MoS2
interfaces. Our experimental UPS measurements were per
formed in an ultra-high vacuum chamber using a helium
light source. The work function was calculated as Φ =
hν-EC-EF, where hν is the incident photon energy (21.2
eV).23,51,52 The MoS2 and carboxyl-MoS2 sheets were
separately immobilized on BK7 substrates coated with 47
nm of Au film. As shown in Figure 4C, the binding
energies of Au, Au/MoS2 and Au/carboxyl-MoS2 in the
layer-by-layer material surface were 16.1, 17.0 and 16.5
eV, respectively. According to these calculations, the Au,
MoS2 and carboxyl-MoS2 work functions were 5.1, 4.2
and 4.72 eV, respectively. The UPS clearly showed the
work function of the MoS2 and carboxyl-MoS2 sheets,
confirming the creation of heterojunctions between
Au/MoS2 and Au/carboxyl-MoS2, where the Au film was
used as a reference electrode.
The energy band diagrams of MoS2 and carboxylMoS2 relative to the work function of Au film are illu
strated in Figure 4D and E. Comparing the energy band
diagrams of Figure 4D and E, the energy separation ΔE
between the conduction band of carboxyl-MoS2 and the
EF of Au was small. The higher work function was pos
sibly correlated with the carboxylic acid groups at the
edges of MoS2. This high work function may thus improve
the efficiency of the electric field and propagation energy
state of the surface plasmon.56,57 This interface feature is
a new technology for surface plasmon-enhanced photoca
talysis using metal-semiconductor heterostructures.58,59

Captured Antibodies Were Immobilized
on the Chip Surface and Pre-Analytic
Sample Processing
The capture of anti-PAPP-A2 proteins on the carboxylMoS2-based SPR biosensor was examined using realtime observations of specific molecular dynamic interac
tions as shown in Figure 5. This experiment evaluated and
analyzed clinical serum samples to study the equilibrium
constant of the antigen–antibody interactions using an
immunoassay, which is conducive to the immobilization
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Figure 4 High energy resolution XPS spectra of (A) C1s and (B) O1s regions on carboxyl-MoS2 sheets. (C) UPS spectra of different interfaces of Au, Au/MoS2 and Au/
carboxyl-MoS2 film. Band diagram of (D) Au/MoS2 and (E) Au/carboxyl-MoS2 heterojunctions obtained from UPS measurements. The band-gap energies used in the diagram
are optical gaps.
Abbreviations: MoS2, molybdenum disulfide; Carboxyl-MoS2, carboxyl-molybdenum disulfide; Au, gold; XPS, X-ray photoelectron spectroscopy; UPS, ultraviolet photon
spectroscopy.

of antibodies and the optimization of the recognition
mechanism of the tested molecules in the serum. The
flow rate was first set to 60 μL/min with an injection
volume of 200 μL of EDC/NHS to activate the carboxylMoS2 surface functional groups. For the immobilization of
antibodies, in order to increase the amount of protein
bound to the surface of the chip, we reduced the flow
rate to 10 μL/min and 25 μg/mL of anti-PAPP-A2 and
1 mg/mL of BSA were injected. The purpose of immobi
lizing BSA is to reduce the adsorption of non-specific
molecules on the surface of the chip.25,26,34 Figure 5A
shows that the anti-PAPP-A2 resonance angle reached
about 221.56 millidegrees (mo) at 2500 sec, and increased
to 268.83 mo at 4500 sec after BSA injection. We then
used a high flow rate of 60 μL/min and injected 10 mM of
NaOH to remove unbound protein (anti-PAPP-A2 and
BSA). Next, 1 M high concentration EA-HCl was injected

