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Nanoparticles containing magnetic materials, such as magnetite (Fe;0,), are particularly useful for imaging and separation
techniques. As these nanoparticles are generally considered to be biologically and chemically inert, they are typically coated with
metal catalysts, antibodies or enzymes to increase their functionality as separation agents. Here, we report that magnetite
nanoparticles in fact possess an intrinsic enzyme mimetic activity similar to that found in natural peroxidases, which are widely
used to oxidize organic substrates in the treatment of wastewater or as detection tools. Based on this finding, we have developed
a novel immunoassay in which antibody-modified magnetite nanoparticles provide three functions: capture, separation and
detection. The stability, ease of production and versatility of these nanoparticles makes them a powerful tool for a wide range of
potential applications in medicine, biotechnology and environmental chemistry.

There is currently intense interest in the use of nanoparticles for a
wide range of biomedical and technological applications. Among
known nanomaterials, magnetic nanoparticles (MNPs) are of
particular interest because of their power in biological imaging or
separation techniques. For instance, MNPs have been used for
separating proteins, DNA and cells from samples!?, for drug and
gene targeting®, for tissue engineering?, for magnetic resonance
imaging®~, as magnetic biosensors®, and as mediators of heat for
cancer therapy (hyperthermia)’. Nanoparticles are generally
considered to be biologically and chemically inert. Magnetic
nanoparticles (such as Fe;O,) have been coated with metal
catalysts or conjugated with enzymes, to combine the separating
power of the magnetic properties with the catalytic activity of the
metal surface or enzyme conjugate!®'>. For example, horseradish
peroxidase (HRP)-entrapped magnetic nanoparticles have been
used for biocatalysis and bioseparation', and a magnetic core of
Co coated with Pt allows magnetic separation and catalysis of
hydrogenation'®>. These dual-functional nanoparticles are
composed of two parts: their cores provide a magnetic function
and their shells allow catalysis.

In this study, we made the surprising discovery that Fe,O,
nanoparticles possess intrinsic peroxidase-like activity. Peroxidase
activity has a wide range of practical applications. For example,
the ability to catalyse the oxidation of organic substrates to
reduce their toxicity and/or to produce a colour change is
frequently used in wastewater treatment or as a detection tool.
From a chemical point of view, our finding is not unexpected,
as Fe*" /Fe*" ions in solution (Fenton’s reagent) are known to
catalyse the breakdown of hydrogen peroxide. Furthermore, a

number of peroxidase enzymes (including the haem-containing
enzyme HRP) and enzyme mimetics also contain Fe>™ or Fe’™
in their reaction centres!®'. However, the fact that Fe,O,
nanoparticles have been conjugated to HRP to introduce
peroxidase activity in a number of applications, including
commercially available magnetic enzyme-linked immunosorbent
assay (ELISA) kits, demonstrates that the presence of this
activity has so far been ignored. The fact that Fe,O, MNPs have
peroxidase-like activity poses the potential for novel applications
and so we characterized this activity, taking HRP as a comparison.

RESULTS

Fe;0, MNPS CATALYSE THE OXIDATION OF PEROXIDASE SUBSTRATES

We first prepared Fe,;O, MNPs of different sizes (30, 150 and
300 nm). The Fe;O, MNPs appeared spherical and homogeneous
and were of the expected size (Fig. la). We found that the Fe;O,
MNPs of all sizes catalysed the reaction of the substrate
3,3,5,5-tetramethylbenzidine (TMB) in the presence of H,0, to
produce a blue colour reaction (Fig. 1b), with maximum
absorbance at 652 nm. Like enzymatic peroxidase activity, such as
observed for the commonly used enzyme HRP, this colour
reaction was quenched by adding H,SO, (see the reference to
TMB at www.sigmaaldrich.com).

