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Abstract: A simple colorimetric immunoassay system, based on the peroxidase mimicking
activity of Fe;O4 magnetic nanoparticles (MNPs), has been developed to detect clinically
important antigenic molecules. MNPs with ca. 10 nm in diameter were synthesized and
conjugated with specific antibodies against target molecules, such as rotaviruses and breast
cancer cells. Conjugation of the MNPs with antibodies (MNP-Abs) enabled specific
recognition of the corresponding target antigenic molecules through the generation of color
signals arising from the colorimetric reaction between the selected peroxidase substrate,
3,3",5,5'-tetramethylbenzidine (TMB) and H,O,. Based on the MNP-promoted colorimetric
reaction, the target molecules were detected and quantified by measuring absorbance
intensities corresponding to the oxidized form of TMB. Owing to the higher stabilities and
economic feasibilities of MNPs as compared to horseradish peroxidase (HRP), the new
colorimetric system employing MNP-Abs has the potential of serving as a potent
immunoassay that should substitute for conventional HRP-based immunoassays. The
strategy employed to develop the new methodology has the potential of being extended to
the construction of simple diagnostic systems for a variety of biomolecules related to
human cancers and infectious diseases, particularly in the realm of point-of-care applications.
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1. Introduction

Immunoassays, which rely on specific interactions between antigens and antibodies, have long been
widely employed to diagnose diverse kinds of diseases [1,2]. Until now, immunoassays have employed
several different signaling methods, including enzyme-linked immunosorbent assays (ELISA) [3],
fluorescence immunoassays [4], chemiluminescence immunoassays [5], and radioimmunoassays [6].
Even though these methods possess high substrate specificity, reliable biorecognition and
sensitive signaling, they have inherent limitations that are associated with instabilities of enzymes,
photo-bleaching processes interfering with fluorescence and luminescence detection, and radiation
exposure dangers. The current assay systems would be more widely and economically used if these
drawbacks were eliminated. Directed particularly at the goal of overcoming the limitations derived
from the use of enzyme in conventional ELISA, an intense interest has grown in the development of
artificial enzyme mimetics, such as rationally-designed chemical complexes or non-natural nucleic
acid enzymes, which have catalytic activities that rival those of the protein counterparts but do not
possess their disadvantages [7-10].

Recent studies in the nanoscience area have led to the development of several innovative detecting
platforms comprised of nanomaterials, including metal nanoparticles and nanosheets, graphene oxide,
and carbon nanotubes. Among these materials, gold nanoparticles (GNPs) hold great promise in
colorimetric assay systems used for simple and rapid diagnosis of diseases [11-13]. GNPs contain
strong distance dependent optical properties, reflected in the fact that the transition from dispersed to
aggregated states leads to a significant shift in the absorption spectrum and concomitant color change
from red to blue [13]. This advantageous and unique optical property of GNPs has been utilized in a
variety of formats to detect biomolecules. In systems for this purpose, GNPs are designed to come into
proximity with one another only in the presence of target molecules and, consequently, a colorimetric
signal is produced [11-13]. This colorimetric signaling method, in which molecular events are
monitored through the use of simple visual detection, does not require complex instrumentation and
reagents. As a result, it has great promise in point-of-care testing (POCT) applications [14,15].

Recently, MNPs, which possess intrinsic enzyme mimetic activities similar to those of natural
peroxidases, were discovered by Yan’s group [16]. Since that time, MNPs have received significant
attention owing to their superior characteristics that include catalytic stability over a wide range of
temperatures and pHs, controlled low cost large scale synthesis, and convenient separation by
application of an external magnetic field. Very recently, we have shown that peroxidase-mimicking
MNPs can be effectively applied in sensors that detect various biomolecules including glucose,
galactose, and pathogenic DNA [17-21]. These emerging applications, which employ the unique
enzymatic property of MNPs, are transforming interests in these materials from their conventional
utility in magnetic separation and magnetic resonance imaging to their additional use in colorimetric
based biosensing applications.

In the studies described below, we developed a simple colorimetric assay system that is based on
the peroxidase activity of MNPs, which are conjugated to antibodies that specifically recognize
target antigenic molecules such as rotaviruses and breast cancer cells. The MNPs, conjugated with
antibodies against rotavirus and human epidermal growth factor receptor 2 (HER2), were found to
exhibit excellent selectivity for the target antigens. Moreover, by employing the new method,
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concentrations of the target molecules can be conveniently determined by simply measuring the
intensity of the blue color absorption band generated by the MNPs-promoted blue color producing
reaction of 3,3',5,5'-tetramethylbenzidine (TMB) with H,O,.

