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Abstract

Accurate and reliable quantification of biomarkers in the blood is essential in disease screening and
diagnosis. Here we describe an iron oxide nanoparticle (IONP)-linked immunosorbent assay
(ILISA) for detecting biomolecules in human serum. Sandwich ILISA was optimized for the
detection of four important serological markers, IgA, 1gG, I1gM, and C-reactive protein (CRP), and
assessed with normal sera, simulated disease-state sera and the serum samples from patients
infected with West Nile virus (WNV) or human herpes virus (HHV). Our study shows that using
the detection assay formulated with 18.8 nm wiistite nanocrystals, ILISA can achieve
sub-picomolar detection sensitivity, and all four markers can be accurately quantified over a large
dynamic range. In addition, ILISA is not susceptible to variations in operating procedures and
shows better linearity and higher stability compared with ELISA, which facilitates its integration
into detection methods suitable for point of care. Our results demonstrate that ILISA is a simple
and versatile nanoplatform for highly sensitive and reliable detection of serological biomarkers in
biomedical research and clinical applications.

Key words: iron oxide nanoparticle, immunosorbent assay, serological biomarker, quantification.

Introduction

Recent advances in proteomics and lipidomics
have led to extensive analysis of the molecular
signature of human blood [1-4]. A large number of
biomolecules in the blood such as antibodies,
cytokines and metabolites have been identified as the
markers of specific pathological conditions, since the
plasma concentration of these biomarkers correlates
with disease onset, disease progression as well as
patient responses to therapeutic interventions [5, 6]. It
has been demonstrated that accurate quantification of
biomolecules in human blood samples holds great
promises for the detection and diagnosis of a variety
of diseases including infectious disease [7-9],

autoimmune disease [10, 11], cardiovascular disease
[12-15] and cancer [5, 6, 16-18]. Requiring only a small
amount of blood, the simplicity and noninvasive
nature of the blood test make it an ideal choice for
point-of-care disease diagnosis with low cost.
Therefore, developing highly quantitative and robust
techniques for blood tests is of great significance for a
broad range of clinical applications, and has the
potential to shift the paradigm of disease diagnosis
and treatment.

Accurate characterization of disease state using
blood samples often requires quantification of a panel
of disease markers in a complex mixture of blood
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components with high specificity, sensitivity, and
reliability. Current clinical blood testing methods are
mostly derived from enzyme-linked immunosorbent
assays (ELISA) and nephelometric assays [19-24].
These assays are inherently unstable because small
changes in the reagents or operating procedures can
lead to large variations in enzyme catalysis or protein
agglomeration. For this reason, clinical blood tests are
typically performed in laboratories with well-trained
technicians, special instruments and stringent quality
control, which significantly increase the cost and time
required for disease diagnosis. There is an unmet
clinical need for simpler, more robust and
cost-effective blood testing techniques. An alternative
approach is to develop a nanocrystal-based method
for biomolecule detection [25-28]. Compared with the
protein- or small organic molecule-based probes in
conventional detection methods, the detection signal
generated with a nanocrystal is associated with the
whole crystal structure, which is very stable upon
exposure to UV radiation, heat and oxidants.
Nanocrystal-based detection probes can therefore
improve the reliability of blood tests.

We have previously shown that a particular type
of nanocrystal, iron oxide nanoparticles (IONPs) can
be used for colorimetric detection in immunosorbent
assays [29]. In the iron oxide nanoparticle-linked
immunosorbent assay (ILISA), the IONPs bound to
immobilized target molecules are dissolved into
individual metal ions, which are then quantified
through a stable chromogenic reaction [29]. Detection
sensitivity of ILISA is determined by the number of
iron atoms in each IONP, i.e., the size of the iron oxide
nanocrystal in a probe. In this study, we further
developed the sandwich ILISA for the detection of a
group of serological markers, IgA, IgG, IgM and CRP.
IgA, IgG and IgM are three isotypes of antibodies that
are involved during different stages or types of
immune reactions. The changes in the concentration
of these molecules are indicative of many diseases.
For example, lower levels of IgA may be linked to
certain types of leukemia, kidney damage, and
enteropathy, while higher IgA concentrations may
imply multiple myeloma, autoimmune diseases, and
certain infectious diseases. Further, elevated levels of
IgG, IgM and CRP are associated with infectious
diseases, autoimmune diseases, and inflammation.
Here we show the development of a detection method
with large wiistite nanocrystals and a highly sensitive
chromogenic iron chelator, Ferene S, which can be
readily incorporated into various forms of
immunosorbent assays. The performance of ILISA
was thoroughly examined with sera that mimic the
normal and disease states. The serum levels of total
IgG and IgM in the patients with infectious diseases

were also quantified with sandwich ILISA.