International Journal of Nanomedicine 2021:16

to halt the remaining functional group interface
activation.60–62 Finally, another 10 mM of NaOH was
injected and the chip immobilization procedure was com
pleted. After the flow rate had been adjusted to 60 μL/min
and NaOH had been injected for the second time, the
resonance angle dropped to 154.95 mo, which showed
the true resonance angle of anti-PAPP-A2 and BSA
proteins.
In previous work,33,34 we reported the results of tradi
tional SPR and carboxyl-MoS2-based SPR chips with
regards to antibody concentration immobilization condi
tions used to measure molecular interactions and SPR
angle shifts between chip surfaces. For antibody binding
to BSA immobilized on carboxyl-MoS2,33 the carboxylMoS2-based SPR biosensor had a 3.1-fold increase in SPR
angle response compared to the traditional SPR chip. For
antibody binding to CYFRA21-1 immobilized on
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Figure 5 (A) Optimization of the immobilization process of antibodies in carboxyl-MoS2-based SPR chips. (B) Non-specific molecular dissociation reactions were tested
using PBS and PBSBNT buffer, respectively.
Abbreviations: Carboxyl-MoS2, carboxyl-molybdenum disulfide; SPR, surface plasmon resonance; PBS, phosphate-buffered saline; PBSBNT, phosphate-buffered
saline(BSA, NaCl, Tween-20).

carboxyl-MoS2,34 the carboxyl-MoS2-based SPR biosen
sor had a 2.6-fold increase in SPR angle response com
pared to the traditional SPR chip. With regards to the
immobilization and quantitative analysis, the results
showed that a carboxyl-MoS2-based SPR chip was super
ior to a traditional SPR chip with regards to interactions
with protein molecules. This proves that the threedimensional coordination sites of a carboxyl-MoS2-based
SPR chip are superior to a conventional SPR chip.
Carboxyl group modification has good binding ability
and the advantage of orientation steric hindrance.
To evaluate the non-specific assay of the chip surface,
we diluted the serum sample 10,000-fold (the concentra
tion of PAPPA2 was 0.34 pg/mL) and analyzed the nonspecific binding reaction during the immunoassay as
shown in Figure 5B. The serum sample was injected at
a flow rate of 60 μL/min at 300 sec, and running buffer
was immediately injected at 400 sec with NaOH at 750
sec. As shown in Figure 5B, when PBS (1X) was used as
the running buffer (blue curve), the results were nonspecific (antigen-antibodies could not dissociate or regen
erate). When PBSBNT buffer was used as the running
buffer (red curve) with injection of the same serum sample
followed by NaOH for regeneration, the results showed
that PBSBNT buffer could return to the original reference
position at baseline. The experimental results showed that
the response angles of the blue and red curves were
21.76 mo and 6.21 mo, respectively. Therefore, the addi
tion of BSA, Tween-20, and NaCl in the running buffer
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(PBSBNT buffer) and samples could effectively reduce the
influence of non-specific molecule binding on the SPR
detection immunoassay. Among them, BSA and Tween20 can disrupt ionic and hydrophobic biomolecule-surface
bonds,23,25,26 and NaCl can disrupt the charge interactions
between a protein and carboxyl surface to reduce nonspecific binding.34 Furthermore, adjusting the pH of the
sample and running buffer (PBSBNT buffer) can alter the
protein’s isoelectric point range (predicted neutral overall
charge) to reduce the influence of non-specific binding.

