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Abstract
A nuclear magnetic resonance (NMR) immunoassay based on the application of carbon-coated iron nanoparticles conjugated
with recognition molecules was designed. The principle of the assay is that ELISA plates are coated with a capture element, and
then an analyte is added and detected by conjugating the magnetic nanoparticles with recognition molecules. Afterwards, the
elution solution (0.1-M sodium hydroxide) is added to displace the magnetic nanoparticles from the well surfaces into the
solution. The detached magnetic nanoparticles reduce transverse relaxation time (T2) values of protons from the surrounding
solution. A portable NMR relaxometer is used to measure the T2. Magnetic nanoparticles conjugated with streptavidin, mono-
clonal antibodies, and protein Gwere applied for the detection of biotinylated albumin, prostate-specific antigen, and IgG specific
to tetanus toxoid (TT). The limit of detection of anti-TT IgG was 0.08–0.12 mIU/mL. The reproducibility of the assay was within
the acceptable range (CV < 7.4%). The key novelty of the immunoassay is that the displacement of the nanoparticles from the
solid support by the elution solution allows the advantages of the solid phase assay to be combined with the sensitive detection of
the T2 changes in a volume of liquid.
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Introduction

Magnetic nanoparticles are widely used as reporter probes in
biosensing due to their ability to generate different magnetic
signals. The most notable magnetic nanoparticle application is
detecting viruses, bacteria, tumor cells, proteins, DNA, RNA,
ions, and amino acids [1, 2]. There are numerous sensing
platforms based on different magnetic effects: anisotropic
magnetoresistance, giant magnetoresistance, tunneling mag-
netoresistance, magnetic relaxation (used by superconducting
quantum interference devices (SQUIDs)), remanence or

alternating current susceptibility, giant magnetoimpedance,
the Hall effect, and nuclear magnetic resonance (NMR) [3–7].

NMR-based biosensing platforms rely on magnetic
nanomaterials’ ability to change the longitudinal relaxation
time (T1) or transverse relaxation time (T2) of the surrounding
water protons. Most of these assays are homogeneous [8] and
thus performed in the liquid volume. The critical event that
occurs during analysis is the clustering (or declustering) of
magnetic nano- or microparticles upon the addition of an an-
alyte of interest. Single particles and clusters have different
relaxivities (i.e., their ability to change the T1 or T2).
Therefore, the concentration of the analyte can be calculated
by measuring the relaxation time. This type of analysis is
called magnetic relaxation switches.

Despite being faster and simpler, homogeneous assays
have, as a rule, lower sensitivity, and specificity because of
the absence of washing steps [9]. Although NMR relaxometry
is typically a method of analysis in liquid volume, several
advances in the development of heterogeneous (solid phase)
NMR assays have been made. Burtea et al. [10] performed an
ELISA-like assay, using iron oxide nanoparticles as labels.
Magnetic resonance imaging was applied to detect and
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quantify the magnetic nanoparticles attached to the well sur-
faces. In our previous works, we developed a dot blot NMR
immunoassay to detect prostate-specific antigen (PSA) and
IgG against tetanus toxoid using carbon-coated iron nanopar-
ticles conjugated with monoclonal antibodies or Streptococcal
protein G [11, 12]. We applied a custom-made portable NMR
relaxometer to measure the protons’ transverse relaxation time
inside the porous membrane. These analyses were sensitive
enough to measure clinically relevant concentrations of PSA
and IgG. The disadvantages of dot blot NMR immunoassay
include the small volume of nitrocellulose test strips, which
contained too few water molecules (and, consequently, pro-
tons) available for interaction with magnetic nanoclusters.
Besides, when analyzing a large number of samples, process-
ing multiple test strips is time-consuming.

This study aimed to develop a more convenient NMR as-
say with improved sensitivity. To achieve this goal, we need-
ed to increase the number of water molecules available for
interaction with magnetic nanoparticles. We assumed that if
the analysis is performed in a standard 96-well plate, immune
complexes containing magnetic nanoparticles are formed on
the wells’ surface. In this case, the nanoparticles will only
decrease the T2 of protons located in the wells’ surface vicin-
ity. In order to increase the number of available protons, we
destroyed immune complexes using various elution solutions.
In this case, the nanoparticles break off from the well’s walls
and float freely in the volume of the elution solution, which
leads to a significant increase in the available protons, and
therefore to an increase in T2. This approach allowed us to
combine the advantages of conventional solid-phase analyses
with the advantages of NMR assay in a liquid volume.

