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Water soluble copper sulfide (CuS) nanoparticles were synthesized using -cysteine as the ligand. Multiple biotins
were conjugated to the antibody of rabbit IgG, and the streptavidin was attached to the CuS nanoparticles. The
Cu?* ions enclosed in the nanoparticles were used as the electron spin resonance (ESR) probes and detected with

ICTIQUB;aCSSZm lex ESR spectrometer. The immunoassay reaction was resulted in the formation of the coating antibody attached to
Rabbit IgG P the microplate well, the detecting antibody labeled with the biotins, and the streptavidin attached to the CuS

nanoparticles. After the immunoassay reaction was performed, large amount of Cu?*/Cu® ions inside the
nanoparticles were released with the help of diethyldithiocarbamate (DDC) and the Cu?"-DDC complex formed.
The Cu?"-DDC complex was extracted into n-butanol, which was used as the analytical sample. Both ESR and
UV-vis signals were collected for the analytical sample. The double logarithm standard curve was well simulated
with a linear regression equation. The limits of detection of the rabbit IgG were 1.76 pg/mL and 2.36 pg/mL by
ESR and UV-vis method, respectively. The detection range using ESR as the detector was from 8.8 pg/mL to
500 ng/mL, covering almost 5 magnitude orders of the rabbit IgG concentrations. The rabbit serum was analyzed
and the rabbit IgG concentration was found to be 7.76 mg/mL. The reproducibility of the present method was
good enough with the intra-assay error within 3.4 % and the inter-assay error within 11.2 %. The spiked serum
samples were analyzed and the experimental results indicated that the recoveries were from 108.2 to 113.7%.

1. Introduction

Electron spin resonance (ESR), also known as electron paramagnetic
resonance (EPR) or electron magnetic resonance (EMR), is a spectro-
scopic technique that can be applied in the detection of substances
containing unpaired electrons. For example, the free radicals such as
nitroxide radical (-NO) and hydroxyl radical (-OH) as well as the para-
magnetic metal ions such as Mn?*, Gd**, and Cu®" can all give ESR
signals [1,2]. So ESR spectroscopy has been applied in many academic
fields including chemistry, life science, food science, physics, and ma-
terial science [3-5].

Immunoassay is the bioanalytical method based on the reaction be-
tween the antigen and the antibody and used in the determination of the
compounds or macromolecules in the body fluids at low concentrations
[6]. Since 1960s, the scientists have developed many practical immu-
noassay methods including the very beginning radioimmunoassay (RIA)
using the radio-isotope as the label, the most widely used enzyme
immunoassay (EIA) using the enzyme instead of radio-isotope as the
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label, fluoroimmunoassay (FIA) with the fluorophore as the label,
chemiluminescence immunoassay (CLIA) with the chemiluminescent
agent as the label, electro-chemiluminescence immunoassay (ECLIA),
capillary electrophoresis immunoassay (CEIA), and flow-injection
immunoassay (FIIA) [7-10]. These immunoassay methods have been
successfully applied in many fields such as clinical examination, diag-
nosis of diseases, pharmaceutical analysis, and industrial quality con-
trol. The test objects of these immunoassay methods spread from small
molecules such as drugs and hormones to biological macromolecules
such as biomarker proteins and enzymes.

The development of ESR technique as an immunoassay method has
been launched since 1970s [11]. In most methods, the ESR probes were
free radicals and the test objects included both small molecules and
macromolecules [12-14]. Although the combination of ESR technique
and immunoassay has been proposed for many years, the methods and
the publications are still limited. In this paper, a new method using CuS
nanoparticles as the ESR probe was proposed.

Due to the quantum confinement phenomenon, CuS nanoparticles
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Fig. 1. Schematic diagram of ESR method.

(NPs) exhibit special optical, electrical, and photothermal properties.
Because of these good properties as well as the small particle size and
low toxicity, CuS NPs have been applied in some areas of biological
science such as photothermal therapy, imaging, immunoassay, and
small molecule detection [15,16]. Dutta et al. [17] designed a green
synthetic method and obtained CuS NPs with intrinsic peroxidase-like
activity, which were used as the biosensor for the detection of blood
glucose level. Liang et al. [18] conjugated the tumor-targeting ligand on
the surface of bovine serum albumin (BSA) capped CuS NPs, and used
this nanocomplex in tumor imaging and photothermal therapy. How-
ever, up to now, the utilization of CuS NPs in the immunoassay using
ESR as the detector has not been reported.