2. Results and Discussion

2.1. A Novel Colorimetric Immunoassay Utilizing the Peroxidase Mimicking Activity of
Magnetic Nanoparticles

To explore the new colorimetric immunoassay system that utilizes the peroxidase mimicking
activity of MNPs, MNPs synthesized by using a co-precipitation method were modified with
aminopropyl-triethoxysilane (APTES) to introduce reactive amine groups on the surface. The
morphology of non-functionalized MNPs and amine-modified MNPs were observed by TEM imaging
(Supplementary Information, Figure S1A,B), and the particle size distributions were analyzed by
measuring dynamic light scattering (DLS) (Supplementary Information, Figure S1C,D). As a result,
both non-functionalized MNPs and amine-modified MNPs showed narrow particle size distributions
around 10 nm in water, indicating that MNPs are well dispersed in aqueous solution without any
significant aggregation.

The resulting MNPs were then treated with glutaraldehyde, a cross-linker that reacts with the amine
groups on the activated MNPs and then enables immobilization of antibodies on the surface of the
MNPs through formation of stable amide linkages (Figure 1A). We confirmed that blue color signals
were generated only when H,O, was introduced into the wells containing 100 pg/mL of each
form of MNPs (bare MNPs, amine-modified MNPs, glutaraldehyde-functionalized MNPs, and
antibody-conjugated MNPs) and TMB substrate. The results demonstrate the requirement of H,O, for
the MNPs-induced colorimetric reaction of TMB (Supplementary Information, Figure S2). Steady-state
kinetic constants of antibody-conjugated MNPs for TMB were determined and compared with those of
bare MNPs (Supplementary Information, Figure S3 and Table S1). The apparent K, and V¢ values of
MNP-Abs for TMB were approximately 20% and 11% higher than those of bare MNPs, respectively.
The results indicate that the overall mass-transfer limitation after immobilization of antibodies to
MNPs is not significantly increased, while the catalytic activity was slightly decreased.

The synthesized MNP-antibody conjugates (MNP-Abs) were employed in a sandwich type
immunoassay system where rotavirus was used as a model target (Figure 1B). In this case, rotavirus
antibodies were first immobilized on a well and the sample solution was applied so that the rotaviruses
bind to the immobilized antibodies. MNP-Abs were next added to the well so that they bind to
captured rotaviruses. Finally, the immobilized MNP-Abs promote the colorimetric reaction of TMB in
the presence of H,O, to produce a blue colored product. As a result, the production of the colorimetric
signal indicates the presence of the target rotavirus.
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Figure 1. (A) Synthesis of antibody-conjugated MNPs (MNP-Abs); (B) Scheme for
colorimetric detection of rotavirus in a sandwich immunoassay system. Rotaviruses are
captured by antibodies immobilized on the surface of the well. MNP-Abs are then applied
to the well and bind to the captured rotaviruses; (C) Scheme for colorimetric detection of
breast cancer cells in a direct immunoassay system. Breast cancer cells are directly applied
to the well followed by the application of MNP-Abs. After binding MNP-Abs to the
captured rotaviruses or breast cancer cells, the peroxidase activity of MNPs-Abs promotes
the colorimetric reaction between TMB and H,0,.
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Figure 1C depicts another application of MNP-Abs to a direct immunoassay system for the
detection of target breast cancer cells. In this case, prior immobilization of antibodies was not required.
The sample solution containing the cells was directly applied to a bare well, which results in
adsorption of the cells on the well. As a result, MNP-Abs applied to the well bind to human epidermal
growth factor receptor 2 (HER2) expressed on the surface of the target breast cancer cells. In a manner
that is similar to the previous application, MNP-Abs immobilized in the well produce a colorimetric
signal through MNPs-promoted reaction of TMB with H,O,, which indicates the presence of target
breast cancer cells.
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2.2. Colorimetric Detection of Rotavirus

Rotaviruses are the most important cause of diarrhea disease in both developed and developing
countries [22]. These viruses, transmitted by the fecal—oral pathway or food or water contamination [23],
are responsible for the majority of acute gastroenteritis infections occurring in young children
worldwide [24]. Therefore, the development of methods for rapid and sensitive detection of rotaviruses
is of great importance for controlling and preventing diarrhea disease. Focusing on this goal, we
devised a simple colorimetric method to detect the presence and concentration of rotaviruses. The
technique takes advantage of the peroxidase activity of MNPs conjugated with rotavirus antibodies.
Rotavirus antibodies were first immobilized in wells and a sample solution containing rotaviruses was
added to the wells. To demonstrate that properly designed MNP-Abs are capable of specifically
detecting rotaviruses, three different samples were added to individual wells, each containing captured
rotaviruses at a concentration of 10° PFU per well. The three samples contained MNP-rotavirus
antibody conjugates, MNP-human IgG conjugates, and rotavirus antibodies only. A clear blue color
signal was specifically generated only from the well to which MNP-rotavirus antibody conjugates
were added (Figure 2A). The absorbance intensity was observed to be ca. 4-fold higher than those of
other negative controls. These findings demonstrate the high specificity of the new assay system
(Figure 2B).