Currently, several analyses based on the displacement of
nanoparticles from the solid phase have been developed. The
competitive elution of fluorescent nanoparticles [13] or Au
nanoparticles (detected by anodic stripping voltammetry)
[14] was used for the quantification of free biotin. An
enzyme-mediated detachment of gold nanoparticles with mi-
croscopic detection was employed to determine nucleases’
activity [15]. The electrochemical detection of aflatoxin was
conducted by displacing antibody-coated silica nanoparticles
with free aflatoxin from the electrode surface [16]. The elution
of Au nanoparticles functionalized with lactosyl-PEG from an
SPR sensor was used to detect galactose [17]. Besides, elution
is a common step performed during affine isolation and the
purification of biomolecules.

In this work, we present a novel indirect NMR immunoas-
say of anti-tetanus IgG in 96-well plates (Fig. 1). Wells were
coated with tetanus toxoid; then, serum samples or calibrators
were added. Bound antibodies were detected by Streptococcal
protein G conjugated with magnetic nanoparticles. The sub-
sequent addition of an elution solution led to the displacement
of the magnetic nanoparticles from the well surfaces into the
solution. The magnetic nanoparticles reduced the T2 of the

protons in the elution solution. Relaxation time was measured
by a portable NMR relaxometer.

The essential advantage of this approach is that the mag-
netic nanoparticles that were freely distributed in the solution
affected the relaxation times of more protons compared with
nanoparticles attached to the wells’ surface. It endows the
assay with higher sensitivity and better resolution compared
to NMR assay on a porous membrane. Besides, magnetic
nanoparticles have some advantages over traditional enzyme
tags (particularly horseradish peroxidases), namely, thermal
stability, resistance to peroxidase inhibitors, such as sodium
azide, and cysteine, and heavy metal cations.

Materials and methods

Materials

Polystyrene ELISA plates with high protein binding were ob-
tained from SPL (China). Bovine serum albumin was obtained
from Amresco (USA). Biotin N-hydroxysuccinimide ester,
casein, and human IgG were obtained from Sigma-Aldrich
(USA). Sodium azide, urea, potassium thiocyanate, sodium
hydroxide, sodium chloride, sodium hydrogen phosphate, so-
dium dihydrogen phosphate, and Tween-20 were obtained
from ITW Reagents (USA). Hydrochloric acid was obtained
from Reakhim (Russia). PSA and anti-PSA monoclonal anti-
bodies (clones 3A6 and 1A6) were obtained from Bialexa
(Russia). Streptavidin was obtained from ProspecBio
( Is rae l ) . Recombinant pro te in G obta ined from
Streptococcus sp. was kindly provided by Dr. Tatyana
Gupalova of the Institute of Experimental Medicine (St.
Petersburg, Russia). Tetanus toxoid was obtained from
Mikrogen (Russia). WHO standard of anti-tetanus IgG (TE-
3) was obtained from NIBSC (UK). Tetanus IgG ELISA kit
was obtained from Virion/Serion (Germany).

Blood serum samples were obtained from 14 volunteers
vaccinated against tetanus and one non-vaccinated volunteer.
Sera from three intact rabbits were obtained from Mikrogen
(Russia) and pooled. The serum samples were stored at −
20 °C. No anti-tetanus antibodies were detected in pooled
rabbit serum by ELISA.

The following buffers were used: a 0.2-M carbonate buffer
with a pH of 9.6, phosphate buffer (PB, 0.15-М NaCl,
0.015-М Na2HPO4, 0.015-M NaH2PO4, and 0.1% NaN3,
рН = 7.25), and PBT (PB + 0.1% Tween-20).

The following instrumentation was used: a Stat Fax 2600
microplate washer (Awareness Technology, USA), Multiskan
Sky UV-Vis Reader (Thermo, USA) and ZetaSizer NanoZS
particle analyzer (Malvern, UK), scanning electron micro-
scope FEI Quanta 650FEG equipped with EDAX Octane
Elite detector (Thermo, USA).
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Preparation of the conjugates

The carbon-coated iron nanoparticles were aminated, covered
with a BSA layer, and coupled with protein G (Fe@C-NH2/
BSA/G), streptavidin (Fe@C-NH2/BSA/Str), and MAbs spe-
cific to PSA (Fe@C-NH2/BSA/MAb), as described in [12].
Properties of these nanoparticles were previously character-
ized in detail [12].

Stability of the nanoconjugates in the elution
solutions

Fe@C-NH2/BSA/G was diluted 1:350 (final concentration
2.8 μg/mL) in 750 μL of PB, 0.1-M HCl, 3-M KSCN, 8-M
urea, or 0.1-M NaOH (3 samples for each solvent). The hy-
drodynamic diameter was measured immediately after dilu-
tion and then after 1 and 2 h. The solutions were kept at room
temperature throughout the experiment. The solvent parame-
ters were as follows: the viscosity and refractive index of the
8-M urea solution at 25 °C were 1.6270 cPa and 1.400, re-
spectively, and the viscosity and refractive index of the 3-M
KSCN solution at 25 °C were 0.8861 cPa and 1.390 [18–20].
The viscosity and refractive index of PB, 0.1-M HCl, and 0.1-
M NaOH solutions were considered equal to that of water.
Measurement was performed in auto mode. Intensity-
weighted size distributions are reported throughout the article.