The object of this work is to develop a novel ESR immunoassay
method using synthesized CuS NPs as the probe. The biotin-avidin sys-
tem has been introduced in this method to achieve further signal
amplification. Instead of direct measuring the ESR signal of the nano-
particles, the Cu?* ion is released from the nanoparticles with the help of
DDC and n-butanol and its ESR signal peak is much sharper and higher.
Thus the new method is highly sensitive when detecting rabbit IgG with
a limit of detection (LOD) as low as 1.76 pg/mL. Compared to our two
previous publications also with rabbit IgG as the detection subject but
based on iron oxide nanoparticle probe, the detection sensitivity ach-
ieved in the present work is improved for 4-5 orders of magnitude. The
detection range is wide and a good linear relationship is satisfied. Also
the intra- and inter-assay reproducibility, as well as the accuracy ob-
tained from the serum spiking experiments are satisfactory.

2. Experimental section
2.1. Chemicals and materials

Rabbit IgG and goat anti-rabbit IgG polyclonal antibody (Ab) were
purchased from Arista Biologicals. Normal rabbit serum was purchased
from Shanghai Yeasen Biological Technology Co., Ltd.
Biotinamidohexanoyl-6-aminohexanoic acid N-hydroxysuccinimide
ester (Biotin-XX-NHS) was purchased from Sigma-Aldrich, Co. Strepta-
vidin was provided by J&K Scientific Ltd. Stripwell high-binding poly-
styrene microplates were purchased from Corning Inc. Bovine serum
albumin (BSA), copper nitrate trihydrate (Cu(NO3)y-3H20), dimethyl
sulfoxide (DMSO), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), 4'-hydrox-
yazobenzene-2-carboxylic acid (HABA), L-cysteine, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), sodium dieth-
yldithiocarbamate (DDC), and Tween-20 were purchased from Aladdin

Industrial Co. Sodium sulphide hydrate (NayS-9H,0) was purchased
from Xilong Scientific Co., Ltd. n-Butanol, methanol, and sodiom hy-
droxide (NaOH) were purchased from Beijing Chemical Works. All other
reagents were of analytical grade. Ultrapure millipore water (18.2 mQ)
was used.

2.2. Preparation of CuS NPs

The nanoparticles were synthesized using the method describe by
Guo et al. [19] with some modifications. Typically, 127.9 mg L-cysteine
was dissolved into 386 mL of water in a round bottom flask. Then, 4 mL
of Cu(NOs3), was added to the reaction mixture with rapid stirring. The
pH of the mixed solution was adjusted to 10.1. The mixture was stirred
under a nitrogen atmosphere for 30 min at 30 °C. After that, 10 mL of
0.032 mol/L NayS were injected into the flask dropwise. Subsequently,
the mixture was stirred at 50 °C for 30 min and stirred for 1 h at 65 °C.
Then the resulting 400 mL of solution were concentrated to 180 mL by a
rotary evaporator at 55 °C. Finally, the resulting solution was dialyzed
against water overnight. The yielded solution was referred to as CuS NPs
solution.

2.3. Preparation of CuS-streptavidin

16 mL of CuS NPs solution (0.2 mg/mL) were mixed with 2.1 mL
EDC/NHS aqueous solution (10 mg/mL). The mixture was incubated on
a translational shaker at room temperature for 30 min to activate the
—COOH groups on the surface of the nanoparticles. Then the activated
CuS NPs was isolated by centrifugation for 5 min at 8000 rpm. 16 mL of
HEPES (50 mmol/L, pH = 8.3) were used to dissolve the nanoparticle
precipitation and then 218 pl of streptavidin (5 mg/mL) were added.
After 2 h, the mixture was centrifuged to remove the unbound strepta-
vidin. Subsequently, 16 mL of water were used to wash the CuS-
streptavidin conjugate twice. Finally, the CuS-streptavidin conjugate
was suspended in 1 mL of water, which was referred to as CuS-
streptavidin solution.

