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ABSTRACT: DT-diaphorase (DT-D) is known to mainly catalyze the two-electron reduction
of quinones and nitro(so) compounds. Detection of Gram-negative bacterial outer membrane
vesicles (OMVs) that contain pyrogenic lipopolysaccharides (LPSs, also called endotoxins) is
required for evaluating the toxic effects of analytical samples. Here, we report that DT-D has a
high dephosphorylation activity: DT-D catalyzes reductive dephosphorylation of a phosphate-
containing substrate in the presence of NADH. We also report that sensitive and simple OMV
detection is possible with a sandwich-type electrochemical immunosensor using DT-D and two
identical LPS-binding antibodies as a catalytic label and two sandwich probes, respectively. The
absorbance change in a solution containing 4-nitrophenyl phosphate indicates that
dephosphorylation occurs in the presence of both DT-D and NADH. Among the three
phosphate-containing substrates [4-aminophenyl phosphate, ascorbic acid phosphate, and 1-
amino-2-naphthyl phosphate (ANP)] that can be converted into electrochemically active
products after dephosphorylation, ANP shows the highest electrochemical signal-to-
background ratio, because (i) the dephosphorylation of ANP by DT-D is fast, (ii) the electrochemical oxidation of the
dephosphorylated product (1-amino-2-naphthol, AN) is rapid, even at a bare indium−tin oxide electrode, and (iii) two redox
cycling processes significantly increase the electrochemical signal. The two redox cycling processes include an electrochemical−
enzymatic redox cycling and an electrochemical−chemical redox cycling. The electrochemical signal in a neutral buffer (tris
buffer, pH 7.5) is comparable to that in a basic buffer (tris buffer, pH 9.5). When the immunosensor is applied to the detection
of OMV from Escherichia coli, the detection limit is found to be 8 ng/mL. This detection strategy is highly promising for the
detection of biomaterials, including other extracellular vesicles.

Outer membrane vesicles (OMVs, ∼50−250 nm in
diameter) that are released from living bacteria and

fungi play a role as tiny but effective cargo carriers that deliver
proteins, lipids, and nucleic acids. The carriers are involved in
the mediation of intercellular communication, the elimination
of unwanted components, the modulation of host immune
responses, and the promotion of virulence.1−4 OMVs derived
from Gram-negative bacteria, just like the bacteria themselves,
can modulate undesired immune responses such as fever and
septic shock, as pyrogenic lipopolysaccharides (LPSs, also
called endotoxins) are present in their outer membranes.5 In
fact, the lipid A of LPS present in the outer membrane is
responsible for the immune responses: LPSs become
immunologically toxic when they are released from the outer
membranes of bacteria and OMVs.6,7 In the case of bacteria, it
has been known that free LPSs are generated during cell
growth and division and after cell death.7,8 Importantly, in the
case of OMVs, free LPSs are generated inside cytosol after
OMVs enter the host cells by endocytosis.9,10 The generation
process of free LPSs by OMVs is very efficient for the delivery
of toxic LPSs. Moreover, OMVs are stable and are released in
larger numbers, even under the conditions that cause bacterial
death, such as ultraviolet radiation.11 This indicates that OMVs
are promising biomarkers for evaluating the LPS-mediated

toxicity independent of bacterial damage. Therefore, sensitive
and accurate detection of the LPS amount from Gram-negative
bacterial OMVs is required for evaluating possible toxic effects
of analytical samples. While LPS detection has been widely
studied, OMV detection has been rarely investigated.
The most common method for LPS detection is the limulus

amebocyte lysate (LAL) test that is based on LPS-induced
proteolytic cascade reactions and resulting gel-clot formation.
However, the test is limited by protease interference, lot-to-lot
variation, and finite resources of the test reagents.5,12 To
overcome these limitations, various affinity assays have been
developed that use LPS-binding proteins/peptides, antibodies,
and aptamers.5,12−15 Most of the assays are based on single
affinity binding, which limits sensitive and accurate LPS
detection. Affinity assays are also suitable for OMV detection,
because it is difficult to accurately determine the size and
concentration of OMVs even after OMVs are fully isolated
from a sample. One OMV contains many LPSs in its outer
membrane,1,12−15 which might facilitate the detection of OMV
by a sandwich-type immunoassay using double affinity binding
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of two identical anti-LPS antibodies. However, to date, this
sandwich-type OMV detection has not been reported.
In living organisms, phosphorylation and dephosphorylation

are required for energy storage/release, enzyme activation/
deactivation, and catabolism.16−18 Many kinases and phospha-
tases are involved in these reactions. Because dephosphor-
ylation by alkaline phosphatase (ALP) is very fast, ALP is
commonly used as a catalytic label in biosensors.19−21 Some
redox enzymes, such as dehydrogenases, can also be involved
in the reversible oxidative phosphorylation, using NAD+ as an
oxidant.22−24 Its reverse reaction corresponds to the reductive
dephosphorylation using NADH as a reductant. NAD(P)H
dehydrogenase (quinone) [DT-diaphorase (DT-D)] is a redox
enzyme that catalyzes the two-electron reduction of quinones
by using NADH or NADPH as a reductant. DT-D from
Bacillus stearothermophilus (EC 1.6.99.-) has been used as a
catalytic label in biosensors to obtain high and reproducible
signal amplification because of its high catalytic activity and
thermal stability. DT-D also allows fast catalytic reduction of
nitro and nitroso groups and fast electrochemical−enzymatic
(EN) redox cycling in the presence of NADH.
Here, we report an electrochemical sandwich-type immu-