Measurement of the relaxation times

A custom-made NMR relaxometer was used for the NMR
assay. Relaxometer was developed in the Lab of Applied
Magnetism, M.N. Mikheev Institute of Metal Physics,

Yekaterinburg, Russia. The magnet assembly of the device
was based on permanent SmCo magnets with a field of ~
2 kOe (0.2 T) and heterogeneity of no more than 3 × 10−5 in
the sample volume (1 cm3), which provides a measuring fre-
quency of approximately 7.75 MHz. To compensate for the
temperature drift of the field before the measurement, the de-
vice’s reference frequency was adjusted with an accuracy of
10 Hz to the Larmor resonance frequency of the water protons
in the sample.

The device was based on the Analog Devices BF-937 DSP
processor. The device communicated with a computer via a
USB connector; custom-made software was used to interact
with the PC, through which the device was controlled. The
same software was used to mathematically process the results,
including the calculation of the relaxation times.

The measuring unit was inserted into the magnet assembly
of the NMR relaxometer and consisted of a radio frequency
coil (RF coil) and a few capacitors in a 3D-printed plastic
(PLA) case. For the T2measurement, single wells were placed
inside the RF coil; then, the measuring unit was inserted inside
the magnet’s hole.

The results of the measurements are expressed as the ratio
of the T2 of 100 μL of the tested sample and the T2 of 100 μL
of pure elution solution (T2T/T2E).

Assay procedure: direct detection of IgG

One hundred microliters of human IgG was diluted tenfold with
a 0.2-M carbonate buffer with a pH of 9.6, and the resulting
solution was added into the wells of a polystyrene plate. The
coating was performed for 2 h. The wells were washed three
times with 250 μL of PBT using a microplate washer, and then

Fig. 1 a Scheme of anti-TT IgG assay: 1, coating of the wells with TT
(yellow triangles); 2, the addition of sample containing anti-TT IgG; 3,
the addition of magnetic nanoparticles conjugated with Streptococcal
protein G; 4, the addition of elution solution (0.1-M NaOH); 5,

measurement of T2. b NMR measurement setup. c Relaxometer and
sample holder. d Well loaded with the sample inside the radiofrequency
coil of the holder. 1, laptop; 2, portable relaxometer; 3, sample holder
inside the magnet; 4, radiofrequency coil
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200 μL of a blocking buffer (PBT+ 2% casein + 1% BSA) was
added. The plates were maintained for 1 h and washed. The
Fe@C-NH2/BSA/G suspension (100 μL, 0.05 mg/mL) in
PBT+ 2% casein was added and reacted for 60min. After wash-
ing, 100 μL of the elution solutions was added. The relaxation
times of the protons were measured in each well after 1 h. Single
wells were broken off and placed inside the coil of the
relaxometer. All the assay steps except for the washing and mea-
surement steps were performed at 37 °C.

Assay procedure: direct detection of biotinylated BSA

One hundred microliters of biotinylated BSA Bi-BSA was
diluted tenfold with a 0.2-M carbonate buffer with a pH of
9.6, and the resulting solution was added into the wells of a
polystyrene plate. The coating was performed for 2 h. The
wells were washed three times with 250 μL of PBT using a
microplate washer, and then 200 μL of a blocking buffer
(PBT + 2% casein + 1% BSA) was added. The plates were
maintained for 1 h and washed. The Fe@C-NH2/BSA/Str sus-
pension (100 μL, 0.05 mg/mL) in PBT + 2% casein was
added and reacted for 60 min. After washing, 100 μL of the
elution solutions was added. The relaxation times of the pro-
tons were measured in each well after 1 h. Single wells were
broken off and placed inside the coil of the relaxometer. All
the assay steps except for the washing and measurement steps
were performed at 37 °C.

Assay procedure: sandwich analysis of PSA

One hundred microliters of mouse anti-PSA IgG (clone 3A6)
was diluted to 0.05 mg/mL in a 0.2-M carbonate buffer with a
pH of 9.6, and the resulting solution was added into the wells
of a polystyrene plate. The coating was performed for 2 h. The
wells were washed three times with 250 μL of PBT using a
microplate washer, and then 200 μL of a blocking buffer
(PBT + 2% casein + 1% BSA) was added. The plates were
maintained for 1 h and washed. One hundred microliters of
PSA diluted tenfold in the blocking buffer was added and
incubated for 1 h; the wells were washed. The Fe@C-NH2/
BSA/MAb suspension (100 μL, 0.05 mg/mL) in PBT + 2%
casein was added and reacted for 60 min. After washing,
100 μL of the elution solutions was added. The relaxation
times of the protons were measured in each well after 1 h.
Single wells were broken off and placed inside the coil of
the relaxometer. All the assay steps except for the washing
and measurement steps were performed at 37 °C.