Assay of PAPP-A2 Protein in Maternal
Serum Using the Carboxyl-MoS2-Based
SPR Biosensor
To evaluate the PAPP-A2 protein assay, we used maternal
serum samples from NPW and pregnant women with FDS.
All serum samples were taken from the upper layer of the
blood and diluted with PBSBNT buffer at dilution factors of
100-fold, 500-fold, 1k-fold, 5k-fold, 10k-fold, 30k-fold,
and 40k-fold. The binding reaction of PAPP-A2 in the
serum was detected in the different diluted serum samples,
and 60 μL/min of running buffer (PBSBNT buffer) was
injected to wash unbound molecules after 90 sec of the
reaction. Surface regeneration at the end of each analyte
concentration assessment was performed at 200 sec after
the injection of 12.0 pH NaOH at a flow rate of 60 μL/min.
The NaOH buffer was used to remove any residual serum
sample and dissociate antigen–antibody interactions from
the surface of the sensor chip.
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Figure 6 shows the SPR response analysis of the sen
sorgram curves obtained by measuring the 10 serum sam
ples of the FDS group in whom blood was drawn at
different weeks to detect PAPP-A2 protein concentration.
The sensorgram curves of the FDS group at different
serum dilutions are shown in Figure 6A–J. Figure 6A
shows the FDS-1 (19 weeks) serum concentrations diluted
100-fold (951.50 pg/mL), 500-fold (190.30 pg/mL), 1kfold (95.15 pg/mL), 5k-fold (19.03 pg/mL), 10k-fold (9.52
pg/mL), 30k-fold (3.17 pg/mL), and 40k-fold (2.38 pg/
mL) had relative SPR angle shifts of 119.24, 73.90,
53.18, 17.22, 5.81, 3.77 and 3.63 mo, respectively. For
detailed information of the FDS group in Figure 6 (the
relationship between the SPR angle and the dilution ratio
and concentration of serum PAPP-A2), please refer to
Table S1.
Figure 7 shows the SPR response analysis of the sen
sorgram curves obtained by measuring four serum samples
from healthy women (NPW group) in whom blood was
drawn at different weeks to detect PAPP-A2 protein con
centration. Figure 7A–D show that in the serum diluted by
100-fold, the serum PAPP-A2 concentrations in the NPW1, NPW-2, NPW-3, and NPW-4 samples were 255.20,
326.74, 389.70, and 235.02 pg/mL, corresponding to
SPR angle shifts of 42.77, 43.78, 46.57, and 40.96 mo,
respectively. Detailed information of the relationships
between the concentrations of PAPP-A2 and SPR angle
shifts of detected PAPP-A2 protein in the maternal serum
samples at different dilutions on the carboxyl-MoS2-based
SPR biosensor are shown in Table S1 for the FDS group
and Table S2 for the NPW group.
Therefore, we could clearly see that under the same
dilution factor, the SPR angle shift in the NPW group was
smaller than that in the FDS group. This is because the
concentration of PAPP-A2 in the serum was lower in the
NPW group than in the FDS group. We further analyzed
these results at different serum dilution factors, and com
pared the sensitivity between the carboxyl-MoS2-based
SPR chip and commercial ELISA kits as shown in
Figure S1. Compared with ELISA kits, the carboxylMoS2-based SPR chip has higher sensitivity. Both meth
ods (SPR and ELISA) showed acceptable results to detect
PAPP-A2 in the serum of the NPW and FDS groups, with
different linear regression and correlations with each other
as shown in Figure S1A–S1F.
The linear regression equation for the serum diluted by
100-fold was y = 1.14x + 14.03 with a correlation coeffi
cient (R2) of 0.95, where x is the analyte concentration
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(ELISA) in serum, and y is the SPR angle shift (m°) as
shown in Figure S1A. Figures S1B–F show dilutions of
the serum samples at 500-fold, 1k-fold, 5k-fold, 10k-fold,
and 30k-fold, respectively. The linear regression equations
of the calibration curves were y = 0.33x + 0.85 (R2 = 0.82)
for 500-fold, y = 0.46x – 1.43 (R2 = 0.79) for 1k-fold, y =
0.54x + 3.59 (R2 = 0.59) for 5k-fold, y = 0.45x + 2.89 (R2
= 0.24) for 10k-fold, and y = 0.42x + 2.15 (R2 = 0.07) for
30k-fold. Overall, as shown in Figure S1, when diluted by
10k- and 30k-fold, the correlation R square values were
only 0.24 and 0.07, respectively, which were relatively
lower than the low dilution samples. There was a good
correlation between the results obtained from the SPR
sensor and ELISA measurements of the PAPP-A2 levels
at 100-fold dilution. The experiment results showed that
the greater the dilution of the serum, the worse the linear
regression equation and the correlation coefficient.
In addition, the SPR angle shift measured at a high
dilution rate (5k- to 30k-fold) was very small. This is
because the use of a high dilution ratio resulted in
a relative decrease in the PAPP-A2 protein concentration
in the serum. Therefore, we could clearly see that the
dilution ratio of serum was more than 5k-fold, which
resulted in no linearity. In this study, we tried to reduce
interference and non-specific adsorption and achieve rea
sonable and accurate screening results, and thereby sig
nificantly increase the lower concentration assay of
carboxyl-MoS2-based SPR chips. Regarding the dilution
factor, the higher the sample dilution factor, the lower the
interference and non-specific adsorption of other mole
cules in the serum. Therefore, the more diluted the sample,
the lower the PAPP-A2 concentration in the sample, which
reduced the sensitivity and linearity. In addition, a lower
dilution rate of a sample increased the interference and
nonspecific adsorption.23