2.4. Preparation of Ab-biotin

58.0 pl of goat anti-rabbit IgG antibody (8.76 mg/mL) were
exchanged into 0.1 mol/L NaHCOs3 buffer by ultrafiltration and then
mixed with 2 pl of biotin-XX-NHS (i.e. NHS-activated biotin with a 14
atom spacer arm) which was dissolved in DMSO at 10 mg/mL. The
mixture was incubated at room temperature with gentle shaking for 3 h.
The resulting mixture was dialyzed overnight against phosphate buffer
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Fig. 2. Photographic image for 0.2 mg/mL of CuS nanoparticle solution (a); XRD pattern of CuS nanoparticle powder (b); FT-IR spectrum of CuS NPs (c); TEM image
for CuS NPs (d); HRTEM image of CuS NPs (e); size distrubution of CuS NPs estimated from TEM image (f).

saline (PBS) and diluted to 1 mL with PBS. The resulting mixture was
referred to as Ab-biotin solution and stored at 4 °C for further use.

2.5. Immunological reaction

The schematic diagram of the experimental procedure is shown in
Fig. 1. 200 pl of goat anti-rabbit IgG antibody (10 pg/mL) were added
into each microplate well and kept at 4 °C overnight. The wells were
rinsed with water and blocked with 300 pl of PBS containing 0.1 % BSA
at 37 °C for 2 h. After rinsing the wells, 200 pl of rabbit IgG standard
solution or real sample were added and incubated at 37 °C for 1 h. After
incubation, the wells were washed and then 200 pl of Ab-biotin (20 pg/
mL) were injected to each well. After 1 h incubation at 37 °C, the wells
were washed and 100 pl of CuS-streptavidin solution were added and
reacted at room temperature for 30 min with shaking. After decantation
of CuS-streptavidin solution, the wells were rinsed four times with
water.

2.6. Preparation of analytical sample for ESR and UV-vis measurements

200 pl of DDC solution (100 g/L) was injected into each well, and the
wells were placed in an ultrasonic bath for 30 min. Subsequently, the
DDC solution in each well was transferred to a centrifuge tube. Then
300 pl of n-butanol were added to each well and ultrasonicated for
30 min. The n-butanol in the well was transferred to the same centrifuge
tube, and then another 50 pl of n-butanol was added into the centrifuge
tube. The mixture was centrifuged for 2 min at 7000 rpm to extract
Cu?"-DDC complex into the n-butanol phase. The n-butanol solution
containing Cu?>*-DDC complex was referred to as the analytical sample
and used in the ESR and UV-vis methods.

2.7. ESR method

An X-band Bruker A300 spectrometer was used and all the spectra
were collected at room temperature. The microwave frequency was
9.85 GHz and the microwave power was 7.27 mW. The center magnetic
field and the sweep width were 3450 and 500 G, respectively. The
modulation amplitude was 2 G and the modulation frequency was
100 kHz. Besides, the conversion time was 80 ms, the time constant was

164 ms, and the receiver gain was 1 x 10% 40 pl of the analytical
sample were injected into a glass capillary (Kimble Chase, 1.5 mm i.d.,
1.8 mm o.d., 100 mm length), and the glass capillary was put into a
quartz tube (Wilmad LabGlass) which was placed into the resonator
cavity. While changing different samples, the quartz tube was fixed in
the resonator cavity and only the glass capillary tube with the analytical
sample was replaced with a long plastic tube which was attached to the
top of the glass capillary. The experimental repeatability could be
improved by this method. All the experiments were performed in
triplicate.

2.8. UV-vis method

The UV-vis spectra were obtained on an Agilent Cary 60 UV-vis
spectrophotometer at room temperature. 300 pl of the analytical sample
were measured with a quartz cuvette (1 cm x 2 mm). Absorbance was
recorded at 430 nm against a blank of n-butanol. All the experiments
were performed in triplicate.