To further characterize the peroxidase-like activity of the Fe;O,
MNPs, we repeated the experiments using other peroxidase
substrates in place of TMB, including di-azo-aminobenzene (DAB)
and o-phenylenediamine (OPD). Figure 1b shows that the Fe;O,
MNPs not only catalysed oxidation of TMB producing a blue
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Figure 1 Fe;0, MNPs show peroxidase-like activity. a, TEM images of Fe;0, MNPs of different sizes. b, The Fe;0, MNPs catalyse oxidation of various peroxidase
substrates in the presence of H,0, to produce different colour reactions. ¢, Scheme of the mechanism of catalysis by Fe;0, MNPs. AH represents the substrate,

which is a hydrogen donor.

colour, but also DAB to give a brown colour and OPD to give an
orange colour. These results indicate that the Fe;O, MNPs have
peroxidase-like activity towards typical peroxidase substrates (Fig. 1¢).

H,0,, PH, TEMPERATURE AND SIZE DEPENDENCE

The catalytic activity of the Fe;O, MNPs is, like HRP, dependent on
pH, temperature and H,O, concentration. We measured the
peroxidase-like activity of 300-nm Fe;O, MNPs while varying the
pH from 1 to 12, the temperature from 25°C to 60°C, and
the H,O, concentration from 0.001 to 2.26 M and compared the
results with the activity found in HRP over the same range of
parameters. The optimal pH and temperature were approximately
pH 3.5 and 40 °C, which are very similar to the values for HRP
(Fig. 2a,b). Thus, we adopted pH 3.5 and 40 °C as standard
conditions for subsequent analysis of Fe;O, MNP activity. We
found that the Fe;O, MNPs required a H,0, concentration two
orders of magnitude higher than HRP to reach the maximal
level of peroxidase activity. However, further increase in the
H,0, concentration inhibited the peroxidase-like activity of
the Fe;O, MNPs, as is observed for the enzyme -catalysed
reaction (Fig. 2¢).

As the properties of nanoscale materials are often dependent
on size, we studied the catalysis of Fe;O, MNPs of different sizes
(300, 150 and 30 nm). Interestingly, the Fe;O, MNPs showed
different levels of activity towards TMB in the order 30 nm >
150 nm> 300 nm (Fig. 2d); that is, the smaller the size, the
higher the catalytic activity. This phenomenon may be due to the
smaller nanoparticles having a greater surface-to-volume ratio to
interact with substrates.

ACTIVITY IS DUE TO INTACT MNPS NOT IONS LEACHING INTO SOLUTION

It is important to rule out the possibility that the observed activity
is caused by leaching of iron ions into acidic solution. To test this,
we incubated MNPs in the standard reaction buffer (pH 3.5) for

Table 1 Comparison of the kinetic parameters of Fe;0, MNPs and HRP. [E] is

the enzyme (or MNP) concentration, K., is the Michaelis constant, V,,,, is the
maximal reaction velocity and K, is the catalytic constant, where

Kcat= Vmax/[E.I-

[E] (M) Substrate K, Viax M 8™ kg (577)
(mM)

Fe;0,MNPs 11.4 x 1073 TMB 0.098 3.44 x 1078 3.02 x 10*
Fe;0, MNPs  11.4 x 1073 H,0, 154 9.78 x 1078 8.58 x 10*
HRP 25x 107" TMB 0.434  10.00 x 1078  4.00 x 10°
HRP 25x 107" H,0, 3.70 8.71 x 1078 3.48 x 10°

10 min (the time taken to observe a plateau in the observed
activity) and then removed the MNPs from solution with a
magnet. We then compared the activity of the leaching solution
with that of MNPs under the same conditions. As shown in
Fig. 3, the leaching solution had no activity, showing that the
observed peroxidase-like activity is due to intact MNPs.

We also analysed the iron content of the leaching solution using
atomic absorption spectroscopy. MNPs of size 300 nm were
incubated under the standard reaction conditions and allowed to
settle out of solution over a period of 30 min. The Fe content in the
supernatant was then analysed, giving a value of 21.2 (+0.7 pg171),
which is two orders of magnitude lower than the concentration
required for the Fenton reaction®’. This further demonstrates that
the observed reaction cannot be attributed to leaching of iron ions
into solution, but occurs on the surface of the MNPs.