Assay procedure: indirect detection of anti-tetanus
toxoid IgG

One hundred microliters of tetanus toxoid were diluted to
0.05 mg/mL in a 0.2-M carbonate buffer with a pH of 9.6,

and the resulting solution was added into the wells of a
polystyrene plate. The coating was performed for 2 h. The
wells were washed three times with 250 μL of PBT using
a microplate washer, and then 200 μL of a blocking buff-
er (PBT + 2% casein + 1% BSA) was added. The plates
were maintained for 1 h and washed. Calibrators or serum
samples (100 μL) were added to the wells and incubated
for 1 h; the wells were washed. The Fe@C-NH2/BSA/G
suspension (100 μL, 0.05 mg/mL) in PBT + 2% casein
was added and reacted for 60 min. After washing,
100 μL of 0.1-M NaOH was added. The relaxation times
of the protons were measured in each well after 1 h.
Single wells were broken off and placed inside the coil
of the relaxometer. All the assay steps except for the
washing and measurement steps were performed at 37 °C.

Calibrators were prepared as follows. Anti-tetanus toxoid
(TT) IgG was fourfold diluted in the blocking buffer, which
contained 1% of rabbit serum. Final concentration of IgG in
calibrators was 100, 25, 6.25, 1.56, 0.39, 0.097, 0.024, and 0
mIU/mL. Three technical replicates of each calibrator were
analyzed to obtain the calibration curve. Rabbit blood serum
was used as a matrix because we could not get enough human
serum that does not contain antibodies to tetanus because of
the high population immunity to tetanus in Russia.

The lower limit of detection (LOD) was determined as
concentration corresponding to the mean T2T/T2E of a blank
sample + 3 × standard deviation.

The spike-recovery test (accuracy) and reproducibility test
(precision) were performed using the same samples prepared
as follows. Whole rabbit blood serum was spiked with differ-
ent anti-TT IgG amounts to obtain a wide range of concentra-
tions: 80, 50, 10, 5, 3, 2, 1.3, and 0.2 mIU/ml (from low to
high). The concentration of anti-TT IgG in TE-3 standard is
130 IU/mL; therefore, it was preliminarily diluted in PB when
samples with low concentrations were prepared. Ten technical
replicates of each spiked sample were tested simultaneously.
Concentrations of IgG were back-calculated from the calibra-
tion curve. Mean concentration was obtained for each spiked
sample and compared with expected concentration value:

recovery ¼ observed concentration

expected concentration
� 100%

Reproducibility was expressed as coefficient of variation
(CV), i.e., the ratio between standard deviation and mean ob-
served concentration (from 10 replicates):

CV ¼ standard deviation

mean concentration
� 100%

Fifteen blood serum samples were tested using ELISA and
NMR analysis; after which, we compared the results. To do
this, we used the Bland-Altman method.
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Scanning electron microscopy and energy dispersive
spectroscopy elemental analysis of positive and
negative eluted samples

Twenty-four positive (100 mIU/mL of anti-TT IgG) and
twenty-four negative (0 mIU/mL) samples were analyzed as
described in the section “Assay procedure: indirect detection
of anti-tetanus toxoid IgG.” After T2 measurements, elution
solutions were combined; the resulting total volume of posi-
tive and negative samples was 2.4 mL. They were further
dialyzed against deionized water, transferred into plastic
tubes, and concentrated at 95 °C in the oven to 100–200 μL.
Concentrated samples were applied in portions of 10 μL onto
silicon wafers (5 × 5 mm). After the application of each por-
tion, the wafers were dried under vacuum and analyzed by
SEM.

The detection of magnetic nanoparticles in samples was
carried out using field emission scanning electron microscope
FEI Quanta 650FEG and an EDAX Octane Elite detector for
energy dispersive X-ray spectroscopy (EDS). The dialyzed
solution was drop-cast on a silicon substrate using a micropi-
pette and dried under vacuum; the procedure was repeated
several times until the whole solution was deposited. The area
of 188 × 148 μm was analyzed using EDS at 5 kV; the map
that contained 1000 × 800 spectra were recorded and analyzed
using the “create max pixel spectrum” procedure of EDAX
Team software that is used for searching small inclusions or
particles when their contribution to the sum spectrum is too
low.

Data analysis

The acquired data were processed in MS Office Excel,
Microsoft (USA). The graphs were prepared in GraphPad
Prism 6.01, GraphPad Inc. (USA). The curve fitting was per-
formed in Origin 2020b, OriginLab Corporation (USA).