3. Results and discussion
3.1. Synthesis and characterization of CuS nanoparticles

The photograph for the synthesized CuS NPs solution is shown in
Fig. 2(a). Both L-cysteine and thioglycolic acid (TGA) have been used as
the ligands in the synthesis. It was found that the nanoparticles syn-
thesized with 1-cysteine were more stable and can stay in aqueous so-
lution for more than 1 month, whereas the nanoparticles synthesized
with TGA can only stay stable in aqueous solution for a few days. Thus -
cysteine was selected as the ligand.

The X-ray diffraction (XRD) analysis was performed on a Panalytical
Empyrean diffractometer. The measurement was scanned with 20 values
between 20 and 80° in a speed of 3°/min. The XRD pattern of the syn-
thesized CuS nanoparticle powder is displayed in Fig. 2(b). The XRD
pattern is indexed to a hexagonal covellite CuS phase (JCPDS card No.
06-0464) [20,21]. As seen in Fig. 2(b), the diffraction peaks at 20 values
of 29.15°, 31.78°, 47.13°, 55.91°, and 61.58° can be indexed to the
(102), (103), (110), (202), and (116) crystal planes of CuS, respectively.
The relative broad peak width indicates that the crystallite size is small,



S. Tian et al.

] a
£ 44
2
-]
S 34
-
@
E
s 2
z

14

0+ — —

0 5 10 15 20 25
Biotin:Antibody Molar Ratio
80 c
70 1 E
S I S
£ 60
=
-
£ 50
@
&
@ 40
S
=]
£ 30-
=
=3
E20 f/
10 T T T T 1
0 50 100 150 200 250

Streptavidin Concentration (pg mL'l)

Sensors and Actuators: B. Chemical 338 (2021) 129835

2514

2.0
Zz
= 4
s
s 154
-
K 4
@
2 1.0
=
2
= 1
2
= 0.5
<
0.0 T 1
0 5 10 15 20 25

Biotin: Antibody Molar Ratio

2.5 d
5 10 1

~
e
1

—
n
1

Absorbance (arb. units)
s -
n (—J
1 1

0.0
0

5 20 25
Coating Antibody Concentration (pg mL")

Fig. 3. Effect of molar ratio of biotin to antibody on number of biotin conjugated to each antibody (a); effect of molar ratio of biotin to antibody on absorbance
obtained by UV-vis (b); effect of streptavidin concentration on amount of streptavidin attached to 1 mL of CuS NPs (c); effect of coating antibody concentration on

absorbance obtained by UV-vis (d).

as is consistent with the microscope observations.

The Fourier transfer infrared (FT-IR) spectrum of CuS nanoparticle
was measured by a ThermoFisher IS10 FT-IR spectroscope and is dis-
played in Fig. 2(c). As seen in Fig. 2(c), there is a broad absorption band
peak between 3000 cm~! and 3700 em ™!, which corresponds to the
stretching vibration of O—H and N—H of 1-cysteine [20]. The absorp-
tion band at 1623 cm ™! is associated with the G=0 stretching vibration
on the carboxyl group [18,22]. The band at 620 cm™? corresponds to the
C-S bonding of CuS NPs [23].

The shape and morphology of the nanoparticles were observed
through a JEOL JEM-2100 F field emission transmission electron mi-
croscope (TEM). The photograph collected by TEM is displayed in Fig. 2
(d) and the shape of the nanoparticles is mostly global. The CuS nano-
particles were further investigated by high-resolution transmission
electron microscope (HRTEM). The HRTEM image was shown in Fig. 2

——0.0001 ng/mL
—— 1 ng/mL
—— 50 ng/mL
—— 500 ng/mL

T T T 1
3400 3500 3600 3700

Magnetic Field (Gauss)

T
3200 3300

Fig. 4. ESR spectra of Cu>"-DDC complex for analytical samples of different
rabbit IgG concentrations.

(e). The lattice spacing (0.19 nm) indicates the (110) lattice plane of
hexagonal covellite CuS [24]. The size (diameter) distribution estimated
from the microscope image is shown in Fig. 2(f) and the distribution is
simulated with the Gauss equation. From the fitting result, the diameter
of the synthesized globular CuS nanoparticles is 5.0 + 0.7 nm.