REACTION MECHANISM

To investigate the mechanism of the peroxidase activity of the Fe;O,
MNPs, we determined apparent steady-state kinetic parameters
for the reaction. As noted above, the nanoparticle-catalysed

2 nature nanotechnology | ADVANCE ONLINE PUBLICATION | www.nature.com/naturenanotechnology
© 2007 Nature Publishing Group


www.nature.com/naturenanotechnology

ARTICLES

a
100 o —m—Fe,0, MNPs
\: —O— HRP
80
=
Z 60 d
g n
2 40
g (m)
e \
201 .
~
O
/:' \ \D/E’
0 —E—n—n
T T T T T T T

0 2 4 6 8 10 12
pH
100 4 —u— Fe;0, MNPs
lF\ \- —0— HRP
80 l:,|:|
. \
|
£ 601 0
3 [u}
§ ‘D\D
20 ’
[ ]
0 -
T T T T T T T T T T T T
0 04 08 1.2 16 2.0 24

H,0, concentration (M)

m 120
—m— Fe;0, MNPs
—oO— HRP
100 g—O—0O B
<g ~a___
— - (u] [ |
s O
=
= 80- \D
& -
2
B [m]
& 60
| |
40
T T T T T T T T
25 30 35 40 45 50 55 60 65
Temperature (°C)
30nm
100 | AA
AA
A =
80 ar
£ A
= A
% 60 - /A/
s A/A ooo 150nm
= / _.—0-"". 00004
- 40 A .,.
= /A/.,o’ 300nm
-m-H-0-0-0-H-E-u-m
| A/./ _._.,.-- u-u-R
20 /. ._.—.
074‘1.‘1 ; ; ; ; ;
0 10 200 300 400 500 600
Time (8)

Figure 2 The peroxidase-like activity of the Fe;0, MNPs is pH, temperature, H,0, concentration and size dependent. Experiments were carried out using

20 g MNPs or 0.50 ng HRP in a reaction volume of 0.5 ml, in 0.2 M NaAc buffer, with 816 uM TMB as substrate. The H,0, concentration was 530 mM for
MNPs and 8.8 mM for HRP. The pH was 3.5, and the temperature was 40 °C, unless otherwise stated. The maximum point in each curve (a—c) was set as 100%.
a, Fe;0, MNPs and HRP show an optimal pH of 3.5-4.5. b, Fe;0, MNPs and HRP show an optimal temperature around 30—-40 °C. ¢, Fe;0, MNPs require

a higher H,0, concentration than HRP to reach maximal peroxidase activity. d, Under the same conditions, smaller Fe;0, MNPs show higher peroxidase-

like activity.
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Figure 3 Demonstration that Fe;0, activity does not result from iron
leaching. Fe;0, MNPs (30 nm and 300 nm, as indicated) were incubated in the
pH 3.5 reaction buffer for 600 s, and then removed using a magnet. The activity
of the leaching solution was then compared to that of the MNPs. Conditions
were as described in Fig. 2.

reaction is inhibited at high H,0O, concentrations, as is the enzyme-
catalysed reaction. However, within the suitable range of H,O,
concentrations, typical Michaelis—Menten curves were observed
for both Fe;O, MNPs (Fig. 4a,b) and HRP (Fig. 4c,d). The data
were fitted to the Michaelis—Menten model to obtain the
parameters shown in Table 1. The apparent K, value of the Fe;O,
MNPs with H,O, as the substrate was significantly higher than
that for HRP (Table 1), consistent with the observation that a
higher concentration of H,0, was required to observe maximal
activity for the MNPs. The apparent K, value of the Fe;O, MNPs
with TMB as the substrate was about four times lower than HRP
(Fig. 4a,c, and Table 1), suggesting that the Fe;O, MNPs have a
higher affinity for TMB than HRP. At the same molar
concentration, the Fe;O, MNPs showed a level of activity 40 times
higher than HRP. This may be due to the fact that an HRP
molecule has only one iron ion?!, in contrast to the surface of an
Fe;O, MNP. The presence of ferrous and ferric ions in the
nanoparticles is likely to be the key to their catalysis.