Materials and Methods

Materials

Iron acetylacetonate, oleic acid, oleylamine,
Ferene S, hydrochloric acid, sodium hydroxide,
ammonium acetate, hydroxylamine hydrochloride,
and purified human IgA, IgG, IgM, and CRP were
purchased from Sigma-Aldrich. 2-mercaptoethy-
lamine (2-MEA) and 2,2'-Azinobis [3-ethylben-
zothiazoline-6-sulfonic  acid]-diammonium  salt
(ABTS) were purchased from Thermo Scientific.
DSPE-n-methoxy-PEG(2000) and DSPE-PEG(2000)-
maleimide were purchased from Avanti Polar Lipids.
Polystyrene ELISA microplates and BSA concentrate
were purchased from R&D systems. Micro cuvettes
were purchased from VWR.

Mouse anti-human IgA monoclonal antibody
(BD Biosciences), rabbit anti-human IgA polyclonal
antibody (Sigma-Aldrich), rabbit anti-human IgG
polyclonal  antibody  (Sigma-Aldrich), mouse
anti-human IgM monoclonal antibody (Abcam),
rabbit anti-human IgM polyclonal antibody (Abcam),
mouse anti-human CRP monoclonal antibody
(Abcam), rabbit anti-human CRP polyclonal antibody
(Cell Biolabs), horseradish peroxidase-conjugated
rabbit anti-mouse IgG polyclonal antibody (Abcam),
and pooled normal human serum (Innovative
Research) were obtained from the indicated sources.
The serum samples from WNV- and HHV-infected
patients were kindly provided by Dr. Susan Wootton
at the University of Texas Health Science Center. The
use of these human serum samples has received
approval from the Institutional Biosafety Committee
at Rice University.

Synthesis of maleimide-functionalized IONPs

Maleimide-functionalized IONPs were
synthesized using a method described previously [29,
30]. In brief, wistite (FeiO) nanocrystals were
synthesized by thermodecomposition of Fe(acac)s in
oleic acid and oleylamine [31]. As-synthesized
nanocrystals were hydrophobic and dispersed in
toluene. Average diameter of the nanocrystals was
18.8 nm as measured in TEM images using ImagePro
Plus software. To generate maleimide-functionalized
and water-dispersible IONPs, the nanocrystals were
coated with a mixture of DSPE-n-methoxy-PEG(2000)
and DSPE-PEG(2000)-maleimide using a dual solvent
exchange method.

Synthesis of antibody-conjugated IONP probes

Antibody-conjugated IONP  probes were
synthesized by reacting the maleimide-functionalized
IONPs with fragmented detection antibodies carrying
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free sulfhydryl groups. The isotype of all detection
antibodies in this study is immunoglobulin G (IgG).
The antibodies were reduced with 2-MEA to generate
fragments with an active epitope binding site and free
sulfhydryl groups. In a typical reduction reaction, the
antibody was concentrated in PBS with 100 mM
phosphate and 10 mM EDTA and mixed with 2-MEA
at designated concentrations. The mixture was
incubated at 37°C for 2 hours followed by washes
with 100 mM potassium acetate (pH 5.5). The
resulting antibody fragments were examined with
polyacrylamide gel electrophoresis (PAGE). The
optimal concentration of 2-MEA was determined for
each antibody. Then the maleimide-functionalized
IONPs were mixed with antibody fragments in PBS
and incubated at room temperature overnight. The
molar ratio between IONPs and the antibodies was
fixed at 1:3. After reaction, unconjugated antibody
fragments were removed by ultracentrifugation.

