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Magnetic particles (MPs) are the most widely used commercialized engineering particles, which gained
great success in various biological applications. Inspired by their intrinsic Fe isotope composition, we dis-
covered a commercialized MPs-internal standard’s novel function to realize the accurate quantification
of biomolecules. The bioassay of carcinoembryonic antigen (CEA) was chosen as a modal system. The
Fe isotope in MPs and Au isotope in report probes were simultaneously and sensitively detected by the
elemental mass spectrometry. 97 Au/>’Fe isotopic ratios and CEA concentrations showed good linearity
in the range of 0.6-300 ng/mL, with a detection limit of 0.09 ng/mL (3c). The accuracy and precision
of the proposed MPs-based immunoassay were greatly improved, by eliminating potential MPs loss dur-
ing magnetic separation and absolute intensity fluctuations. Considering the exceptional availability and
universality of commercialized MPs, the proposed method might open a new avenue for MPs’ biological

applications.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Magnetic particles (MPs) are typically composed of maghemite
(gamma-Fe,03) or magnetite (Fe304) with sizes ranging from
nanometer to micrometer [1-4]. MPs demonstrated great suc-
cesses in various biological applications, including cancer therapy,
drug delivery, magnetic resonance imaging, blood purification, and
molecular diagnosis [5-9]. For instance, Song et al. developed a
sensitive near-infrared MPs imaging tracer with photothermal and
magnetothermal properties [10], which was used for tumor abla-
tion in mice. Bhatia et al. invented a highly sensitive iron-oxide
nanoparticles-based tumor-penetrating protease biosensor to iden-
tify cancer lesions [11], which differentiated sub-5 mm lesions in
human epithelial tumors and detected sub-2 mm nodules in the
orthotopic model of ovarian cancer. Ingber et al. created MPs-based
extracorporeal blood purification equipment for blood poisoning
therapy [12], which be able to constantly wipe out pathogens
and toxins from blood without identifying the infectious agent.
The unique superparamagnetic property avoided labor- and time-
consuming separation procedures such as centrifugation and chro-
matography, prompting the MPs-based method to be raised as the
gold standard and rapidly commercialized in many aspects.
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An ancient dream in the scientific community is the accurate
quantification of biomolecules. To alleviate the signal fluctuation
in bioassays, a general practice is the employment of internal stan-
dards (IS) [13-15]. IS could not only eliminate most accidental er-
rors that happened during sample pretreatment but also make up
for fluctuations in instrument monitoring [16,17]. Ideally, the in-
ternal standard’s physio-chemical properties should be almost the
same as that of the target analyte to effectively relieve matrix ef-
fects and signal fluctuations. Many research groups have devoted
themselves to design the effective IS. For instance, Mercer et al.
developed a series of DNA internal standards to form synthetic
communities of artificial microbial genomes [18], which was val-
idated in real metagenomic samples. Hunt et al. studied the two-
dimensional infrared spectra of proteins in water [19], through the
use of the solvent thermal response as an internal standard. Metal
stable isotope tagging has recently emerged as an essential tool
for the accurate detection of nucleic acid and protein biomarkers
[20-29]. To realize isotopic ratiometry-based IS, Zhang et al. del-
icately introduced rare earth element isotope by bioprobes label-
ing [30,31], while Lim et al. successfully introduced metal isotopes
by nanoparticles controllable synthesis [32-34]. Despite significant
successes, the IS’s wide application in bioassays is often hampered
by sophisticated IS labeling or synthesis procedures.
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Fig. 1. Schematic diagram of the ratiometric immunoassay utilizing intrinsic Fe iso-
tope in commercialized MPs as an IS.