To investigate the catalytic roles of Fe>* and Fe** ions in Fe;O,
MNPs, we treated the particles with either NalO, or NaBH,. We
found that treatment with the reducing agent NaBH,, which
increases the proportion of Fe?" ions, increased the activity of
the nanoparticles, whereas the oxidizing agent NalO,, which
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Figure 4 Steady-state kinetic assay and catalytic mechanism of Fe;0, MNPs. a—d, The velocity (v) of the reaction was measured using 20 g Fe;0, MNPs (a,b)
or 0.5 ng HRP (c,d) in 500 wl of 0.2 M NaAc pH 3.5 at 40 °C. Error bars shown represent the standard error derived from three repeated measurements.

a,c, The concentration of H,0, was 530 mM (Fe;0, MNPs) or 8.8 mM (HRP) and the TMB concentration was varied. b,d, The concentration of TMB was 816 M

and the H,0, concentration was varied. e,f, Double-reciprocal plots of activity of Fe;0, MNPs at a fixed concentration of one substrate versus varying concentration
of the second substrate for H,0, and TMB. The y-axis values are observed absorbance values.

decreases the proportion of Fe?" ions, decreased the activity
(see Supplementary Information, Fig. S1). This suggests that Fe>*
ions may play a dominant role in the catalytic peroxidase-like
activity of Fe;O, MNPs.

To further investigate the mechanism of catalysis of Fe;O, MNPs,
we measured their activity over a range of TMB and H,O,
concentrations. Figure 4e,f shows double reciprocal plots of initial
velocity versus one substrate concentration, obtained for a range of
concentrations of the second substrate. The slope of the lines is
parallel, which is characteristic of a ping-pong mechanism, as is
observed for HRP (ref. 22). This then indicates that, as for HRP,
the MNPs bind and react with the first substrate, releasing the first
product before reacting with the second substrate.

COMPARISON OF ROBUSTNESS OF PEROXIDASE ACTIVITY OF Fe;0, MNPS AND HRP

Because Fe;O, MNPs are an inorganic nanomaterial, they are
expected to be more stable than the enzyme HRP. To test this, we
first incubated both HRP and the nanoparticles at a range of
temperatures (4, 16, 25, 37, 50, 70, 90 °C) and a range of values
of pH (0-12) for 2 h, and then measured their activities under
standard conditions (pH 3.5 and 40 °C). The Fe;O, MNPs were
indeed found to remain stable over a wide range of pH from 1 to
12, and temperatures from 4 to 90 °C. In contrast, the enzyme
HRP did not show any activity after treatment at pH lower than 5
or temperatures greater than 40 °C (Fig. 5a,b). The robustness of
Fe;O, MNPs makes them suitable for a broad range of
applications in the biomedicine and environmental chemistry fields.
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Figure 5 Comparision of the stability of Fe;0, MNPs and HRP. a, Fe;0, MNPs and HRP were first incubated at a range of values of pH from 0 to 12 for 2 h and
then their peroxidase activities were measured under standard conditions. b, Fe;0, MNPs and HRP were first incubated at a range of temperatures between 4 and
90 °C for 2 h and then the peroxidase activitiy was measured under standard conditions.

PRODUCTION OF TRIPLE-FUNCTION Fe;0, MNPS AND THEIR APPLICATION IN AN IMMUNOASSAY
Based on our finding, we developed two immunoassays using the
intrinsic dual functionality of the Fe;O, MNPs as a peroxidase
and magnetic separator. In these assays, we first modified the
Fe;O, MNPs (30 nm) with different compounds including SiO,,
3-aminopropyltriethoxysilane (APTES), polyethylene glycol (PEG)
or dextran to make them biocompatible. We observed that the
enzyme activity of the modified Fe;O, MNPs decreased after
modification (Fig. 6a). A number of factors may influence the
extent to which surface-modifying groups shield the surface from
the substrate and hence affect activity, such as size and density of
packing of the modifying groups and the thickness of the coating
layer. For a given type of modifying group, variation in the
modification protocol can produce coats of different thickness?>2°.
Under the conditions used in this study (see Methods), we
observed that the highest degree of activity was maintained after
dextran modification (Fig. 6a). We therefore used dextran to
modify the Fe;O, MNPs before immobilizing the antibody or
protein of interest on the modified surface of the Fe;O, MNPs.