Figure 2. (A) Absorption spectra (left) and well plate image (right) for the immunoassay
to colorimetrically detect rotavirus by using three different samples (MNP-rotavirus
antibody conjugates, MNP-human IgG conjugates, and only rotavirus antibodies);
(B) Bar graph obtained from three replicates in a single run.
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In order to evaluate the quantitative ability of this assay system, absorbance intensities at 650 nm,
which correspond to the amount of oxidized TMB formed, were determined as a function of the
concentrations of rotaviruses in the range of 10'-10° PFU per well (Figure 3A,B). The resulting
absorbance intensities versus rotavirus concentration were observed to be nearly linear and, under the
described experimental conditions, 10" PFU is the limit of detection (LOD) of the assay. This value is
much lower than those reported for conventional ELISA (10> particles/mL) [25] or recently reported

rotavirus biosensors [26].

Figure 3. (A) Absorption spectra (left) and corresponding images of well plates (right) for
the immunoassay to detect rotavirus at concentrations in the range of 10'-10° PFU;

(B) Bar graph obtained from three replicates in a single run.
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2.3. Colorimetric Detection of Breast Cancer Cells

Breast cancer is one of the most prevalent cancers among women worldwide [27]. Consequently, a
great incentive exists to develop reliable diagnostic strategies for early stage breast cancer in order to
prevent poor prognoses and effectively treat the disease. In a continuing effort, we applied the
MNPs-based colorimetric strategy in the development of a direct immunoassay to detect breast cancer
cells. For this purpose, HER2 antibody-conjugated MNPs were employed to recognize HER2, which is
a reliable marker for breast cancer diagnosis [28]. We first examined the cytotoxicity of MNPs by
using SKBR-3 cells as a model of HER2-overexpressing cells. The results show that the MNPs do not
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display cell cytotoxicity at various concentrations (Supplementary Information, Figure S4). In order
to explore the applicability of the direct immunoassay, HER2-overexpressing SKBR-3, weakly
HER2-expressing MCF-7, and HER2-negative H520 cells, serving as model cell lines, were immobilized
on bare wells (Figure 4A). MNP-Abs were then applied to each well, individually containing SKBR-3,
MCF-7, and H520 cells. Finally, the MNPs-promoted colorimetric reaction was initiated by adding
TMB and H,O, to the wells. As expected, a very clear color signal was generated in the well
containing target SKBR-3 cells, while the wells containing negative control H520 cells did not display
a color signal. Wells containing MCF-7 cells also generated a weak signal, indicating that these cells
only weakly express HER2 [29]. Moreover, when MNP-Abs were not added to the assay mixture, no
color was produced. Furthermore, when bare MNPs, as another negative control, were applied to the
well containing SKBR-3 cells, a slight blue color signal was generated as a result of a nonspecific
electrostatic interaction or physical absorption between bare MNPs and the cells.

Figure 4. (A) Absorption spectra (left) and well plate image (right) for immunoassay to
colorimetrically detect HER2 obtained from three different cell lines using 4 X 10* cells per
well (SKBR-3; HER2-overexpressing cell, MCF-7; weakly HER2-expressing cell, and
H520; HER2-negative cell). Absorption spectra (left) and corresponding images of well
plates (right) for the immunoassay to detect HER2 obtained from the increasing amount of
(B) SKBR-3 cells; (C) MCF-7 cells; and (D) H520 cells.
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Figure 4. Cont.
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As inspection of the spectra in Figure 4B—D shows, when various amounts of SKBR-3, MCF-7, and
H520 cell lines were subjected to the same direct immunoassay using MNP-HER?2 antibody conjugates
at 100 pg/mL, blue color signals were generated that have absorbance intensities proportional to the
amount of target cells added. In addition, the LOD for target SKBR-3 cells was determined to be
341 cells in the linear range from 1 x 10° to 4 x 10* cells (Supplementary Information, Figure S5),
while the reported LOD of ELISA for SKBR-3 cell was found to be 150 cells in the linear range from
1 x 10’ to 6 x 10* cells [30]. Even though the LOD of our system to detect SKBR-3 cells was slightly
higher than that of the conventional ELISA system, our strategy may be more advantageous considering
that the whole cells were directly analyzed while the cell lysate was employed in the conventional
system. In terms of the analysis time required, there is no big difference between the two systems, but
the direct immunoassay using MNP-Abs is more time-saving than ELISA owing to the omission of the
cell lysis procedure.