The NMR analysis data were adjusted to a four-parameter
logistic model, which is traditionally used for fitting symmet-
rical sigmoidal dose-response curves in immunoassays (1/Y2

residual weighting scheme was applied). The general equation
of the logistic function is:

y ¼ A2 þ A1−A2ð Þ
1þ x=x0ð Þpð Þ

Results and discussion

Optimization of elution conditions

There are many ways to split antibody-protein G and
antibody-antigen pairs: changing the pH, ionic strength, or

temperature and adding chaotropic agents [21]. In affinity
chromatography, the elution conditions should be as mild as
possible, because the retention of the functional activity of a
protein of interest is necessary. In contrast, we did not attempt
to reuse the eluted nanoparticles but rather needed the reagent
capable of rapidly detaching and providing colloidal stability
to the nanoparticles. According to the literature, IgG can be
efficiently eluted from a protein G column at a pH ~ 1–2 [22].
Acevedo et al. [23] demonstrated that 3-M KSCN, a Tris
buffer with a pH of 11.6 and 8-M urea, detached 80–90% of
the monoclonal antibodies produced by different hybridomas
from an affinity column. Themost straightforward approach is
using solutions with extreme pH values. It is known that BSA-
coated nanoparticles had a good colloidal stability in neutral
and alkaline buffers, but the nanoparticles precipitated in acid-
ic conditions at pH values close to the pI of BSA [12, 24, 25].

In this work, we used a PB (control), 0.1-M HCl, 0.1-M
NaOH, 8-M urea, and 3-M KSCN as the elution solutions.
Nanoparticles must be stable in an eluent, because aggregated
nanoparticles have a much lower relaxivity and sediment on
the bottom of the well, resulting in a low sensitivity and bad
reproducibility. The Fe@C-NH2/BSA/G particles were stable
in all the studied elution solutions for 2 h at room temperature
(Fig. 2a). Therefore, efficiency of all diluents was further test-
ed. First, the direct analysis of human IgG and the sandwich
analysis of PSA were performed. The wells were loaded with
the elution solutions and agitated for 60 min. The resolution
and sensitivity of the assays were almost the same for all tested
elution solutions (Fig. 2b, c). As expected, an insignificant
change in the T2 was observed when the PB was added to
the wells, confirming that the nanoparticles attached to the
well surfaces affected the relaxivity of few protons. In con-
trast, detached nanoparticles that are freely distributed in the
volume of the eluent strongly decrease the T2.

Biotinylated proteins are widely used in immunoassays to
enhance the analytical signal, and the most common approach
is labeling secondary antibodies with biotin in sandwich as-
says. The bond between streptavidin and biotin is one of the
strongest noncovalent bonds found in nature. Usually, harsh
elution conditions and the addition of free biotin are necessary
to disrupt the bond between biotin and streptavidin [26].
Detachment solutions used to split “protein G-IgG” and
“IgG-PSA” pairs are unable to disrupt the bond between
streptavidin and biotin. However, we suggested that they can
cause proteins to desorb from the walls of the polystyrene
plate, displacing the “Bi-BSA + nanoparticle” complexes.
We coated the polystyrene plates with serially diluted bio-
tinylated BSA; Bi-BSA was detected by Fe@C-NH2/BSA/
Str. Only 0.1-M NaOH efficiently detached the magnetic
nanoclusters, whereas a negligible change in the T2 was ob-
served when other eluents were used (Fig. 2d). The resulting
calibration curves were less steep in comparison with those
obtained in the assays of IgG or PSA. This is probably because
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the rate of protein desorption from the polystyrene plate is
slower in comparison with the rate of disruption of the bond
between the analyte and recognition molecule (e.g., protein G
and IgG). The duration of the elution step was 60min in all the
experiments, and the obvious detachment of the Bi-BSA mol-
ecules requires more time to reach saturation. Therefore, 0.1-
M NaOH efficiently detaches the magnetic nanoclusters in a
sandwich and direct assay, independent of the “analyte-recog-
nition molecule” pair.

Optimization of the NMR assay of IgG against tetanus
toxoid

The indirect assay of human IgG specific to tetanus toxoid
(TT) was designed in the subsequent experiments. A 0.1-M
NaOH solution was used to detach the nanoclusters from the
well surfaces. The level of anti-TT antibodies reflects the pro-
tection against tetanus. According toWHO recommendations,
0.1 IU/mL is the protective threshold for in vitro assays
(ELISA) [27]. First, the duration of the elution step was opti-
mized. In preliminary experiments, the detachment step was
60 min, but usually less time is necessary to disrupt the bond
between the antigen and antibody or between IgG and protein
G [22].We added 0.1-MNaOH to the wells andmonitored the

T2 in 10 min intervals. As expected, even short exposure to
the alkaline solution led to the disruption of the immune com-
plexes (Fig. 3a). Although the 10-min-long elution step pro-
vides a calibration curve with a steep slope, we consider that
achieving a stable, unchanged T2 signal is necessary, because
processing the 96-well plate takes several minutes. This time,
delay between the measurements of the first and last wells can
lead to inaccurate results, especially in samples with low an-
alyte concentrations, in which the change in the T2 is more
prominent.