In the first immunoassay (Fig. 6b), we immobilized protein A
on Fe;O, MNPs and used this in place of an enzyme-conjugated
secondary antibody. As for conventional ELISA, we coated a plate
with hepatitis B virus surface antigen (preSl), and then
incubated the plate with anti-HBV preS1 antibody. After several
washes, non-specific binding was removed. The Fe;O, MNPs
with immobilized protein A and the substrate TMB were then
added, so that protein A bound to the primary anti-preSl
antibody and Fe;O, MNPs catalysed a colour reaction in the
presence of H,O,. The reaction was measured using an ELISA
reader at 652nm. This demonstrates that the intrinsic
peroxidase-like activity of the MNPs can still be detected after
surface modification. In this scenario, the magnetic properties of
the MNPs could potentially be used for recovery or recycling of
the MNPs.

In the second immunoassay (Fig. 6¢), we combined the two
intrinsic properties of Fe;O, MNPs, namely magnetism and
peroxidase activity, in a novel capture—detection immunoassay.
First, an antibody to cardiac troponin I (TnI), a well-known
biomarker for myocardial infarction, was immobilized on the
Fe;O, MNPs. The antibody-labelled Fe;O, MNPs were then
mixed with serum, allowing capture of the target Tnl in the
sample. The Tnl captured by Fe;O, MNPs was easily separated
from the sample using a magnet. After washing off contaminants,
the MNPs with target bound were transferred onto a plate coated

with another anti-Tnl antibody. After washing off non-bound
MNPs, the substrate TMB was added in the presence of H,O,
and the bound Fe;O, MNPs catalysed a colour reaction, which
was measured using an ELISA reader at 652 nm. As shown in
Fig. 6¢, the concentration of Tnl in the sample correlated with
the colour reaction.

These assays demonstrate the versatility and power of Fe;O,
MNPs as both a capture agent and a detection tool, due to their
intrinsic dual functionality. This can be compared with traditional
magnetic-ELISA, in which Fe;O, MNPs capture targets and an
additional step is required to introduce a secondary antibody
carrying, for example, HRP to allow detection. This new method
is easier, faster and more economical, and provides greater
sensitivity. Further, the intrinsic peroxidase-like activity of Fe;O,
MNPs should be taken into account when they are used in
standard magnetic ELISA: conjugation of the secondary antibody
to HRP for detection is likely to lead to high background. In fact,
it was this observation that led us to discover the peroxidase-like
activity of the Fe;O, MNPs.

DISCUSSION

In this study, we provide the first report that Fe;O, MNPs possess
intrinsic peroxidase-like activity comparable to that of an enzyme-
catalysed reaction by demonstrating that (1) Fe;O, MNPs catalysed
the reaction of different peroxidase substrates such as TMB, DAB
and OPD to give the same colour changes as HRP; (2) the
peroxidase-like activity of Fe;O, MNPs was also H,0,, pH and
temperature dependent; (3) catalysis by Fe;O, MNPs showed
typical Michaelis—Menten kinetics; and (4) catalysis by Fe;O,
MNPs was consistent with a ping-pong mechanism.

In general, the enzyme activity of proteins is lost after exposure
to extremes of pH and high temperature, and proteins are also
susceptible to digestion by proteases, which are ubiquitous in the
environment. To reduce time and cost of production and
purification of enzymes, there is increasing interest in enzyme
mimetics, which are more robust than proteins and easier or
more economical to produce. For example, peroxidase mimetics
including haemin, haematin, porphyrin, haemaglobin, and
cyclodextrin?** have been studied and applied in environmental
chemistry, such as to remove phenols from wastewater®>. Further,
metallic nanoparticles have been conjugated to horseradish
peroxidase and applied as a sensor for H,O, (ref. 36) or as a
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Figure 6 Immunoassays based on the peroxidase activity of Fe;0, magnetic nanoparticles. a, The catalytic activity of Fe;0, MNPs modified with different
groups. b, Fe;0, MNPs-based immunoassay. HBV preS1 antigen was recognized by anti-preS1 antibody and detected by Fe;0, MNPs conjugated to protein A, which
specifically binds to the Fc fragment of the antibody. ¢, A capture—detection immunoassay. Antibody-modified Fe;0, MNPs were used to capture and separate the
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substrate TMB was added in the presence of H,0,.

biocatalyst'®. Our findings demonstrate that Fe;O, MNPs can be
used as a peroxidase mimetic.