Quantitative Analysis of Calibration
Curves and Specificity for FDS Screening
Assay
Figure 8A shows the ELISA calibration curves for 10-fold
dilution of the pregnant women’s serum generated using
a quantitative sandwich ELISA kit test. The results
showed goodness of fit between ELISA responses
obtained upon interactions of different concentrations of
serum PAPP-A2 protein with antibodies immobilized on
the surface of the ELISA wells. Calibration curves for
PAPP-A2 protein were obtained at concentrations ranging
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Figure 6 Sensorgrams showing the SPR responses generated with a flow rate of 60 μL/min and different dilution factors of 10 FDS maternal serum samples. The 10 FDS
samples were derived from blood drawn at a gestational age of (A) 19, (B) 20, (C) 14, (D) 14, (E) 22, (F) 19, (G) 21, (H) 18, (I) 19, and (J) 18 weeks, respectively.
Abbreviations: SPR, surface plasmon resonance; FDS, fetal Down’s syndrome.
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Figure 7 Sensorgrams showing the SPR responses generated with a flow rate of 60 μL/min and different dilution factors of maternal serum samples from four healthy
women (NPW group). The NPW samples were derived from blood drawn at a gestational age of (A) 14, (B) 12, (C) 14, and (D) 16 weeks, respectively.
Abbreviations: SPR, surface plasmon resonance; NPW, normal pregnant women.

from 2.5 to 108 ng/mL. The regression equation of the
ELISA assay was y = 0.03x + 0.04 and R2 = 0.97. The
ELISA assay showed good linearity of the concentration
response relationship curve signal, where x is the analyte
concentration in serum, and y is the optical density (OD
450 nm).
An SPR calibration curve plotted to determine the
LOD of the assay is presented in Figure 8B. The curve
showed goodness of fit between the SPR angle responses
obtained upon interactions of different concentrations of
PAPP-A2 protein with specific anti-PAPP-A2 immobilized
on the carboxyl-MoS2 chip surface. The SPR responses
obtained for different concentrations of PAPP-A2 protein
followed a linear trend ranging from 0.1 to 1100 pg/mL.
The concentration linear range had a regression equation
of y = 0.11x + 8.54 and a R2 = 0.97, where x is the analyte
concentration, and y is the SPR angle shift (m°). The LOD
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of the SPR assay calculated on three standard deviations
(SD) of the PBS buffer was 0.05 pg/mL. Error bars were
calculated for four independent measurements for each
concentration at a 92% confidence level.
We used two methods (SPR and ELISA) to analyze the
linear correlations between the PAPP-A2 concentration in
the serum of the FDS and NPW groups (Figure 8C and D).
We used different dilutions (100- to 30k-fold) to compare
the detected PAPP-A2 concentration within the linear
curve of the response values. The experiments showed
that the average PAPP-A2 concentration in the NPW
group was 30.16 ng/mL (25.52, 32.67, 38.97 and 23.50
ng/mL). Under different clinical serum sample experimen
tal conditions, the angle shift of the SPR signal ranged
from 2.07 to 46.57 mo, and the PAPP-A2 concentration
ranged from 0.78 to 389 pg/mL (100- to 30k-fold dilution)
as shown in Figure 8C. In addition, the serum samples of
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Figure 8 Calibration curves obtained with (A) ELISA kit assays for PAPP-A2 quantification ranging from 2.5 to 108 ng/mL. (B) Calibration curve of the average SPR response
to various PAPP-A2 concentrations ranging from 0.1 to 1100 pg/mL with the carboxyl-MoS2-based SPR chip. Error bars indicate standard deviations of means obtained from
three replicates using SPR and three replicates using ELISA. Correlation between the concentration of PAPP-A2 in serum obtained by ELISA and signal responses by SPR. (C)
NPW group (n = 24, R2 = 0.97) and (D) FDS group (n = 60, R2 = 0.91) samples.
Abbreviations: ELISA, enzyme-linked immunosorbent assay; PAPP-A2, pregnancy-associated plasma protein-A2; SPR, surface plasmon resonance; carboxyl-MoS2, carboxylmolybdenum disulfide; NPW, normal pregnant women; FDS, fetal Down’s syndrome.