3.2. Optimization of immunoassay experimental conditions

We have studied the effect of molar ratio of biotin to antibody on the
number of biotin conjugated to each antibody. Different amount of NHS-
activated biotin was mixed with the labeling antibody and the molar
ratio of biotin to antibody changed from 2.5 to 20. After reacting for 3 h,
the free biotin (not connected to the antibody and remained in the so-
lution) was removed by dialysis. The biotin conjugated to the antibody
was detected with HABA reagent and the number of biotin conjugated to
each antibody is shown in Fig. 3(a). When the amount of NHS-activated
biotin increases, the number of biotin on each antibody increases until
about 4-5. As seen in Fig. 3(b), the UV-vis absorbance signal for the
100 ng/mL sample increases until the molar ratio of biotin to antibody
reaches 10. When the molar ratio reaches 20, the absorbance signal
decreases. High dose of biotins binding to antibody could reduce the
activity of antibody when the antibody combines with antigen [25-27],
as might result in the decrease of the absorbance signal. Thus the molar
ratio of 10 was selected in the following experiments, and in this con-
dition each antibody is labeled with 4.7 biotins.

To determine the maximum amount of streptavidin that can be
attached to the CuS NPs, 1 mL of CuS NPs solution was first activated
with EDC/NHS and then reacted with different concentrations of
streptavidin for 2 h. After centrifugation, the supernatant with free
streptavidin was quantified with the Coomassie brilliant blue assay. As
seen in Fig. 3(c), it is found that the amount of streptavidin attached to
1 mL of CuS NPs keeps increasing and reaches a plateau when the
streptavidin concentration increases to 68 pg/mL. Thus 68 pg/mL was
selected as the concentration of streptavidin when reacting with CuS



S. Tian et al.

e L2 o £ B 0=
bR & x> W
1 1 1 [T 1

=
=3
1

Log[ESR Signal Height (arb. units)]

T M T b T M T M T M T T T M T N

-4 -3 -2 -1 0 1 2 3
Log[Rabbit IgG Concentration (ng ml.'l):

b

e & %
] ~ -
1 1 1

&
=
1

Log[Absorbance (arb. units)]
&
~
1

s
>
1

1 M T M T M T M T M T M T N T
-4 -3 -2 -1 0 1 2 3
Log[Rabbit 1gG Concentration (ng mL 1)
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Table 1
Standard curves of the two methods.

Method Standard equation r Liner range (ng/mL) LOD (pg/mL)

ESR y =0.177x + 0.683 0.996 0.0088—-500 1.76

UV-vis y = 0.143x - 0.073 0.993 0.0118-500 2.36
nanoparticles.

The effect of the coating antibody concentration on the UV-vis
absorbance signal was studied when the antigen concentration was
100 ng/mL. As seen in Fig. 3(d), the signal slightly increases when the
coating antibody concentration increases from 2.5 to 10 pg/mL and
when the antibody concentration is higher than 10 pg/mL, the signal
stays unchanged. Thus 10 pg/mL was used as the optimal concentration
of coating antibody.

3.3. Standard curves

The cupric ions were easily released from the nanoparticles with the
help of DDC and n-butanol. Any Cu™ possibly existing inside the nano-
particles would be oxidized to Cu?>* when DDC was added and Cu®*-
DDC complex formed. The ESR spectra of Cu>"-DDC complex for the
0.0001, 1, 50, and 500 ng/mL analyts are displayed in Fig. 4. The signal
height (i.e. peak-to-peak amplitude) of the third peak is used to repre-
sent the magnitude of the ESR signal. As seen in Fig. 4, there is a split in
the fourth peak in the ESR spectrum possibly caused by the different
magnetic moments of the two isotopes of cupric ion (i.e. Cu®® and Cu®®)
[28,29]. As the antigen rabbit IgG concentration increases, the ESR
signal of Cu*"-DDC complex also increases. The logarithm of the ESR
signal versus the logarithm of rabbit IgG concentration is plotted in
Fig. 5(a). The standard curve is simulated with a linear equation and the
fitting parameters are listed in Table 1. The standard curve is well fitted
linearly and the correlation coefficient (r) is 0.996. The LOD is