To demonstrate that specific interaction(s) between MNP-Abs and SKBR-3 cells take place in this
assay process, Prussian blue staining was performed to detect the presence of ferric iron on the
surfaces of SKBR-3 cells that have been incubated with MNP-Abs (Figure 5A). The results show that
the deep blue color, associated with reaction of ferrocyanide ion with ferric ions within the MNP-Abs,
is evenly spread over SKBR-3 cells (Figure 5A-a). This observation demonstrates that specific
interactions occur between MNP-Abs and SKBR-3 cells. As stated above, only weak blue color
development takes place in the assay performed on MCF-7 cells owing to low HER2 expression levels
(Figure 5A-b). In addition, we observed that no blue color signal arises when HER2-negative H520
cells are treated with MNP-Abs (Figure 5A-c) and when target SKBR-3 cells not treated with
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MNP-ADbs are used (Figure 5A-d). In these cases, only red-stained cytoplasm and nuclei are observed.
Additional evidence, confirming the specific targeting ability of MNP-Abs for HER2-expressing
cancer cells, was gained by using magnetic resonance imaging (Supplementary Information, Figure S6).
The MNP-Abs based immunoassay system also possesses a fluorescent visualization capability
when MNPs-mediated tyramide signal amplification (TSA) is employed to generate high-density
fluorescence labeling of the target in situ. In a conventional HRP-mediated TSA system, a HRP-labeled
antibody first binds to a target via immune-affinity, and then a fluorescence-labeled tyramide
derivative is generated through a process involving HRP-catalyzed formation of highly reactive and
short-lived tyramide radicals [31]. The radicals, formed in this way, undergo covalent bonding to
electron rich moieties on the surface of tyrosine residues of the target to yield fluorophore sites. To
verify the applicability of the MNP-Abs together with cy5-labeled tyramide reagent for fluorescence
imaging of target molecules, an attempt was made to utilize the peroxidase activity of MNP-HER2
antibody conjugates to visualize target breast cancer cells (Figure 5B). When applied to assays of three
cell lines, a strong red fluorescence signal (Figure 5B-a) was generated over most of the surfaces of
SKBR-3 cells. In contrast, weak emission was found to take place from surfaces of MCF-7 cells
(Figure 5B-b), and a negligible signal occurs from H520 cells (Figure 5B-c). These findings
demonstrate the additional potential of MNPs as constituents of immunohistochemistry probes [32].

Figure 5. (A) Optical microscope images after Prussian blue staining of SKBR-3 cells
incubated with MNP-Abs; A-a, MCF-7 cells incubated with MNP-Abs; A-b, H520 cells
incubated with MNP-Abs; A-c, and only SKBR-3 cells; A-d, (scale bar = 20 um);
(B) Fluorescent visualization by utilizing tyramide signal amplification generated by the
intrinsic peroxidase activity of MNP-Abs applied to SKBR-3 cells; B-a, MCF-7 cells;
B-b, and H520 cells; B-c, Upper and lower images are bright field optical images and cy5
fluorescence images, respectively (scale bar = 40 pum).

A) H ﬂf T ~ P | n TR
VR . 'f" o5 e
g e & T e
;.H."' - -’" W __,‘ .4 F 4 "’“. ; X ‘.-'. :.r‘ ;
v S T A kN \
> ‘ s‘ » ! - -
4 #
* } h-’i - £ w %) \‘:" .
i e 3 :
Lﬁ@vh. ¢ - N ':\_ ‘5‘ f ; N & -
PR . - .
. ﬁ""a ooy ;.‘jv' r - &
o — ; " e —
e e }ﬁ L '?( . A «




Int. J. Mol. Sci. 2013, 14 10008

Figure 5. Cont.

3. Experimental Section
3.1. Synthesis of Fe;04 Magnetic Nanoparticles (MNPSs)

MNPs were synthesized using the previously reported co-precipitation method, a simple and
convenient way to synthesize iron oxides (Fe;Oy) [33,34]. Briefly, 1 M sodium hydroxide solution was
rapidly added to a mixture of 0.25 M FeCl, and FeCl; (Fe*"/Fe*" = 2) in water with stirring at 80 °C for
40 min (pH 10). After cooling to room temperature, the precipitate was collected, washed several times
with water and then with 70% ethanol, and dried at 70 °C under vacuum. Iron (II) chloride tetrahydrate
(FeCl,-4H,0), Iron (III) chloride hexahydrate (FeCl;-6H,0), and sodium hydroxide (NaOH) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The size and morphology of the synthesized
MNPs were determined by using field emission transmission electron microscopy (FE-TEM, Tecnai,
FEI, Petten, The Netherlands) operated at an accelerator voltage of 200 kV (Supplementary
Information, Figure S1A).

3.2. Chemical Modification of MNPs

Amine-modified MNPs were synthesized following the procedure described by Gao et al [35]. 5 g
MNPs were suspended in 10 mL of methanol and a toluene solution (volume ratio 1:1) containing
10 puL of 3 mM 3-(aminopropyl)triethoxysilane (APTES) (Sigma-Aldrich, St. Louis, MO, USA) was
added followed by vigorous stirring at 80 °C for 20 h under a N, atmosphere. The precipitate was
collected and washed several times with methanol by using magnetic separation and dried at 50 °C
under vacuum. The size and morphology of the amine-modified MNPs were determined by using
FE-TEM (Supplementary Information, Figure SIB). Particle size distribution analysis of both
non-functionalized MNPs and amine-modified MNPs were performed by measuring dynamic light
scattering (Zetasizer Nano ZS, Malvern, UK). One milliliter of particle solution (100 pg/mL) was
placed in a polystyrene cuvette, and the sample was scanned for 9 min (three runs) to obtain one set of
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raw data. The average values of the particle diameters were finally determined with at least three
repeated measurements per sample (Supplementary Information, Figure S1C and S1D).