IONP-linked immunosorbent assay (ILISA)

All biomarkers were quantified using sandwich
ILISA in either 96-well microplates or micro cuvettes.
In a microplate-based assay, the microplate was first
prepared by incubating with designated capture
antibodies at 10 pg/mL at 4°C overnight and blocking
with 1% BSA. For biomarker quantification, the
sample solutions were added to the microplate and
incubated at ambient temperature for 1 hour. After
washing, the plate was incubated with the IONP
probes (100 pg Fe/mL) at ambient temperature for 1
hour with vigorous shaking. Unbound probes were
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Scheme 1. The iron oxide nanoparticle linked immunosorbent assay (ILISA). (a) Detection probes are
constructed by conjugating IONPs with fragmented antibodies. (b) The samples containing target molecules are
incubated with capture antibodies immobilized on to a solid support. Surface bound target molecules are detected
with the IONP probes. (c) The probes bound to the target molecules were measured using a colorimetric assay.
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removed by washing with PBS containing 0.05%
Tween-20. To detect bound IONPs, 50 uL of 6 M HCl
was added to each well and incubated for 15 min at
ambient temperature. Then 70 pL of 4 M NaOH and
80 pL of color development solution (0.75 M
ammonium acetate, 1.5% hydroxylamine
hydrochloride, and 0.05% Ferene S) were added to
each well. Light absorbance at 592 nm was measured
immediately using a microplate reader. The micro
cuvette-based assay was developed similarly except
that light absorbance was measured with a UV
spectrometer.

Results and Discussion

Characterization of sandwich ILISA

Sandwich ILISAs are designed for quantitative
detection of biomolecules in the blood (Scheme 1). In
a typical sandwich ILISA, the samples are incubated
with capture antibodies (against target molecules)
adsorbed onto a solid support. IONPs conjugated
with antibody fragments are used as the detection
probes. After IONP probes bind to the immobilized
target molecules and unbound probes are removed,
the bound IONP nanocrystals are dissolved by acid
lysis and the amount of released iron atoms are
quantified through a chromogenic reaction. The light
absorbance of the resulting iron chelates at 592 nm is
determined. The concentration of target molecules can
then be quantified wusing a standard curve
corresponding to the specific IONP probe [29]. The
detection sensitivity of the assay is controlled by the
size of the IONP probe, i.e.,
the number of iron atoms per
IONP (Supplementary
Figure the binding
).\‘ ~ = avidity between the target

£ \}.\= \ﬁ.ﬁ/ molecule and the probe, and
7S

S1),

the light absorbance of the
p 2l iron chelates.

- In this study, the wiistite
nanocrystals used for ILISA
have a mean diameter of 18.8
nm (Figure 1a). After the
IONPs are dissolved by acid,
the resulting iron atoms are
reacted with a chromogenic
agent Ferene S to form a
complex with ferrous ion
(Fe?*). The molar extinction
coefficient of Fe?*-Ferene S
complexes is 3.55x10*/M-cm
at 592 nm [32]. In a standard
96-well microplate, the light

Immunosorbent assay

absorbance of the Fe2*-Ferene
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S complexes correlates linearly with the concentration
of IONPs over a range of three orders of magnitude
(Figure 1b), with the detection limit of the IONP
probes reaching 0.1 fmol. In the case that there is a
one-to-one binding between an IONP and a target
antigen in a sandwich ILISA, this is also the detection
limit for target antigen.

We systematically investigated the reliability,
sensitivity, linearity and stability of sandwich ILISA,
which are critical for its clinical use. We first
examined the effects of IONP probe concentration and
incubation time on ILISA measurements. As shown in
Figure 2a, at IgA concentration of 125 ng/mlL, the
measured absorbance changed less than 4% when the
IONP probe concentration increased from 50 pg/mL