Sensors and Actuators: B. Chemical 338 (2021) 129835
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Table 2
Comparison of analytical performance with other published works.
Method Analyte Sensitivity =~ Detection range Reference
ESR biosensor Rabbit 1.76 pg/ 0.0088—500 ng/ Present
18G mL mL work
Electrochemcial Human 1.2 fg/mL 0.0005—500000 [32]
biosensor 1gG pg/mL
Surface-enhanced Human 0.05 pg/ 0.0001-10 ng/ [33]
Raman scattering IgG mL mL
(SERS)
Enzyme-linked Human 0.86 pg/ 0.001-100 ng/ [9]
immunosorbent IgG mL mL
assay (ELISA)
Lateral flow Rabbit 5 pg/mL 0.05—10 ng/mL [35]
immunoassays IgG
(LFIs)
Electrochemcial Human 30 pg/mL 0.1-10 ng/mL [36]
biosensor 1gG
Fluorescence Pig IgG 31 pg/mL 0.75-23.50 ng/ [10]
biosensor mL
Fluorescence Human 34.5 pg/ 0.13-1.50 ng/mL [37]
biosensor 1gG mL
Enzyme-linked Human 50 pg/mL 0.1-10 ng/mL [38]
immunosorbent 1gG
assay (ELISA)
Surface-enhanced Human 90 pg/mL 0.09—90 ng/mL [39]
Raman scattering IgG
(SERS)
Optoelectrical Human 14 ng/mL 25-25,000 ng/mL [40]
biosensor IgG
Surface plasmon Human 40 ng/mL 5-30 pg/mL [41]
resonance (SPR) 1gG
Optical fiber Anti- 200 ng/ 4-200 pg/mL [42]
biosensor goat IgG mL
Optical fiber sensor Anti- 600 ng/ 1-40 pg/mL [43]
mouse mL
IgG

1.76 pg/mL, which is calculated by 2SD/initial slope and SD is the
standard deviation estimated with the 0.01 ng/mL analyte (n = 7).

For the standard curve obtained from the UV-vis spectrometry, the
logarithm of the absorbance versus the logarithm of rabbit IgG con-
centration is plotted in Fig. 5(b). As listed in Table 1, the standard curve
is well fitted using a linear equation with a high correlation coefficient
(r = 0.993). The LOD is 2.36 pg/mL. The correlationship between the
signal at the same analyte concentration obtained by the ESR and UV-vis
methods is plotted in Fig. 6 and the high r value (0.996) indicates that
the measurement results obtained by the two methods are well
correlated.
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3.4. Analytical performance

The detection range of the ESR method is from 8.8 pg/mL to 500 ng/
mL. With this new method, rabbit IgG could be detected within a wide
range of concentrations which spread over almost 5 magnitude orders.

The reproducibility of the present method was evaluated by
measuring the relative standard deviations (RSDs) of the intra-assay and
inter-assay experiments. The intra-assay tests were performed by
measuring five parallel analytical samples, whereas the inter-assay tests
were performed by measuring five samples prepared from different
batch work. The RSDs from the intra- and inter-assay tests are respec-
tively 3.4 and 11.2 % for the ESR method and 2.8 and 13.5 % for the
UV-vis method. Thus the reproducibility of the present method is
satisfactory.

We have developed two ESR immunoassay methods previously and
applied the methods in the detection of rabbit IgG. In the first method
[30], 10 and 30 nm iron oxide nanoparticles were used as the probe to
label the antibody and the signal from the iron oxide nanoparticles was
recorded by the ESR spectrometer. The LOD of the method for detecting
rabbit IgG was 14 ng/mL. In the second method [31], 180 nm iron oxide
nanoparticles were used as the probe to label the antibody and the LOD
for detecting rabbit IgG was 130 ng/mL. Compared with our previously
developed methods, the LOD of the present method has been improved
for 4-5 orders of magnitude.