Inspired by the above, we designed a novel ratiometric im-
munoassay utilizing intrinsic Fe isotope in commercialized MPs as
an IS. The Fe isotope in MPs and Au isotope in bioprobes were sen-
sitively and simultaneously detected by inductively coupled plasma
mass spectrometry (ICPMS), which is regarded as one of the most
potent commercialized tool for the quantification of metal ele-
ments and metal isotopes [35,36]. Carcinoembryonic antigen (CEA),
a broad-spectrum biomarker for diseases including colorectal, lung,
pancreatic, gastric, breast, ovarian cancers, was chosen as a model
analyte [37,38]. The MPs were served as not only support and sep-
arator for immunoassay but also IS. The accuracy and reliability of
the proposed MPs-based immunoassay were greatly enhanced by
circumventing the challenge of MPs loss during magnetic separa-
tion and absolute intensity-related signal reading, which can bring
about absolute signal intensity fluctuations. Considering the excep-
tional availability and universality of commercialized MPs, the pro-
posed method might open a new avenue for MPs’ biological appli-
cations.

The mechanism of the immunoreaction in this system is shown
in Fig. 1. In this system, streptavidin-modified MPs are used as
carriers, and gold nanoparticles are used as signal probes. First,
Ab;—MPs and Ab,-AuNPs were synthesized by the specific reac-
tion of streptavidin and biotin and the formation of Au-S bonds,
respectively. Following that, the specific binding of antigens and
antibodies enables MPs to successfully capture CEA antigens when
Ab;—MPs solutions and CEA samples were added to the system.
Next, antibodies (Ab,) on the AuNPs surface identify CEA and form
MPs-CEA-AuNPs complexes when Ab,-AuNPs were added to the
acquired MPs-CEA solution. Unreacted AuNPs were removed by
magnetic separation. The ICPMS signal value of AuNPs in the fi-
nal solution is positively correlated with the CEA concentration in
the sample to a certain extent. Unfortunately, the MPs are easily
lost during the magnetic separation, resulting in reduced accuracy,
which significantly hinders the method’s widespread application.
To improve the accuracy of the proposed method, the 5’Fe iso-
tope in MPs and 197Au isotope in bioprobes were simultaneously
detected by high-resolution ICPMS, and the relationship between
the 197Au/5"Fe value and the CEA concentration was investigated.
The accuracy and reliability of the proposed MPs-based ratiomet-
ric immunoassay were greatly enhanced by eliminating potential
MPs loss during magnetic separation and correcting the deviation
measuring of high-resolution ICPMS.

Figs. 2a and b exhibit the TEM images of the MPs and the MPs-
CEA-AuNPs complex formed by the immunoreaction, respectively.
Comparing the two, there are many small-sized particles in Fig. 2b,
and the size of these particles is consistent with the AuNPs (Fig. S1
in Supporting information). The particle size was characterized by
TEM, and the average size is around 12 nm for AuNPs, and 2.8 pm
for MPs. Moreover, comparing the EDS spectrum before (Fig. S4a in
Supporting information) and after (Fig. S4b in Supporting informa-
tion) the immunoreaction, the Au element’s peak appears in the
latter spectrum. The clear distribution of Au elements on MPs is
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Fig. 2. (a) TEM images of MPs. (b) TEM images of MPs-CEA-AuNPs. (c) The inter-
ference of 3*Fe, 5Fe,*’Fe and *8Fe in the mass range of 53.91-53.97, 55.91-55.97,
56.91-56.97, 57.91-57.97, respectively. Green, signal peak; gray, interference peak.
(d) The interference of '%Au in the mass range of 196.8-197.2.

shown in the EDS element mapping image of Au, Fe, and O (Fig. S5
in Supporting information). These phenomena reveal the successful
immunoreaction occurrence, and the Ab;—MPs, antigen, and Ab,-
AuNPs form a sandwich-type structure (MPs-CEA-AuNPs).

To investigate whether the Fe isotopes in the selected commer-
cial MPs were sufficiently uniform to be used as internal standard
elements. Since the abundance of 8Fe is low (0.28%), and >6Fe is
interfered with by 4°Ar'0 and 4°Cal60, the *Fe and 3’Fe were
investigated in this section (Fig. 2c). Different volumes of MPs so-
lutions were digested under the same conditions, and then the sig-
nal values of the >*Fe and >’Fe isotopes were detected using high-
resolution inorganic mass spectrometry. The good linear correla-
tion between the intensity of 5*Fe, 5’Fe and volume is shown in
Fig. S6 (Supporting information). Since the better stability of 5"Fe,
the signal value of >’Fe is used as the internal standard in this ex-
periment.