to 200 pg/mL, suggesting that the use of excess
amount of probes would not cause a large variation in
the measurement. Further, we found that, when
incubation time increased from 15 min to 60 min, the
ratio of IgA measurements at two different
concentrations (500 and 125 ng/mL) had only
negligible changes (Figure 2b). Shortening the
incubation time to ~15 min, therefore, will not affect
the results much as long as the standard curve is
measured and the assays are performed consistently
under the same experimental conditions. Taken
together, these findings suggest that ILISA is very
robust and not susceptible to variations in operating
procedures.
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Figure 1. Detection sensitivity of ILISA. (a) A typical TEM image of wiistite nanocrystals. (b) Quantification of IONP probes in a 96-well microplate. IONP
probes were lysed with acid, reduced to ferrous ions, and quantified with a Ferene S assay. Data represent means  SD of three measurements.
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Figure 2. The reliability and sensitivity of sandwich ILISA. (a) The effects of probe concentrations on ILISA measurements. (b) The effects of incubation time
on ILISA measurements. Y-axis indicates the ratio of absorbance measurements with IgA concentration of 500 ng/mL and 125 ng/mL respectively. (c) Detection
sensitivity was further increased with a two-step sandwich ILISA. Shown is the measured absorbance as a function of IgA concentration using the two-step and
one-step ILISA assays respectively. The ratio of the slopes of the two curves (6.07 and 1.52 respectively) indicates the average number of secondary IONP probes
bound to each primary probe. (d) IgA was quantified with a two-step sandwich ILISA, demonstrating high detection sensitivity. Data represent means + SD of three

measurements.
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In many biological and clinical applications, the
concentration of disease biomarker is ultra-low, which
requires highly sensitive detection. For this reason, we
designed a two-step detection scheme to increase the
detection sensitivity of sandwich ILISA where
secondary IONP probes were bound to the primary
IONP probes for further signal amplification. As
shown in Figure 2c, the use of secondary probes can
significantly enhance the detection sensitivity. At low
analyte concentrations, the fold increase in signal
amplification was ~3.99, suggesting that on average
~3 secondary IONP probes bound to each primary
probe (Figure 2c, Supplementary Figure S2). With
this two-step sandwich ILISA, the detection limit of
IgA concentration can be as low as 0.2 pM (Figure 2d),
comparable to the detection limit of commonly used
commercial ELISA Kkits.

We further compared the linearity and stability
of sandwich ILISA with that of sandwich ELISA for
purified human IgA. As shown in Figures 3a-3d,
sandwich ILISA showed a much better linearity than
sandwich ELISA in the same IgA concentration range

a b

Purified human IgA (ILISA)

0.6
L [ 0.5

008 B o

g 204 R?=0.999

Blank 1 2 3 8 9 10 |1

806 > 3
g ——-1 YEule ) ) u f{ , ’(i @ gors
504 O @ )w,cwl’@kﬁ 202
024°1 f;")")u mm@»@ 01 .
. i /\ g

0

'

Purified human IgA (ILISA)

y=0.0041x + 0.0018 _-*

of 1-125 ng/mL. We found that, with reaction time of
15 min and 75 min respectively, the signal intensity of
sandwich ILISA did not change (Figure 3e), whereas
that of sandwich ELISA varied significantly, as
demonstrated by the color changes of the solutions
after 15 min and 75 min incubation (Figure 3e).
Therefore, sandwich ILISA is a reliable, sensitive, and
stable method with exceptional linearity and wide
dynamic range, making it a potentially powerful tool
for clinical use.

Quantification of IgA, IgG, IgM and CRP in
human sera mimicking normal and disease
states

As with other sandwich immunosorbent assays,
a pair of antibodies was used against the target
molecule in sandwich ILISA. One of the antibodies,
the capture antibody, was immobilized onto 96-well
microplates, while the other was conjugated with
IONPs. To ensure high binding affinity of the IONP
probes to the target molecules, antibodies were
reduced with 2-MEA at optimal conditions and linked
to IONPs through site-specific
conjugation (Figures 4a,
Supplemental Figures S3 and S4).
The ILISA assay was first tested with
purified proteins to generate the
standard curve. A representative
result of the sandwich ILISA for IgA
measurement is shown in Figures 4b.
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Figure 3. Comparison of the linearity and stability of ILISA with ELISA. (a) and (c) show the
quantification of purified human IgA using sandwich ILISA (a) and sandwich ELISA (c) respectively. (b)
and (d) are magnified views of the boxed portions of the curves outlined in (a) and (c) respectively. (e)
shows the representative images of the micro-wells used in ILISA and ELISA. Images were taken after 15

min or 75 min incubation.

accurate quantification for IgA in
dilute samples. The absorbance-
concentration curve shown in Figure
4c serves as the standard curve for
IgA  quantification. =~ We  then
measured IgA levels in human serum
samples. A pooled normal human
serum was used as a control, and
normal serum spiked with known
amount of IgA was used to mimic a
disease state. Similar to clinical blood
test, a serial dilution of the sera was
prepared and IgA concentrations
were measured with sandwich ILISA.