To introduce glutaraldehyde moieties into the amine-modified MNPs, the standard protocol given
by Bangslabs (Bangs Laboratories, Inc., Fishers, IN, USA) was followed. First, 10 mg of
amine-modified MNPs was washed several times with 5 mL of PBS solution (Sigma-Aldrich, St.
Louis, MO, USA). The particle pellet was then re-suspended in 5 mL of 10% glutaraldehyde solution
(Sigma-Aldrich, St. Louis, MO, USA) (final concentration of 2 mg/mL) and incubated for 2 h at
room temperature with shaking. Glutaraldehyde-functionalized particles were collected, thoroughly
washed with PBS solution to completely remove unreacted glutaraldehyde, and stored at 4 °C
until used.

3.3. Preparation of Antibody-Conjugated MNPs

Rotavirus and HER2 monoclonal antibodies were purchased from Fitzgerald Industries (Acton, MA,
USA) and Santa Cruz Biotechnology (Santa Cruz, CA, USA); respectively. In order to conjugate
respective antibody to the functionalized MNPs; two separate reaction solutions were prepared
containing 1 mg of glutaraldehyde-functionalized particles in 900 uL of PBS solution and 100 pL of
antibody solution (200 pg/mL). The two solutions were mixed and the resulting mixture was incubated
at 4 °C overnight. The antibody-conjugated MNPs (MNP-Abs) were then collected and washed several
times with PBS solution containing 1% BSA (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at room
temperature to block nonspecific binding sites. The MNP-Abs were stored in 1% BSA solution at 4 °C
until used.

3.4. Kinetic Analysis

Steady-state kinetic assays were carried out at room temperature in a 96 well plate using bare MNPs
(0.2 mg/mL) or MNP-Abs (0.2 mg/mL) in PBS solution. For the kinetic assay of TMB, H,0,
(500 mM) was added in 100 pL of reaction buffer with at various TMB concentrations (0.0625, 0.125,
0.25, 0.5, 1, 1.6 and 2 mg/mL). After the substrates were mixed, all reactions were monitored through
the use of a Tecan Infinite M200 pro microplate reader (Ménnedorf, Switzerland) at a kinetic mode of
650 nm. The kinetic parameters were calculated based on the equation V = Vyax X [S]/(Ky + [S]), in
which v is the initial velocity, Vi 1s the maximal velocity, [S] is the concentration of substrate, and
K. 1s the Michaelis constant.

3.5. Colorimetric Detection of Rotavirus

Rotavirus antibodies (100 pL giving a final concentration of 10 ug/mL) were added to the wells of a
96-well plate (NUNC, Roskilde, Denmark) followed by standing for 12 h at 4 °C for immobilization of
the antibodies on the surface of the wells. After removal of unbound antibodies by washing, 1% BSA
solution was added to the wells and followed by incubation for 1 h at 37 °C in order to block the
antibody-free sites. Then, 100 puL of rotavirus solution was added to the antibody-immobilized wells
followed by incubation for 2 h at 37 °C. The rotavirus was kindly donated by the Korea Centers for
Disease Control and Prevention (KCDC), and the rotavirus concentration ranged from 10' plaque
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forming unit (PFU) to 10° PFU per 100 pL. The unbound rotaviruses were removed by washing with
PBS solution, and 100 pL. of MNP-Abs (final concentration: 100 pg/mL) was added followed by
incubation for 2 h at 37 °C, to enable MNP-Abs to bind to the captured rotavirus. After washing to
remove unbound MNP-Abs, a solution containing 80 pL of 0.05 mM 3,3',5,5'-tetramethylbenzidine
(TMB) (Sigma-Aldrich, St. Louis, MO, USA) and 20 uL of 5 M H,0; (Sigma-Aldrich, St. Louis, MO,
USA) was added to the wells. The well plate was finally incubated for 30 min at 40 °C, and
absorbance was measured by using the microplate reader at 650 nm.