Further, we investigated the interference of 5’Fe and 97Au
when using high-resolution inorganic mass spectrometry to ac-
quire their signal value. The signal value of the mass-to-charge ra-
tio in the range of 56.91-56.97 was investigated (Fig. 2c). There is
an interference peak with a mass-to-charge ratio of 56.96, which is
attributed to ArOH. The ArOH peak and >’Fe peak are wholly sep-
arated, and their resolution is more than 4000, which means that
57Fe can be detected without ArOH interference. The signal value
of the mass-to-charge ratio in the range of 196.8-197.2 was ob-
served, and no interference peak appeared in Fig. 2d. Therefore, it
is feasible to employ °’Fe as an internal standard and %7Au as a
signal probe.

In order to obtain better performance of the proposed ratiomet-
ric immunoassay, we have optimized the experimental parameters,
which include the amount of reagent and reaction time.

The dilution factor of the Ab,-AuNPs solution is closely related
to non-specific adsorption and reaction efficiency. Therefore, under
the same experimental conditions, this method’s analytical perfor-
mance under different dilution ratios of Ab,-AuNPs was discussed.
A smaller dilution factor means that the concentration of Ab,-
AuNPs solution in the system is very high, and the non-specific ad-
sorption of AuNPs leads to high blank intensity, resulting in smaller
S/N values. The higher the dilution factor, the lower the concentra-
tion of Ab,-AuNPs in the system, and the smaller S/N values were
observed in Fig. S7 (Supporting information), which could be at-
tributed to the lower collision efficiency between AuNPs and target
antigen. The results demonstrate that the system has a highest S/N
value when the dilution ratio of Ab,-AuNPs solution is 5. There-
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Fig. 3. (a) The signal values of blanks and samples obtained by traditional im-
munoassay and the proposed ratiometric immunoassay at different washing times.
(b) The corresponding Iau/Ire and Ia, values of the 12 samples at the same CEA con-
centration. (c) Calibration curves between the In,/Ire and CEA concentration. I repre-
sent the intensity value of ICPMS. (d) The Ipy/Ige values of 100 ng/mL IgG, 100 ng/mL
BSA, 100 U/mL CA19-9, 100 U/mL CA125, 100 ng/mL CEA and mixture.

fore, the dilution ratio of Ab,-AuNPs solution is 5 in this experi-
ment.

Since the incubation time between antigens and antibodies is
an essential parameter of the system, it is necessary to optimize
the incubation time for better analytical performance of the pro-
posed ratiometric immunoassay. Fig. S8 (Supporting information)
displays the influence of the incubation time of Ab;—MPs solution
and antigens on the S/N value. With the increase in the incuba-
tion time between Ab;—MPs and antigen from 30 min to 60 min,
the S/N value increased gradually, and the S/N value presented a
platform when the incubation time exceeds 60 min, indicating that
the reaction between Ab;—MPs and CEA was basically completed
at 60 min. Considering the analytical performance and time con-
sumption, 60 min was selected to incubate Ab;—MPs and CEA in
the following experiments.

In addition, the appropriate loading amounts of antibodies on
AuNPs, the volume of MPs solution, and the incubation time of
Ab,-AuNPs binding to antigen were also studied. As shown in
Figs. S9-S11 (Supporting information), the optimal conditions were
13 pg, 2 pL and 60 min, respectively.

To investigate whether the proposed ratiometric immunoas-
say successfully corrected the reduced accuracy caused by MPs
loss during washing. The intensity of Au and the value of Au/Fe
were observed at various washing times (Fig. 3a). Comparing tra-
ditional immunoassay and the proposed ratiometric immunoassay,
the value of Au and Au/Fe exhibited a significant downward trend
in the first four washes, which was attributed to the release of
non-specifically adsorbed AuNPs from the MPs surface. The ratio-
metric immunoassay possessed better stability than the traditional
immunoassay when the washing exceeds four times. These phe-
nomena implied that the proposed ratiometric immunoassay has
successfully corrected the loss of MPs to some extent, and that
more accurate signal values can be obtained in this experiment.
Taking into account the non-specific adsorption of AuNPs and the
loss of MPs caused by washing, the MPs-CEA-AuNPs complex was
washed four times in this experiment.

