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We developed a nanoprobe for the label-free detection of antibodies
associated with infectious diseases, through a method based on the
antibody catalyzed water oxidation pathway (ACWOP). First, methoxy
poly(ethylene glycol) (mPEG)–chlorin e6 was chemically conjugated
to mPEG and chlorin e6 by esteriﬁcation, to enable both singlet
oxygen generation and loading of coumarin boronate. Subsequently,
the nanoprecipitation method was used for spontaneous nanoprobe
self-assembly from coumarin boronate and mPEG–chlorin e6, which
resulted in a mean nanoprobe size of 200 nm. The potential of the
nanoprobe as an antibody detection agent was evaluated by using
human immunoglobulin antibodies as a model antibody. We
conﬁrmed that the nanoprobe generated singlet oxygen (1O2) via the
photodynamic chemical eﬀect of the chlorin e6 in mPEG–chlorin e6
and that water (H2O) was subsequently oxidized to hydrogen peroxide
(H2O2) in the presence of the singlet oxygen through the ACWOP. The
generated H2O2 was detected via the ﬂuorescence of coumarin boronate in the nanoprobe. Speciﬁcally, the ﬂuorescence intensity
increased linearly with increasing antibody amounts, thus demonstrating the potential of the system as an alternative method for labelfree antibody detection.

The enzyme-linked immunosorbent assay (ELISA) was developed in 1971 by Engall and Perlmann and by van Weemen and
Schuurs.1,2 Since then, ELISA has been widely used to detect
polyclonal and monoclonal antibodies associated with infectious disease in biological uids and culture media.3,4 This
technique has been widely used to detect antigen-specic
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antibodies aer vaccination or antibodies for the diagnosis of
infectious diseases, although ELISA is not a generally accepted
methodology for such purposes because of a lack of uniform
standards.5–12 ELISA is the most widely used method for accurate, convenient, and robust detection based on antibodyantigen specic binding and is performed in 4 steps: (i)
immobilization of the capture antibody on a microplate, (ii)
incubation with an antigen-containing sample, (iii) binding of
the antigen to the capture antibody, and (iv) addition of an
enzyme (e.g., horseradish peroxidase (HRP), alkaline phosphatase, or b-galactosidase)-conjugated secondary antibody to
generate a measurable signal.12 Among enzymes, HRP is widely
used because it is smaller, more stable, and less expensive than
other enzymes. However, the secondary antibody used in this
step is strongly dependent on the specicity, class and species
of the antibody. Both the analytical time and the risk of
nonspecic binding are increased by the use of secondary
reagents, which may lead to false positives.2,11 Wentworth et al.
have demonstrated that most antibodies can convert molecular
oxygen to hydrogen peroxide (H2O2) in a catalytic process in
which water (H2O) is oxidized to H2O2 by singlet oxygen molecules (1O2).13–16 Nieva et al. have described the singlet oxygen
reaction with H2O, which produces H2O2 in a process termed
the antibody-catalyzed water oxidation pathway (ACWOP).13–19
Additionally, Wentworth et al. have demonstrated that the
ACWOP occurs independently of the specicity, class, and
species of antibody. Many researchers have reported that antibodies perform a catalytic role in the conversion of singlet
oxygen plus water to H2O2.13,18 Recently, H2O2 generated with an
antibody has been successfully detected by using electrochemical methods, as conrmed by Elizabeth Welch et al. in
2014.19 Nano-sized materials have several advantages of
measuring enzyme activity with high accuracy and precision
because of unique properties. Its higher surface areas facilitate
faster response and improved catalytic activities.20–22 In this
report, we describe a label-free detection system for immunoglobulin antibodies, using a nanoprobe that detects by ACWOP
without a need for secondary reagents. For the fabrication of the
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Fig. 1 Schematic illustration of the label-free antibody detection
process using the nanoprobe.

nanoprobe, methoxy poly(ethylene glycol) (mPEG)–chlorin e6
was rst synthesized from mPEG and chlorin e6 because both
amphiphilic polymers are photosensitizers.23–26 Next, coumarin
boronate was combined with mPEG–chlorin e6 via a nanoprecipitation method to form the nanoprobe. This system proceeded in three steps (Fig. 1): (1) singlet oxygen was generated
by the mPEG–chlorin e6 of the nanoprobe aer UV light irradiation,27–29 (2) the antibody produced H2O2 from water in the
presence of singlet oxygen, and (3) the coumarin boronate in the
nanoprobe was oxidized by H2O2 to umbelliferone,30,31 which
uoresces.