the FDS group had a higher average PAPP-A2 concentra
tion of 76.39 ng/mL (95.15, 84.75, 74.27, 108.84, 86.26,
63.92, 56.74, 77.28, 52.96, and 63.74 ng/mL), so we
diluted these samples by 100- to 30k-fold for PAPP-A2
concentrations ranging from 1.32 to 1088.36 pg/mL,
resulting in an SPR signal shift from 1.18 to 136.14 mo
as shown in Figure 8D.
The results showed that the concentration linear range
had a regression equation of y = 0.13x + 5.13 and a R2 =
0.93 for the NPW group (Figure 8C) and y = 0.12x +
14.79 and a R2 = 0.89 for the FDS group (Figure 8D),
where x is the analyte concentration, and y is the SPR
angle shift (m°). These results indicated that the SPR
biosensor had higher sensitivity than the commercial
ELISA kit in quantifying PAPP-A2 in the samples.
To further validate the successful fabrication of the
carboxyl-MoS2-based SPR chip, we evaluated the kinetics
for PAPP-A2 in the serum samples. We used a single-cycle
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kinetics approach to study the interaction kinetics between
anti-PAPP-A2 immobilized on the SPR chip surface and
PAPP-A2, and the binding affinities between the FDS and
NPW groups. To extract the SPR kinetic parameters, the
kinetic data of immune protein interactions were analyzed
in the framework of the Langmuir isotherm/1:1 binding
model using BI-software version 2.4.4 (Biosensing
Instrument Inc., Arizona, USA). For the kinetic para
meters, the calculated association rate constant (ka) and
dissociation rate constant (kd) were used to determine KA
(affinity constant) of two kinetic constants through the
defining relationship ka/kd. The smaller the equilibrium
dissociation constant (KD = kd/ka), the greater the affinity
of the antibody for its target. The kinetic analysis of the
interactions between anti-PAPP-A2 and PAPP-A2 are
summarized in Figure 9A, and the real-time SPR sensor
grams are shown in Figures 6 and 7. The KD showed
binding interactions at a 60 μL/min flow rate in the FDS
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Figure 9 SPR responses of serum samples of the FDS and NPW groups. (A) Kinetic analysis of the FDS and NPW groups on the carboxyl-MoS2-based SPR biosensor for
affinity binding analysis of the PAPP-A2 interaction. (B) Correlation between two variables of the FDS and NPW groups to detect PAPP-A2 in serum samples. Data
expressed as mean ± SD for triplicate tests. Asterisks indicate statistical significance using a generalized mixed effects model (highly significant recognition (***) (p < 0.001);
very significant recognition (**) (0.001 < p < 0.01); significant recognition (*) (0.01 < p < 0.05). p: probability value). (C) The dot plot shows the distribution of SPR
responses at the dilution rate (100-, 500-, and 1k-fold) of different serum samples and the difference between the FDS and NPW groups at the cut-off limit for screening. (D)
Recovery rates of PAPP-A2 protein assay in the FDS group using the carboxyl-MoS2-based SPR chip.
Abbreviations: SPR, surface plasmon resonance; FDS, fetal Down’s syndrome; NPW, normal pregnant women; carboxyl-MoS2, carboxyl-molybdenum disulfide; PAPP-A2,
pregnancy-associated plasma protein-A2; SD, standard deviation.