3.6. Colorimetric Detection of Breast Cancer Cells

H520 (human lung squamous cell carcinoma), MCF-7 (human breast cell adenocarcinoma), and
SKBR-3 (human breast cell adenocarcinoma) cell lines were obtained from American Type Culture
Collection (ATCC, Rockville, MD, USA). H520 and SKBR-3 cells were cultured in RPMI medium
(PAA Laboratories, Pasching, Austria) supplemented with 10% fetal bovine serum (FBS, Hyclone,
UT, USA) and 100 units/mL penicillin—streptomycin (Invitrogen, Carlsbad, CA, USA) at 37 °C under
a humidified 5% CO, atmosphere. MCF-7 cells were grown in DMEM medium (Hyclone, Logan, UT,
USA) supplemented with the same elements of RPMI medium. In the direct immunoassay, 4 x 10*
cells were incubated in a well of 96-well plate for 24 h. The cells attached to the well were washed
with PBS solution, and then fixed using 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA)
for 10 min at room temperature to disrupt endocytosis of MNP-Abs. After removal of the fixing agent,
the cells were washed with PBS solution and incubated with 3% BSA solution for 1 h at 37 °C for
blocking nonspecific binding sites in the well. After removal of the remaining BSA by washing,
100 pL. of MNP-Abs (final concentration: 100 pg/mL) was added to each well followed by incubation
for 2 h at 37 °C. The wells were then thoroughly washed with PBS solution to remove unbound
MNP-Abs, and a solution containing 80 puL of 0.05 mM TMB and 20 pL of 5SM H,0O, was added to
each well. The well plate was then incubated for 30 min at 40 °C, and the absorbance was measured by
using the microplate reader at 650 nm.

3.7. Cytotoxicity Test

To evaluate cell viability (%) after incubating SKBR-3 cells with various concentrations of MNPs,
a cytotoxicity test of MNPs was performed by following the manufacturer’s protocol (EZCyTox Cell
Viability Assay Kit, DaeilLab, Korea). Cells (1.5 x 10* SKBR-3) were seeded in each well of a
96-well plate and cultured for 24 h. Varied concentrations of MNPs (0, 25, 50, 100 and 200 ug/mL) in
a serum-free medium were added to the wells followed by incubation for 24 h. After exchanging the
medium with fresh medium, 10 pL of the kit reagent was added to each well. After culturing the cells
for 4 h, the absorbance was measured by using the microplate reader at 450 nm. Results were
expressed as percentages of viable cells by taking average of triplicate measurements (Supplementary
Information, Figure S2).
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3.8. Prussian Blue Staining

To demonstrate the presence of ferric iron on the target cells, 2.5 x 10* cells were seeded in each
well of an 8-chamber slide (Nunc, Roskilde, Denmark) and grown for 24 h. The medium was then
removed and the cells were fixed using 4% paraformaldehyde for 10 min at room temperature. After
removing the fixing agent and washing with PBS solution, the cells were incubated with 100 pg/mL of
MNP-Abs diluted in PBS solution. After 2 h, the medium was removed and the cells were thoroughly
washed and then stained according to manufacturer’s protocol (Prussian Blue Iron Stain Kit,
Polyscience, Warrington, PA, USA). Briefly, the cells were incubated with 1:1 mixture containing 4%
potassium ferrocyanide and 4% hydrochloric acid for 20 min, and washed several times with distilled
water. To stain the cell nuclei, Nuclear Fast Red solution (Polyscience, Warrington, PA, USA) was
mixed with the cells for 5 min followed by rinsing the cells with running tap water for 1 min. After
drying the cells, a cover slip was mounted by using mounting medium (DAKO, Carpinteria,
CA, USA) and the stained cells were observed using light microscopy (Carl Zeiss Microscopy,
Gottingen, Germany).

3.9. Fluorescent Visualization of the Cells by Tyramide Signal Amplification (TSA)

As described in the section on Prussian blue staining, an 8-chamber slide containing MNP-Abs
treated cells were prepared for use in fluorescent visualization by using tyramide signal amplification.
The prepared cells with applying MNP-Abs were incubated with cyS-labeled tyramide solution
(PerkinElmer, Waltham, CA, USA) diluted with PBS solution 1:800 for 5 min at room temperature.
After thoroughly washing the cells with PBS solution and drying overnight, a cover slip was mounted
using mounting medium and the cells were observed using fluorescence microscopy (BX53 System
Microscope, Olympus, Japan).

4. Conclusions

The studies described above have led to the development of a new colorimetric immunoassay
system that is composed of MNPs conjugated with antibodies against target antigenic molecules. We
demonstrated that by using this methodology rotaviruses and breast cancer cells, serving as model
targets, may be selectively identified and quantitated through a color-generating reaction of TMB with
H,0O, promoted by the peroxidase mimicking MNPs. This assay system displayed excellent specificity,
sensitivity, and linearity for quantitative detection of the target molecules, along with the production of
a color signal that can be detected by the naked eye. By eliminating the inherent instability limitations
of natural enzyme systems, the new approach should be widely applicable in various immunoassay
formats and, as a result, it should serve as a replacement for conventional HRP-based systems.