A small increase in T2T/T2E in samples with a low concen-
tration was a rather unexpected result. Logically, the number
of magnetic nanoparticles desorbed from the well’s surface
should increase over time and reduce the T2T/T2E of the so-
lution. The magnetic nanoparticles used in this work are clus-
ters of Fe@C particles surrounded by a protein shell. Most
likely, incubation of nanoparticles in a solution of 0.1-M
NaOH could lead to the destruction of some of these
nanoclusters or their aggregation. However, the percentage
of such nanoparticles is probably small because, otherwise,
it would affect their hydrodynamic diameter, and this did not
happen (Fig. 2a). We assume that aggregation of a small por-
tion of eluted nanoparticles occurred in all wells. Since the
concentration of desorbed nanoparticles (and T2T/T2E) was

Fig. 2 aHydrodynamic diameter (Dh) of Fe@C-NH2/BSA/G in the different elution solutions after 0, 1, and 2 h, n = 3. b–dCalibration curves of human
IgG, n = 1 (b); PSA, n = 1 (c), and Bi-BSA, n = 1 (d), which were obtained using different elution solutions (legend is at the bottom of the figure)
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minimal in samples with a low IgG concentration, the effect of
aggregation of nanoparticles on T2T/T2, dominated over the
effect of desorption; therefore, the increase in T2T/T2E in them
was observed. In samples with a high concentration of IgG,
effect of nanoparticle desorption was more prominent, and the
expected decrease in T2T/T2E occurred after an hour of elu-
tion: from 3.8 to 2.9% at an IgG concentration of 100 μg/mL,
from 15.8 to 13.9% at an IgG concentration of 10 μg/mL
(Fig. 3a, inset).

Blood serum is a complex medium whose components can
affect the performance of an immunoassay (matrix effect).
Different concentrations of anti-TT IgG were added to rabbit
serum diluted twofold with a blocking buffer. We studied the
influence of serum dilution on the shape of the calibration
curve and revealed that the best resolution is achieved at dilu-
tions of 1/64 and more (Fig. 3b). The steepest portion of the
calibration curve is in the range of anti-TT IgG concentrations
between 0.1 and 10 mIU/mL. Considering that the protective
threshold is 100 mIU/mL, diluting the serum sample by 1/100
is sufficient for achieving good discrimination between
protected and unprotected individuals. Note that rabbit serum
was used to establish a calibration curve because we could not

obtain antitoxin-free serum due to the small percentage of
seronegative individuals in the population.

The decrease of T2T/T2E in the blood serum samples with a
lower dilution (less than 1/64) can be due to two reasons. The
first reason is the non-specific sorption of iron-containing se-
rum proteins such as transferrin [28] on the polystyrene sur-
face and their subsequent desorption with an elution solution.
Indeed, T2 of whole pooled human and rabbit serum was
408 ms and 480 ms, respectively, much less than that of water
(approximately 2000 ms). With a high dilution of blood se-
rum, the amount of adsorbed iron-containing proteins be-
comes insignificant and does not affect the sample’s T2T/
T2E. The second reason is that some serum components are
absorbed on the polystyrene surface and interact non-
specifically with the conjugate. Most likely, there is a simul-
taneous influence of both factors.

Interestingly, we previously used a similar analysis
format and the same nanoparticles for NMR assay of
PSA in blood serum diluted 1/2 on a nitrocellulose mem-
brane. No non-specific interactions were observed. This
is probably due to the different chemical structures of
polystyrene and nitrocellulose.

Fig. 3 a, b Influence of the
elution duration (a) or serum
dilution (b) on the shape of the
anti-TT IgG calibration curve,
n = 1. a Inset: T2T/T2E after 10
and 60 min of elution in samples
with high antibody concentration.
b Tenfold dilutions of anti-TT
IgG were prepared using negative
rabbit serum diluted with the
blocking buffer by 1/4, 1/8, 1/16,
and so on

Fig. 4 Elemental analysis of
elution solutions from positive
(100 mIU/mL of anti-TT IgG)
and negative (without anti-TT
IgG) sample
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Decrease of T2 is caused by detached magnetic
nanoparticles

To confirm that the elution of iron-carbon nanoparticles
causes the changes in relaxation time, we estimated the iron
content in elution solutions of positive and negative samples
(with and without anti-TT IgG) by elemental analysis. Due to
the meager amount of iron in a single positive sample, we
combined and concentrated elution solutions from 24 wells
for both positive and negative samples. Mean T2 of positive
samples was 105 ms; mean T2 of negative samples was
2023 ms. Relaxation times of combined positive and negative
samples after dialysis were 106 and 2001 ms, respectively,
indicating that the source of T2 decrease cannot pass through
pores of dialysis tubing with 10 kDa molecular weight cutoff.
After dialysis, both samples were concentrated at 95 °C to
100–200 μL and were visually different. The positive sample
contained micrometer-scale black aggregates; the negative
sample was clear.