Further, Fe;O, MNPs are highly effective as a catalyst, with a
higher binding affinity for the substrate TMB than HRP and a
40-fold higher level of activity at the same molar concentration of
catalyst. Importantly, Fe;O, MNPs have the additional property of
being magnetic, which allows them to be recovered for recycling,
or to be used as a capture agent when appropriately modified.

Taken together, these results demonstrate that Fe;O, MNPs act
as a robust and effective peroxidase mimetic, as well as a versatile
capture and detection tool. Our findings open up a wide range of
new potential applications of Fe;O, MNPs in environmental
chemistry, biotechnology and medicine.

METHODS

MATERIALS

TMB, DAB, OPD, CDI and HRP (EC 1.11.1.7) were purchased from
Sigma-Aldrich FeCl;-6H,0, ethylene glycol and NaAc were purchased from
Beijing Chemical Reagents. Two types of anti-Tnl antibody and sample
containing Tnl were provided by Biosino Bio-Technology and Science.

SYNTHESIS AND MODIFICATION OF Fe;0, MNPS

Fe,O, MNPs with diameters of approximately 150 nm and 300 nm were
prepared according to the solvothermal method and 30 nm Fe;O, MNPs were
prepared by the co-precipitation method. The size distribution of these MNPs
has been characterized previously*”*%. Fe;O, MNPs with dextran were prepared
using the same procedure but adding dextran. Silica coating of MNPs was
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performed using an improved Stréber method, which produces a relatively thick
silica shell, as described?. For silica coating and amino modification of Fe;O,
MNPs, 26 mg Fe,O, nanoparticles were mixed with 20 ml 2-propanol and 40 ml
ethanol. Then, 0.5 ml deionized water and 1.5 ml ammonia solution

(25% by wt) were consecutively added to the reaction mixture. Under
continuous mechanical stirring, APTES and TEOS (tetraethoxysilane) with
different ratios (0 or 1:4, total 400 pl) were added into the reaction solutions.
The reactions were allowed to proceed at room temperature for 8 h. After the
coating reaction, the core—shell nanostructures were separated from the reaction
medium by centrifuging at ~3,000 r.p.m., and dispersed into ethanol. The
separation procedure was performed several times. To confirm the reproducibility
of our findings, Fe;O, MNPs were produced in two independent labs, and the
behaviour of the MNPs from the two sources was found to be consistent.

KINETIC ANALYSIS

Unless otherwise stated, steady-state kinetic assays were carried out at 40 °C in a
1.5-ml tube with 20 wg Fe;O, MNPs (~2.7 x 108 nanoparticles) or 0.5 ng HRP
(~6 x 10%) in 500 .1 of reaction buffer (0.2 M NaAc, pH 3.5) in the presence of
530 mM H,0, for Fe;O, MNPs or 8.8 mM for HPR, using 816 uM TMB as the
substrate. The reaction buffer used for OPD was 0.2 mol1~! Na,HPO,-12H,0
and 0.1 mol 17! citric acid; and for DAB was 0.05 M Tris-HCI, 0.15 M NaCl,
pH 7.5. Immediately after the substrates were added, colour reactions

were observed.

All the reactions were monitored in timescan mode at 652 nm using a
Hitachi UV2010 spectrophotometer. The apparent kinetic parameters were
calculated based on the function v="V___x [S]/(K,, + [S]), where v is the
initial velocity, V.. is the maximal reaction velocity, [S] is the concentration
of substrate and K, is the Michaelis constant.

To investigate the mechanism, assays were carried out under standard
reaction conditions as described above by varying concentrations of TMB at a
fixed concentration of H,O, or vice versa.

ANTIBODY-IMMOBILIZED Fe;0, MNPS

Before coupling with antibody, the dextran-modified Fe;O, MNPs were
activated by incubation with NalO, (2 mg ml™!) at 37 °C for 20 min, washed
three times with 0.2 mol 17! NaAc, pH 4.4, and suspended in 0.1 mol 17!
NaHCOj;, pH 9.6. The Fe;O, MNPs were then incubated with 100 wg ml~!
anti-Tnl antibody at 4 °C overnight. NaBH, was added to a final concentration
of 2 mg ml~! to stop the coupling reaction. After washing with PBS three times,
the antibody-coupled Fe;O, MNPs were stored at 4 °C for the capture—
detection immunoassay.
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