Acknowledgments

This work was supported by a grant from the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology
(MEST) (No. 2009-0080602), the Public welfare & Safety research program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology



Int. J. Mol. Sci. 2013, 14 10012

(No. 2012M3A2A1051683), the Technology Development Program (No. 609002-5 and No. 110065-3)
for Agriculture and Forestry of Ministry for Food, Agriculture, Forestry and Fisheries, Republic of
Korea, and the Brain Korea 21 (BK21) program.

Conflict of Interest
The authors declare no conflict of interest.
References

1. Valanne, A.; Huopalahti, S.; Soukka, T.; Vainionpdd, R.; Lovgren, T.; Hirmd, H. A sensitive
adenovirus immunoassay as a model for using nanoparticle label technology in virus diagnostics.
J. Clin. Virol. 2005, 33, 217-223.

2. Liu, X.; Dai, Q.; Austin, L.; Coutts, J.; Knowles, G.; Zou, J.; Chen, H.; Huo, Q. A one-step
homogeneous immunoassay for cancer biomarker detection using gold nanoparticle probes
coupled with dynamic light scattering. J. Am. Chem. Soc. 2008, 130, 2780-2782.

3. Lequin, R.M. Enzyme immunoassay (EIA)/Enzyme-Linked immunosorbent assay (ELISA).
Clin. Chem. 2005, 51, 2415-2418.

4. Matsuya, T.; Tashiro, S.; Hoshino, N.; Shibata, N.; Nagasaki, Y.; Kataoka, K. A core-shell-type
fluorescent nanosphere possessing reactive poly(ethylene glycol) tethered chains on the surface
for zeptomole detection of protein in time-resolved fluorometric immunoassay. Anal. Chem. 2003,
75, 6124-6132.

5. Fu, Z.; Hao, C.; Fei, X.; Ju, H. Flow-Injection chemiluminescent immunoassay for alpha-fetoprotein
based on epoxysilane modified glass microbeads. J. Immunol. Methods 2006, 312, 61-67.

6. Goldsmith, S.J. Radioimmunoassay: Review of basic principles. Semin. Nucl. Med. 1975, 5,
125-152.

Wulff, G. Enzyme-like catalysis by molecularly imprinted polymers. Chem. Rev. 2002, 102, 1-27.

8. Fruk, L.; Niemeyer, C.M. Covalent Hemin-DNA adducts for generating a novel class of artificial
heme enzymes. Angew. Chem. Int. Ed. 2005, 44, 2603-2606.

9. Han, M.J; Yoo, K.S.; Chang, J.Y.; Ha, T.K. 5-(Beta-cyclodextrinylamino)-5-ceoxy-alpha-D-riboses
as models for nuclease, ligase, phosphatase, and phosphorylase. Angew. Chem. Int. Ed. 2000, 39,
347-349.

10. Fiammengo, R.; Jaschke, A. Nucleic acid enzymes. Curr. Opin. Biotechnol. 2005, 16, 614-621.

11. Yuan, Y.; Zhang, J.; Zhang, H.; Yang, X. Label-free colorimetric immunoassay for the simple and
sensitive detection of neurogenin3 using gold nanoparticles. Biosens. Bioelectron. 2011, 26,
4245-4248.

12. Ambrosi, A.; Aird, F.; Merkogi, A. Enhanced gold nanoparticle based ELISA for a breast cancer
biomarker. Anal. Chem. 2010, 82, 1151-1156.

13. Jung, Y.L.; Jung, C.; Parab, H.; Li, T.; Park, H.G. Direct colorimetric diagnosis of pathogen
infections by utilizing thiol-labeled pcr primers and unmodified gold nanoparticles. Biosens.
Bioelectron. 2010, 25, 1941-1946.

14. Niemeyer, C.M. Nanoparticles, proteins, and nucleic acids: Biotechnology meets materials
science. Angew. Chem. Int. Ed. 2001, 40, 4128-4158.



Int. J. Mol. Sci. 2013, 14 10013

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Jung, Y.K.; Kim, T.W.; Kim, J.; Kim, J.M.; Park, H.G. Universal colorimetric detection of
nucleic acids based on polydiacetylene (PDA) liposomes. Adv. Funct. Mater. 2008, 18, 701-708.
Gao, L.; Zhuang, J.; Nie, L.; Zhang, J.; Zhang, Y.; Gu, N.; Wang, T.; Feng, J.; Yang, D.; Perrett, S.;
Xiyun, Y. Intrinsic peroxidase-like activity of ferromagnetic nanoparticles. Nat. Nanotechnol.
2007, 2, 577-583.

Park, K.S.; Kim, M.I.; Cho, D.Y.; Park, H.G. Label-Free colorimetric detection of nucleic acids
based on target-induced shielding against the peroxidase-mimicking activity of magnetic
nanoparticles. Small 2011, 7, 1521-1525.

Kim, M.I.; Ye, Y.; Won, B.Y.; Shin, S.; Lee, J.; Park, H.G. A highly efficient electrochemical
biosensing platform by employing conductive nanocomposite entrapping magnetic nanoparticles
and oxidase in mesoporous carbon foam. Adv. Funct. Mater. 2011, 21, 2868-2875.