Dried samples were analyzed by SEM (see Supplementary
Information (ESM) Fig. S1) and EDAX using the “create max
pixel spectrum” procedure of EDAX Team software to search
the low-concentration elements. This procedure searches
through all the pixels in the recorded map for each energy
channel and finds the pixel that has the maximum count for
that energy. The generated spectrum shows the highest count
numbers for each energy channel. In the positive sample, iron
at 0.705 keV was detected (Fig. 4). Although traces of iron

were found in the negative sample, iron concentration is sig-
nificantly higher in the positive sample. Notably, Na, Cl, Ca,
and S concentrations were also higher in the positive sample,
resulting from incomplete dialysis and the presence of NaCl
and casein (casein micelles usually contain Ca). We suppose
that black aggregates found in concentrated positive sample
were clumped nanoparticles or casein residues (or both).

Performance of anti-TT IgG NMR assay

The calibration curves were generated by fitting themeasured data
to a logistic function (adjusted parameters can be found in ESM,
Table S1). The analytical sensitivity of the immunoassay (lower
limit of detection, LOD) varied fromday to day andwas from0.08
to 0.12 mIU/mL. Thus, the LOD of NMR analysis based on
magnetic nanoparticle elution is 4–7 times lower than that of the
previously developedNMRanalysis on a nitrocellulosemembrane
(0.52 mIU/mL) [12]. The capacity of protein sorption on the sur-
face of polystyrene plates does not exceed 1 μg/cm2, while the
nitrocellulosemembrane’s capacity is much higher: about 150μg/
cm2. Both assays were identical to the reagents used and the con-
ditions of the analysis (the duration of incubation steps and tem-
perature). Thus, we believe that the increased detection sensitivity
is because of the detachment of the magnetic nanoparticles from
the solid phase and larger sample volume. The analytical sensitiv-
ity of the immunoassay allows for the quantification of tetanus
antitoxin in 100-fold diluted serum samples. TheLODof the assay
is 8 times higher than that of ELISA and bead-based fluorescent

Table 1 Comparison of the immunoassay with known methods of anti-TT IgG detection

Assay Label LOD, mIU/mL Assay duration (without
signal measurement), h

Reference

Double-antigen ELISA Horseradish peroxidase 0.01 4.5 [29]

Multiplex fluorescent immunoassay Fluorescence microbeads and dyes 0.01 1.25 [30]

Lateral flow assay Gold nanoparticles 10 0.25 [31]

Localized surface plasmon resonance assay on CDs Gold nanoparticles 5 2.66 [32]

Indirect ELISA on poly(acrylonitrile) fibers Horseradish peroxidase 0.5 2.15 [33]

Microfluidic droplet fluorescent assay Alexa fluor 488 100 Less than 1 [34]

NMR relaxometry Carbon-coated iron nanoparticles 0.08–0.12 3 This work

Table 2 Spike-recovery test and
NMR assay reproducibility, n =
10

Expected concentration, IU/mL Measured concentration, IU/mL Recovery, % CV, %

0.2 0.338 169 7.411

1.3 1.372 109.8 6.188

2 3.001 150.1 4.163

3 2.972 118.9 6.561

5 5.614 112.3 1.723

10 12.36 123.6 2.817

50 52.12 104.2 4.061

80 80.704 100.88 6.1963
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assays but is lower in comparison with other immunoassays de-
scribed in the literature (Table 1).

In order to assess the assay accuracy and precision, the
negative serum was spiked with different amounts of anti-
TT IgG. Totally, eight samples (10 replications per sample)
with concentrations from 0.2 to 80 mIU/mL were tested. The
IgG concentrations in the spiked samples were back-
calculated using the calibration curve; then, the coefficient
of variation (CV) was estimated for each sample. In all the
samples, the CV did not exceed 7.4% (Table 2), which is
within the acceptable range (< 15%) [35]. The recovery was
within the acceptable limits (± 20%) for 5 of 8 tested concen-
trations (Table 2) [35]. In all cases, the recovery value was
higher than 100%. At a concentration of 0.2 mIU/mL, recov-
ery was as high as 169%. This concentration is close to the
LOD; moreover, as can be seen from the calibration curve
(Fig. 5a), fitting was less reliable in the range of low anti-TT
IgG. We can explain the poor recovery of 2 and 10 mIU/mL
samples only by dilution errors because recovery of neighbor
concentrations was within acceptable limits.