Results and discussion
First, we synthesized mPEG–chlorin e6 via an esterication
reaction using DCC and DMAP as the coupling agent and
catalyst, respectively.25,26 The generation of the ester group of
mPEG–chlorin e6 was conrmed by FT-IR. As illustrated in
Fig. S1(a),† the C]O carbonyl stretch of the aliphatic esters
appeared from 1750–1735 cm1. Furthermore, we veried
synthesized mPEG–chlorin e6 by the 1H-NMR spectrum with
CDCl3 as a solvent (Fig. S1(b)†). Chlorin e6, a photosensitizer,
revealed weak solubility in the aqueous phase. However, the
mPEG–chlorin e6 obtained from the mPEG modication
exhibited strongly enhanced solubility in the aqueous phase
because of the hydrogen bonding between water molecules and
the oxygen atoms of the PEG; this solubility indicated that
mPEG–chlorin e6 could act as an amphiphilic polymer.
Next, we produced a nanoprobe for label-free antibody
detection using mPEG–chlorin e6. Specically, coumarin boronate, which served as a hydrogen peroxide (H2O2) indicator, was
dissolved in acetone (polar aprotic solvent).30,31 The coumarin
boronate was stably surrounded with mPEG–chlorin e6 via selfassembly, using the nanoprecipitation method. The
morphology and size of the nanoprobe were examined via eld
emission-scanning electron microscopy (FE-SEM) and dynamic
light scattering (DLS). As illustrated in Fig. 2(a), these nanoprobes exhibited spherical shapes, and their average diameter
was 120 nm, with a consistent size distribution (118.5  4.0
nm) by measuring DLS technique. Additionally, their absorption spectra indicated absorption at 400 nm and 665 nm, corresponding to the physical properties of chlorin e6 in mPEG–
chlorin e6 (Fig. 2(b)).
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(a) Morphologies of the nanoprobe, as determined by SEM and
(b) the absorbance spectrum.

Fig. 2

Chlorin e6 known as a photosensitizer can be illuminated in
the aqueous phase, which leads to the generation of singlet
oxygen (1 O*2 ), which is the basis of photodynamic therapy
(PDT).27–29 Using this feature, we next conrmed the singlet
oxygen-generated eﬀects of the chlorin e6-containing nanoprobe in the aqueous phase. The singlet oxygen generated by the
nanoprobe was measured by using singlet oxygen sensor green
reagent (SOSG) aer UV irradiation at 365 nm, that SOSG reacts
with the singlet oxygen and then generates SOSG-endoperoxides
(SOSG-EP) by emitting strong green uorescence. Thus, the
enhancement of the uorescence intensity indicated an
increase in the singlet oxygen level. As shown in Fig. 3, the
uorescence intensities were continuously enhanced in accordance with the increased concentrations of the nanoprobe and
the longer UV irradiation times. Despite the short UV irradiation time (10 min), the uorescence intensity was enhanced by
approximately 2.3-fold at 5 mM compared with the control
(absence of the nanoprobe; 0 mM) because of the singlet oxygen
generation. Specically, at 1.25 mM or higher concentrations,
the intensities were more than doubled regardless of time
(Fig. 3(b)). These results demonstrated that the nanoprobe
eﬀectively produces singlet oxygen, which is a critical factor for
antibody detection through label-free methods.
As described above, antibodies with tryptophans can catalyze
the oxidation of water to H2O2 in the presence of singlet oxygen
through the ACWOP.13–19 First, we measured the H2O2 concentrations by using a commercial kit (hydrogen peroxide colorimetric detection kit) to investigate whether the singlet oxygen

Detection of singlet oxygen generation by the nanoprobe
under various concentrations. (a) Fluorescence intensity of SOSG and
(b) the relative intensity.