This ensures that the concentration of
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IgA falls into the detection range shown in the
standard curve (Figure 4c). With the dilution ratios
from 1:40000 to 1:640000, only small variations in IgA
concentration were found (Figure 4d). The measured
concentrations of IgA in the normal serum range from
3.76 to 4.33 mg/mL, consistent with published results
[24]. The concentrations of IgA in the disease-state
sera were measured to be 5.08 to 6.42 mg/mL, in good
agreement with the calculated concentrations based
on the IgA concentration measured in the normal
serum (from 5.8 to 6.5 mg/mL). The small difference
between the measured and the calculated
concentrations was mainly due to non-specific
adsorption of analytes onto the test tubes during
serial dilution.

Similar to that of IgA, sandwich ILISA was
employed to measure the concentrations of IgG, IgM
and CRP (Figures 5 and 6, Supplementary Figure
S5,). All three proteins, either in purified form or in
human sera, could be readily quantified with high
accuracy. With purified IgG and IgM at low
concentrations, the ILISA measurements showed
perfect linear relationship between the absorbance
and the concentration, and the results shown in
Figures 5a and 5c serve as the standard curves for IgG
and IgM quantification respectively. For serum
samples representing normal and disease states,
ILISA gave consistent measurements within a wide
titration range (Figures 5b and 5d). Figures 6a and 6b
show the ILISA quantification of purified CRP, which
is an important indicator of infectious diseases and
inflammatory conditions. The level of CRP in

normal-state sera (N) is lower than 10 pg/mL, while
the concentration increases to 10-40 pg/mL in patients
with low level of inflammation and viral infection (V)
and exceeds 40 pg/mL in patients with severe
inflammation and bacterial infection (B) [33]. To
mimic these conditions, designated amounts of CRP
proteins were added to the normal serum and ILISA
measurements were performed with a serial dilution
of each sample. As shown in Figure 6¢, for the entire
concentration range, the ILISA results showed a good
linear correlation with the calculated values (Figure
6¢).

ILISA for individualized tests

Robust blood testing methods for individual
patients or normal persons are desirable for
point-of-care applications. As a proof of concept, we
developed a new form of sandwich ILISA for
individualized tests in which capture antibodies of
IgA were coated onto micro cuvettes, and subsequent
steps of ILISA were performed without changing the
protocol. Similar to that of microplate-based ILISA,
the micro cuvette-based ILISA showed a good
dynamic range and a high linearity for accurate IgA
quantification (Figure 7). Importantly, the variations
among independent measurements are negligible,
making it feasible to accurately determine the target
molecule concentration with a single micro cuvette. It
is conceivable that ILISA can be incorporated into
other testing platforms designed for processing
individual patient samples with low cost.
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standard curve outlined in (b). Data represent means * SD of three measurements.
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Figure 8. Serological immunoglobulin levels in patient samples. Total IgG and IgM in patient sera were measured with sandwich ILISA. Compared with
healthy subjects (N), the patients infected with West Nile virus (WNV) and human herpes virus (HHV) show elevated levels of IgG and IgM in the sera. Data represent

means * SEM.

Quantification of immunoglobulins in clinical
samples

To further demonstrate the capability of
sandwich ILISA in quantifying the biomarkers in
clinical samples, we measured total IgG and IgM from
the sera of patients infected with WNV or HHV. As
shown in Figure 8, the IgG and IgM levels in the sera
from patients infected respectively with WNV and
HHV are both increased compared with that of
normal persons (N), consistent with the
well-established fact that persons contracted the
WNV or HHV infection have elevated IgG and IgM
levels.

Conclusion

We developed different formats of iron oxide
nanoparticle-linked immunosorbent assay (ILISA) for
detecting biomolecules in human serum with high
sensitivity and large dynamic range. With both
microplate-format for high-throughput detection and
micro cuvettes for single sample analysis, ILISA
provides a simple and sensitive detection method for
quantifying disease markers. The concentration of
serological markers can be accurately quantified over
a wide concentration range and titration ratios. In
particular, the high linearity of ILISA measurement
makes it a universal and robust assay format for the
characterization of changes in serological markers
associated with disease progression.

Supplementary Material

Supplementary figures.
http:/ /www.thno.org/v06p1353s1.pdf
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