and NPW groups, with values of 19.67 × 10−13 M and
30.16 × 10−13 M, respectively. In addition, ka was 6.51 ×
105 M−1S−1 in the FDS group, which was similar to the
NPW group (6.42 × 105 M−1S−1). The experimental results
of the FDS and NPW groups showed high affinity binding
to PAPP-A2 with binding constants (KA) of 5.08 × 109
M−1 and 3.32 × 109 M−1, respectively.
We previously reported a carboxyl-MoS2-based SPR
chip to assay BSA in PBS buffer that had a kinetic asso
ciation constant KA (3.9× 108 M−1) of 6.5-fold higher than
a traditional MoS2-based SPR chip.33 To assay CYFRA211 in spiked clinical serum samples, the dissociation con
stant (KD) ranged from 252.6 × 10−9 to 980.3 × 10−9
M with a 15-fold increase in affinity binding KA compared
to the traditional SPR chip.34 However, the carboxyl-MoS2
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-based SPR chip had the advantages of specific threedimensional coordination sites that significantly improved
binding affinity and sensitivity. The results showed that the
carboxyl-MoS2-based SPR chip amplified the angle
response and enhanced the high affinity constant (KA) to
5.08 × 109 M−1. The experimental results demonstrated
that the carboxyl-MoS2-based SPR biosensor had a high
affinity and high specificity for detecting PAPP-A2 protein
in the 14 clinical serum samples of the FDS and NPW
groups.
In the analysis of FDS screening, we evaluated differ
ences in PAPP-A2 protein concentration based on the
correlation between different dilution factors of serum
and SPR angle shift. Figure 9B shows that the SPR angle
shift of the FDS group was greater than that of the NPW
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group at different dilution factors, reflecting the FDS
expression data. We used the Student’s t-test to compare
differences between the FDS and NPW groups and
Pearson correlation coefficients to determine correlations
between the parameters (SPSS version 18.0). The results
showed a significant difference in SPR angle (p < 0.001)
between the FDS and NPW groups at 100-fold, 500-fold
and 1k-fold serum dilution factors. In addition, the SPR
angles in the FDS and NPW groups at high dilution factors
(5k, 10k, and 30k) were significantly reduced, and there
were no statistically significant differences between the
two groups at 5k, 10k and 30k serum dilution factors as
shown in Figure 9B.
As shown in Figure 9C, 100-, 500- and 1k-fold dilution
factors of serum samples of the FDS and NPW groups
were tested for the level of PAPP-A2 protein using the
SPR biosensor assay to screen for FDS. To investigate the
relationship between the SPR angle and different dilution
factors, we analyzed the SPR angle cut-off threshold level
(prevalence threshold) to screen for FDS, which was
defined as an SPR angle response value greater than
twice the SD above the mean response of the NPW
group. In the serum with 100-fold dilution factor, the
PAPP-A2 protein levels in the FDS group were increased
compared to those in the NPW group, and the women with
a serum PAPP-A2 concentration >255.20 pg/mL had
a higher correlation with FDS compared to the NPW.
This result showed that the women with a cut-off SPR
angle >46.57 mo were more significantly associated with
FDS compared to the NPW for the serum dilution factor of
100-fold. In addition, cut-off SPR angles >20.35 mo (47.0
pg/mL) for 500-fold dilution and >13.01 mo (38.97 pg/
mL) for 1k-fold dilution were more significantly asso
ciated with FDS compared to the NPW. Moreover, the
differential diagnosis in the FDS group compared to
NPW group using 100-fold dilution factor was better
than that of 500- and 1k-fold dilution factors. The mean
SPR angle response in the FDS screening for the 100-fold
dilution factor differed significantly with the NPW and
FDS groups.
As shown in Figure 9D, we evaluated the recovery rate
of the carboxyl-MoS2-based SPR chip and verified the
reliability of PAPP-A2 detection in human serum. The
recovery tests were performed using FDS group serum
with different dilution factors (100- to 40k-fold) to detect
PAPP-A2 protein. The serum samples were then subjected
to four repeated recovery test experiments at different
dilution factors.
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In the FDS group, dilutions of 500-, 1k-, 5k-, 10k-,
30k-, and 40k-fold had recovery rates of 86–123%,
79–128%, 75–131%, 69–135%, 60–138%, and 56–145%,
respectively. The average recovery rates of the 500-, 1k-,
5k-, 10k-, 30k-, and 40k-fold serum dilutions were
105.7%, 108.7%, 91.7%, 90.0%, 87.5% and 88.2%, with
relative standard deviations (RSDs) of 8.55, 17.05, 21.08,
29.36, 31.48, 34.92 and 38.79%, respectively. In the 100fold dilution, the recovery rates were within the range
85–104%, with an average recovery rate of 95.2% and
RSD of 8.5%. These results showed the excellent binding
affinity, high sensitivity, low detection limit, good stability
and specificity of the carboxyl-MoS2-based SPR chip to
detect PAPP-A2 protein in maternal serum to identify
fetuses with FDS.
The Student’s t test and Fisher’s exact test were used to
compare maternal age, time of miscarriage, and SPR angle
shifts of the serum diluted 100-fold between the FDS and
NPW clinical samples (Table 1). We found that maternal
age was significantly higher in the FDS group (37.20 ±
4.52 years) than in the NPW group (30.25 ± 2.87 years) (p
= 0.015). No significant difference was noted in time of
miscarriage between the FDS and NPW groups. In addi
tion, significantly larger SPR angle shifts were noted in the
FDS group (102.88 ± 15.71 mo) compared to the NPW
group (43.52 ± 2.34 mo) (p < 0.001).