Fig. 3
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(a) Fluorescence intensities of the nanoprobe with diﬀerent
amounts of IgG antibodies. (b) Relative intensities of the nanoprobe vs.
the IgG antibodies [relative intensity (%): (intensity  intensity0 ng)/
intensity0 ng  100], (red: 1 mM and blue: 2 mM).
Fig. 6

Detection of hydrogen peroxide (H2O2) generation via the IgG
antibody and the nanoprobe (a) with diﬀerent amounts of IgG antibody
and 10 mM nanoprobe and (b) with diﬀerent concentrations of
nanoprobe and 25 mg of IgG antibody.
Fig. 4

generated by the nanoprobe could be successfully converted to
H2O2 in the presence of the antibodies, by using diﬀerent
concentrations of the IgG antibodies and the nanoprobe. The
IgG antibody-incubated wells treated with the nanoprobe were
then exposed to UV light (lex: 365 nm) for 10 min. Aer a further
incubation (0.5, 1, 1.5, and 2 h), the H2O2 concentrations were
measured. As shown in Fig. 4(a), as the antibody concentrations
increased, the H2O2 increased. Additionally, at the same
concentration of antibody (25 mg), noticeably higher amounts of
H2O2 were produced at high nanoprobe concentrations than at
low nanoprobe concentrations (Fig. 4(b)). In the presence of 20
mM nanoprobe, the H2O2 generation was markedly increased
by approximately 8-fold relative to that at 0.625 mM, thus
indicating that the production of H2O2 was dependent on the
nanoprobe concentration in addition to the antibody concentration. These results demonstrate that the singlet oxygen
generated by the nanoprobe led to H2O2 formation in the
presence of the antibody. Next, on the basis of these results, we
attempted to measure the nanoprobe measured antibody
concentrations by themselves without the use of an additional
kit.
Aer the antibody and nanoprobe incubation, this mixture
was exposed under UV light for a short time (10 min), and the
uorescence intensity was then measured (lex: 332 nm, lem: 454
nm). The coumarin boronate in the nanoprobe was oxidized by

H2O2 to umbelliferone, a green uorophore with a high
quantum yield.30,31 Thus, the nanoprobe detected the produced
H2O2 via both the antibody and the photosensitizer of the
nanoprobe, on the basis of the emitted uorescence.30–34 We
conrmed whether nanoprobe can be applied to various antibodies, immunoglobulin (IgG, IgM and IgE), at high concentrations (20 mM). The uorescence intensities clearly increased
as antibody concentrations increased regardless of their types.
Overall intensities were enhanced by 1.5-fold more compared
with that of 0 ng (control) (Fig. 5(a) and S2(a)†). Especially,
although nanoprobe were in serum-containing media (1% FBS),
uorescence intensities were showed and also increased
according to antibody concentrations (Fig. 5(b) and S2(b)†).
This indicated that this nanoprobe activated normally in the
absence or presence of serum.
Furthermore, we investigated the dependence of the uorescence response on the antibody concentration at specic
nanoprobe concentrations (1 and 2 mM), which were experimentally determined to be the optimal conditions. Although
there was no substantial diﬀerence between 50 ng of antibody
and 0 ng (control), the uorescence intensity clearly increased
for amounts greater than 100 ng (Fig. 6(a)). We determined the
relative intensity (¼intensity  intensity at 0 ng/intensity at 0 ng
(%)) to estimate the possibility of the nanoprobe acting as
a detection reagent at the various antibody concentrations, and
we calculated the calibration curves (Fig. 6(b)). Regardless of the
nanoprobe concentration, the intensity was gradually increased
at higher antibody concentrations with similar linear correlations (slope ¼ 0.124, R2 ¼ 0.93 at 2 mM nanoprobe and slope ¼
0.124, R2 ¼ 0.93 at 1 mM nanoprobe); thus indicating that the
nanoprobe can be used to determine antibody concentration
through measurement of the uorescence intensity and
comparison to the control.

Conclusions
Fig. 5 The eﬀects of the nanoprobe on the antibody detection.
Relative ﬂuorescence intensities of the nanoprobe with diﬀerent
amounts of various antibodies (a) in PBS and (b) in 1% FBS buﬀer
[relative intensity: intensity/intensity0 ng].
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In conclusion, we developed a new label-free IgG antibody
detection method based on the ACWOP. The nanoprobe was
designed as an all-in-one system for antibody detection that can
autonomously generate singlet oxygen and detect the H2O2
produced by the ACWOP while emitting strong uorescence.
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We conrmed that the nanoprobe produced singlet oxygen via
photodynamic eﬀects and that the antibodies catalyzed the
conversion of singlet oxygen plus water to hydrogen peroxide
(H2O2). Additionally, the uorescence of the nanoprobe was
signicantly increased by the generation of H2O2. Thus, the
uorescence intensity increased in an antibody concentrationdependent manner. On the basis of this study, we believe that
this nanoprobe may potentially be applicable to detection of all
antibodies, regardless of specicity. This system has tremendous potential as a simple, general method for antibody
detection.
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