Furthermore, to discuss whether the accuracy of the immunoas-
say was improved by ratiometric analysis, the signal values of 12
samples with the same CEA concentration obtained by traditional
immunoassay and the proposed ratiometric immunoassay were
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Table 1
Analytical results for the determination of CEA in real samples.

Sample ELISA The proposed immunoassay
CEA (ng/mL) RSD (%) CEA (ng/mL) RSD (%)

1 14.40 7.7 15.68 4.1

2 411 33 4,62 1.2

3 539 5.4 6.37 39

4 26.96 3.5 28.07 1.5

5 49.35 5.2 50.19 3.5

compared. The corresponding I, value and I, /I value are shown
in Fig. 3b, respectively. The relative standard deviations of I /Ire
and I, are 3.8% and 9.2%, respectively, implying higher stability
and precision of the data obtained by ratiometric immunoassay.

Under optimal conditions, the relationship between Iy /Ir. and
CEA concentrations was investigated. As the CEA concentration in-
creased from 0.6 ng/mL to 300 ng/mL, the ICPMS intensity of 197 Au
increased (Fig. S13a in Supporting information), while the ICPMS
intensity of °’Fe almost remained unchanged (Fig. S13b in Support-
ing information). As revealed in Fig. 3c, Ia,/Ire and CEA concentra-
tion have a good linear relationship in the range of 0.6-300 ng/mL.
The calibration curves equation is I, /Ire = 5.874 x 1073C + 0.023,
with the correlation coefficient R = 0.997, where I represent the
intensity value of ICPMS at medium resolution mode and C repre-
sent the concentration of CEA. The detection limit is 0.09 ng/mL
(3SD/k, SD is the standard deviation of 10 blank samples).

The interference detection of a series of antigens was utilized
to test the platform’s specificity to the target. Immunoglobulin G
(IgG) and bovine serum albumin (BSA) are often used in bioana-
lytical research, and BSA is the blocking agent in this experiment.
Carbohydrate antigen 19-9 (CA19-9) and carbohydrate antigen 125
(CA125) are two tumor markers that can be secreted by the same
cancer cells as CEA. Fig. 3d shows the effect of 100 ng/mL IgG,
100 ng/ml BSA, 100 U/mL CA19-9, 100 U/mL CA125, 100 ng/mL
CEA and mixture sample on In,/Ife values. The final concentration
of five antigens in the mixture sample was the same as that of
the former. IgG and BSA samples’ values were basically consistent
with the blank values, and the values of CA19-9 and CA125 sam-
ples were slightly higher than the blank values, while the values of
CEA were much higher than other antigens. The CA19-9 and CA125
samples’ values were slightly higher than those of the blank, which
could be attributed to the two antigens possibly containing CEA
impurities caused by incomplete purification during the prepara-
tion process. In addition, the values of the mixture samples were
nearly consistent with those of CEA, suggesting that these antigens
would not interfere with CEA detection in this experiment.

Furthermore, the proposed ratiometric immunoassay was ap-
plied to detect CEA in 5 clinical serum specimens. The obtained
results were compared with those of commercially available ELISA
as a reference method. As shown in Table 1, the relative standard
deviation (RSD) was 1.2%—4.1%. No significant differences were en-
countered, implying that the proposed ratiometric immunoassay
has the potential for clinical application.

In conclusion, inspired by magnetic particles’ intrinsic Fe iso-
tope composition, we exploited a novel function of MPs-internal
standard and constructed a novel simple ratiometric immunoassay
based on high-resolution ICPMS. Based on the novel MPs-internal
standard system, a sandwich-type ratiometric immunoassay was
established to detect CEA selected as the model analyte. The ra-
tio value (1¥Au/>’Fe) instead of a single Au isotope signal can
eliminate potential MPs loss during magnetic separation and ab-
solute intensity fluctuations, and improve the accuracy and preci-
sion of the proposed MPs-based immunoassay. Considering the ex-
ceptional availability and universality of commercialized MPs, the
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proposed method might open a new avenue for MPs’ biological ap-
plications.
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