Kim, M.L;; Shim, J.; Li, T.; Lee, J.; Park, H.G. Fabrication of nanoporous nanocomposites
entrapping Fe;O4 magnetic nanoparticles and oxidases for colorimetric biosensing. Chem. A
Eur. J. 2011, 17, 10700-10707.

Kim, M.L; Shim, J.; Li, T.; Woo, M.A.; Cho, D.; Lee, J.; Park, H.G. Colorimetric quantification
of galactose using a nanostructured multi-catalyst system entrapping galactose oxidase and
magnetic nanoparticles as peroxidase mimetics. Analyst 2012, 137, 1137-1143.

Kim, M.I.; Shim, J.; Harshala, P.; Shin, S.C.; Lee, J.; Park, H.G. A convenient alcohol sensor
using one-pot nanocomposite entrapping alcohol oxidase and magnetic nanoparticles as
peroxidase mimetics. J. Nanosci. Nanotechnol. 2012, 12, 5914-5919.

Parashar, U.D.; Hummelman, E.G.; Bresee, J.S.; Miller, M.A.; Glass, R.I. Global illness and
deaths caused by rotavirus disease in children. Emerg. Infect. Dis. 2003, 9, 565-572.

Dennehy, P.H. Rotavirus vaccines: An overview. Clin. Microbiol. Rev. 2008, 21, 198-208.
Desselberger, U.; Iturriza-Gomara, M.; Gray, J.J. Rotavirus epidemiology and surveillance.
Novartis Found Symp. 2001, 238, 125-147.

Adler, M.; Schulz, S.; Fischer, R.; Niemeyer, C.M. Detection of rotavirus from stool samples
using a standardized immuno-PCR (“Imperacer’”) method with end-pointand real-time detection.
Biochem. Biophys. Res. Commun. 2005, 333, 1289-1294.

Jung, J.H.; Cheon, D.S.; Liu, F.; Lee, K.B.; Seo, T.S. Graphene oxide based immunobiosensor for
pathogen detection. Angew. Chem. Int. Ed. 2010, 49, 5708-5711.

Ljungman, M. Targeting the DNA damage response in cancer. Chem. Rev. 2009, 109, 2929-2950.
Slamon, D.J.; Clark, G.M.; Wong, S.G.; Levin, W.J.; Ullrich, A.; McGuire W.L. Human breast
cancer: Correlation of relapse and survival with amplification of the HER-2/neu oncogene.
Science 1987, 235, 177-182.

Bunn, P.A., Jr.; Helfrich, B.; Soriano, A.F.; Franklin, W.A.; Varella-Garcia, M.; Hirsch, F.R.;
Baron, A.; Zeng, C.; Chan, D.C. Expression of Her-2/neu in human lung cancer cell lines by
immunohistochemistry and fluorescence in situ hybridization and its relationship to in vitro
cytotoxicity by trastuzumab and chemotherapeutic agents. Clin. Cancer Res. 2001, 7, 3239-3250.
Kim, P.; Liu, X.; Lee, T.; Liu, L.; Barham, R.; Kirkland, R.; Leesman, G.; Kuller, A.;
Ybarrondo, B.; Ng, S.C.; Singh, S. Highly sensitive proximity mediated immunoassay reveals
her2 status conversion in the circulating tumor cells of metastatic breast cancer patients. Proteome
Sci. 2011, 9, 75-89.



Int. J. Mol. Sci. 2013, 14 10014

31.

32.

33.

34.

35.

Chao, J.; DeBiasio, R.; Zhu, Z.; Giuliano, K.A.; Schmidt, B.F. Immunofluorescence signal
amplification by the enzyme-catalyzed deposition of a fluorescent reporter substrate (CARD).
Cytometry 1996, 23, 48-53.

Bofin, A.M.; Qvigstad, G.; Waldum, C.; Waldum, H.L. Neuroendocrine differentiation in
carcinoma of the breast. Tyramide signal amplification discloses chromogranin a-positive tumour
cells in more breast tumours than previously realized. APMIS 2002, 110, 658—-664.

Lu, A.H.; Salabas, E.L.; Schiith, F. Magnetic nanoparticles: Synthesis, protection,
functionalization, and application. Angew. Chem. Int. Ed. Engl. 2007, 46, 1222—1244.

Mehta, R.V.; Upadhyay, R.V.; Charles, S.W.; Ramchand, C.N. Direct binding of protein to
magnetic particles. Biotechnol. Tech. 1997, 11, 493-496.

Gao, F.; Pan, B.F.; Zheng, W.M.; Ao, L.M.; Gu, H.C. Study of streptavidin coated onto PAMAM
dendrimer modified magnetite nanoparticles. J. Magn. Magn. Mater. 2005, 293, 48—54.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