Conclusions
Carboxyl-MoS2-based chips are a promising new type of
biosensor with the potential for high sensitivity, high affi
nity and label-free determination. The unique electronic
and optical properties will benefit the future development
of SPR-based biosensors. Importantly, PAPP-A2 protein
can be used as a biomarker for effective clinical screening
Table 1 Comparison Between the FDS and NPW Clinical
Samples
FDS

NPW

p value

Maternal age (years)

37.20 ± 4.52

30.25 ± 2.87

0.015

Miscarriage (times)
0

3 (30%)

4 (100%)

1

3 (30%)

0 (0%)

2

4 (40%)

0 (0%)

102.88 ± 15.71

43.52 ± 2.34

SPR angle (millidegrees)

0.105

< 0.001

Notes: Continuous variables are presented as mean ± standard deviation and
categorical variables as n (%). p < 0.05 was considered statistically significant.
Abbreviations: FDS, fetal Down’s syndrome; NPW, normal pregnant women; SPR,
surface plasmon resonance.
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and evaluation of DS and prenatal fetal health signs.
Carboxyl-MoS2-based SPR biosensors offer the benefits
of simplicity and low cost of development, the probability
of success for many target assays, and as a rapid and
effective assay to detect DS biomarkers in serum. The
objective of the present study was to establish associations
between the level of PAPP-A2 in the serum of pregnant
women and SPR angle to screen for DS. The experimental
results showed the underlying mechanism of the associa
tion between PAPP-A2 up-regulation and DS screening.
Under optimized conditions, the proposed carboxyl-MoS2based SPR biosensor exhibited excellent analytical perfor
mance for PAPP-A2 with a wide linear range and low
detection limit in the detection of clinical serum samples.
The results showed that the women with a cut-off SPR
angle >46.57 mo and PAPP-A2 concentration >255.20 pg/
mL were more significantly associated with FDS com
pared to the NPW at a serum dilution factor of 100-fold.
MoS2 chemical functionalization is still in its infancy;
however, the use of MoS2 will grow quickly if it follows
the covalent modification of other nanocomposites in bio
sensor applications. Carboxyl-MoS2-based SPR biosensors
may be a new tool for clinical serum sample detection.
Our experimental results successfully showed that car
boxyl-MoS2-based functional materials show promise as
potential sensing materials.
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