The analytical performance (sensitivity and detection range) of this
work was also compared with some other publications on IgG detection,
and the comparison is listed in Table 2. As seen in Table 2, the sensitivity
of the reported studies ranges from 1.2 fg/mL to 600 ng/mL, and the
detection range reported in the publications ranges from 1 to 9 orders of
magnitude. The sensitivity of the electrochemical immunoassay method
described by Qin et al. is 1.2 fg/mL, and the detection range spreads
over 9 orders of magnitude [32]. The sensitivity and detection range of
the method developed by Qin et al. are far better than the other methods
listed in Table 2. Besides, the sensitivity of the method reported by
Karn-orachai et al. is 0.05 pg/mL, which is higher than our method [33].
The sensitivity of the present method (1.76 pg/mL) is satisfactory. In the
present method, the detection range spreads over almost 5 orders of
magnitudes. Compared with other methods, such detection range is
wide enough. Therefore, the analytical performance of this ESR immu-
noassay method is satisfactory when comparing with the existing
immunoassay methods.

Besides, CuS NPs were synthesized with Cu(NO3),, NasS-9H50, and
L-cysteine, which are easily available and at low cost. The synthesis of
CuS NPs with mild synthesis conditions is relatively simple, time-saving,
and eco-friendly. Cu?* is isolated from the sample matrix and extracted
into the organic phase, which can effectively avoid the endogenous in-
terferences from the real sample. There is no ESR signal in most bio-
logical materials so that the background signal does not exist. Compared
with traditional enzyme-linked immunosorbent assay (ELISA) method,
ESR spectroscopy which detects paramagnetic metal ions (e.g. Cu®")
would not be interfered by the color of the analytical sample. The
analytical samples are also very stable and insensitive to heat and light
so that the results of the analytical samples within at least 2 weeks are
repeatable. Compared with the UV-vis method, the ESR method can
measure the analytical samples with no dilution. As for UV-vis method,
the analytical sample should be diluted when its concentration is too
high (absorbance>1). ESR spectroscopy is a technique that is unique to
detect unpaired electrons. When the ESR method was applied, the
resonance signal from Cu?t was measured, and any impurities from
sample itself will not affect the quantification. However, the UV-vis
absorbance might be influenced when the real sample is complicated. In
addition, the sample volume required for the ESR method is only 40 pl,
which is over 5 times less than that of the UV-vis method.

Sensors and Actuators: B. Chemical 338 (2021) 129835

Table 3
Analytical results of the spiked serum samples by ESR method.

Spiked (ng/mL) Found (ng/mL) Recovery (%) RSD (n = 3, %)

10.00 11.37 £1.92 113.7 16.9
40.00 43.28 +1.33 108.2 3.1

3.5. Analysis of real rabbit serum samples

The present method was applied to the determination of the rabbit
IgG in the real rabbit serum. The rabbit serum was directly diluted with
PBS buffer and analyzed according to the above mentioned experimental
procedures. The rabbit IgG concentration in the rabbit serum was found
to be 7.76 and 7.50 mg/mL respectively by the ESR and UV-vis
methods. The results are consistent with the reported 5—10 mg/mL in
the previous publications [34].

Recovery experiments were performed in order to examine the ac-
curacy of the present method. The spiked samples were prepared by
adding 10 and 40 ng/mL rabbit IgG standard solution into the diluted
rabbit serum. The results are listed in Table 3. The recoveries were
respectively 113.7 and 108.2 % when the spiked concentrations were 10
and 40 ng/mL. The results indicate that the recovery percentage is in the
acceptable range and the present method can be applied to the analysis
of real serum samples.

4. Conclusions

In this work, we have presented a novel ESR method for immuno-
assay using synthesized CuS nanoparticles as the probe, and rabbit IgG
was used as the model antigen to examine the performance of this new
method. The method is highly sensitive when detecting rabbit IgG with a
limit of detection as low as 1.76 pg/mL. Also the method has a wide
range of detecting concentration spreading over almost 5 orders of
magnitude, and in this wide range the logarithm of the signal increases
linearly with the logarithm of the antigen concentration. The method
has good reproducibility proved by the intra- and inter-assay experi-
ments as well as good accuracy when being applied to the analysis of real
rabbit serum sample.
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