We evaluated tetanus IgG concentration in 15 blood se-
rums obtained from volunteers using commercial ELISA
and NMR analysis (see ESM, Table S2). The results are pre-
sented in Fig. 5b as a Bland-Altman plot. For some serums,
ELISA showed a higher concentration, for some—NMR as-
say. The Bland-Altman analysis showed no relevant bias be-
tween both methods: on average, IgG concentrations mea-
sured by ELISA were only 1% higher (bias: − 1.185%, 95%
CI from − 53.09 to 50.71%). However, for individual serums,
differences in IgG concentrations were up to 50%. Note that
serum from a non-vaccinated person was excluded from com-
parative analysis due to antibody concentration below the
NMR assay detection limit.We compared the results with data
from other authors and found that differences of the same
order are observed even when comparing two tetanus IgG

assays from the same manufacturer (see Fig. 3 in ref. [36]).
In the ELISA, the tetanus toxin is used as a coating antigen.
On the other hand, when developing NMR assay, we coated
the wells with tetanus toxoid. Tetanus toxoid is produced by
inactivating the toxin with formaldehyde. Toxoid lacks toxic-
ity but retains immunogenicity. An indirect enzyme-linked
immunosorbent assay in which tetanus toxoid was used as
the coating antigen correlated well with the neutralization re-
action in which tetanus toxin was used [37]. However, tetanus
toxoid possesses several unique epitopes [38, 39]. Moreover,
the same monoclonal antibody can have different reactivity
towards toxin and toxoid [39]. Therefore, the inconsistencies
in the results of NMR assay and ELISA can be explained by
the different affinities of anti-TT IgG to tetanus toxin and
toxoid.

Conclusion

We designed an NMR immunoassay, whose main feature
is the displacement of nanomagnetic labels from the solid
phase to the solution, which allows for the sensitive de-
tection of the analyte. The applicability of the developed
NMR assay was demonstrated by detecting biotinylated
protein, PSA, and human IgG against tetanus toxoid.
Measurement of T2 in the volume allowed 4–7 times
LOD decrease for anti-TT IgG compared to the analysis
of the same format on a porous membrane.

The assay is performed in 96-well plates and is thus com-
patible with general analytical laboratory equipment, includ-
ing pipettes, washers, and dispensers. Therefore, most of the
assay steps can be automated. All the reagents necessary for
the immunoassay are also common, except for the conjugates
of the magnetic nanoparticles. In this work, we used function-
alized carbon-coated iron nanoparticles, which are not

Fig. 5 a Representative anti-TT IgG calibration plot obtained using the
negative rabbit serum diluted by 1/100 in the blocking buffer as the
sample matrix, n = 3, data points are presented. The blue area between
95%CI bands is the area that contains the true calibration curve with 95%
probability. b Bland-Altman plot comparing NMR assay and ELISA. X-

axis—mean of anti-TT IgG concentrations measured by NMR assay and
ELISA. Y-axis—the difference between concentrations measured by
NMR assay and ELISA divided by the average concentration measured
by both methods (in percent)

1469Nuclear magnetic resonance immunoassay of tetanus antibodies based on the displacement of magnetic...



commercially available. However, any other magnetic
nanomaterials with high relaxivities and that are stable in elu-
tion solutions can be used as labels. For example, conjugates
of iron oxide nanoparticles possessing high relaxivities can be
prepared in a relatively simple manner with a wide variety of
coatings and conjugation chemistries [40]. Commonly avail-
able Dynabeads or any commercial magnetic nano-/micropar-
ticles are another possible option. We should note that the
properties of the magnetic nanomaterial will affect the perfor-
mance of the NMR immunoassay, and optimizations will be
necessary.

Disadvantages of the NMR immunoassay are the limited
availability of NMR relaxometers and time-consuming mea-
surement procedure. Relaxometers are not common instru-
ments in biomedical laboratories, but according to a recent
report [41], desktop and mobile platforms are expected to be
more available for consumers in the near future. The simpli-
fication of the T2 measurements is another direction for im-
provements. Herein, we broke off wells of well plates, which
were then put inside an RF coil to measure the T2. The single
measurement by itself takes less than 1 min, but manually
processing the whole 96-well plate is tedious. There are two
ways to overcome this disadvantage. The first method is the
development of relaxometers that are capable of measuring
several samples simultaneously [42]. The second way is the
application of a device that will place the wells of the well
plate inside the RF coil automatically.
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