nosensor for the sensitive and simple detection of OMVs,
based on the reductive dephosphorylation of a phosphate-
containing substrate by DT-D in the presence of NADH. The
dephosphorylated product participates in EN and electro-
chemical−chemical (EC) redox cycling. First, the phosphatase-
like activity of DT-D was investigated with dephosphorylation
of 4-nitrophenyl phosphate (NPP). Three phosphate-contain-
ing substrates [4-aminophenyl phosphate (APP), ascorbic acid
phosphate (AAP), and 1-amino-2-naphthyl phosphate (ANP;
Figure 1a)] that are converted into electrochemically active

products after dephosphorylation were compared in terms of
electrochemical signal-to-background ratio. Finally, the im-
munosensor was applied to the detection of OMVs isolated
from Escherichia coli (E. coli; Figure 1b), and its detection limit
was determined.

■ EXPERIMENTAL SECTION
Chemicals and Solutions. DT-D from Bacillus stear-

othermophilus (EC 1.6.99.-) and diaphorase (EC 1.8.1.4) were
obtained from Nipro Co. (Osaka, Japan). E. coli BW 25113

strain was obtained from the Coli Genetic Stock Center
(CGSC; strain 7636). ALP, nitroreductase from E. coli
(N9284), hydroxylamine hydrochloride, H2O2, NH4OH,
sodium hydroxide, ethylenediaminetetraacetic acid, NADH
(β-nicotinamide adenine dinucleotide reduced dipotassium
salt), NPP disodium salt, 4-nitrophenol (NP), bovine serum
albumin (BSA), and all the reagents used for the preparation of
buffer solutions were purchased from Sigma−Aldrich Co. Anti-
E. coli LPS IgG was obtained from Abcam (ab35654,
Cambridge, U.K.). Sulfosuccinimidyl-6-[biotinamido]-6-hexa-
namidohexanoate (EZ-link sulfo-NHS-LC-LC-biotin), sulfo-
succinimidyl-4-[N-maleimidomethyl]cyclohexane-1-carboxy-
late (sulfo-SMCC), N-succinimidyl-S-acetylthiopropionate
(SATP), and Pierce BCA protein assay kit were obtained
from Thermo Scientific Inc. (Rockford, IL, U.S.A.). ANP was
synthesized as previously reported.25 1-Amino-2-naphthol
(AN) was obtained from TCI (Tokyo, Japan), and AAP
magnesium salt hydrate was obtained from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Luria−Bertani
broth (LB) media was obtained from Difco (244620, Sparks,
MD, U.S.A.).
Phosphate-buffered saline (PBS, pH 7.4) contained 10 mM

phosphate, 0.138 M NaCl, and 2.7 mM KCl. Phosphate-
buffered saline with BSA (PBSB) contained all the ingredients
in PBS along with 1% (w/v) BSA. Tris buffers (pH 9.5 and
7.5) were prepared using 50 mM tris and 1.0 M HCl. The
rinsing buffer (pH 7.6) contained 50 mM tris, 40 mM HCl,
0.05% (w/v) BSA, 0.05% Tween 20, and 0.5 M NaCl. Indium
tin oxide (ITO) electrodes were purchased from Corning Co.
(Daegu, Korea).

Conjugation Procedure. DT-D-conjugated anti-LPS IgG
was prepared by cross-linking the amine group of anti-LPS IgG
and the amine group of DT-D. A total of 1 mL of PBS
containing 100 μg/mL anti-LPS IgG and 10 μL of PBS
containing 2 mg/mL SATP were mixed for 30 min at 22 ± 2
°C. Afterward, the solution was mixed with 20 μL of a
deacetylation solution containing 0.012 g/mL ethylenediami-
netetraacetic acid and 0.044 g/mL hydroxylamine hydro-
chloride for 2 h at 22 ± 2 °C, and the SATP-modified anti-LPS
IgG was filtered via centrifugation for 20 min at 12000 rpm.
The filtrate was dissolved in 1 mL of PBS. A total of 1 mL of
PBS containing 100 μg/mL DT-D and 50 μL of PBS
containing 1 mg/mL sulfo-SMCC were mixed and incubated
for 30 min at 22 ± 2 °C. Sulfo-SMCC-modified DT-D was
filtered via centrifugation for 20 min at 12000 rpm. A 1 mL
aliquot of PBS containing 100 μg/mL SATP-modified anti-
LPS IgG was then mixed with 1 mL of PBS containing 100 μg/
mL sulfo-SMCC-modified DT-D at a molar ratio of 1:1, and
the mixture was incubated for 2 h at 22 ± 2 °C. The mixture
was then centrifuged for 20 min at 12000 rpm to filter the DT-
D-conjugated anti-LPS IgG. The filtrate was dissolved in 1 mL
of PBSB.
Biotinylated anti-LPS IgG was obtained by cross-linking EZ-

link sulfo-NHS-LC-LC-biotin and the amine group of anti-LPS
IgG. A total of 1.33 μL of 10 mM EZ-link sulfo-NHS-LC-LC-
biotin and 1 mL of PBS containing 100 μg/mL anti-LPS IgG
were mixed and incubated for 2 h at 4 °C. The mixture was
centrifuged for 20 min at 12,000 rpm to filter biotinylated anti-
LPS IgG. The filtrate was dissolved in 1 mL of PBSB. Amicon
Ultra centrifugal filter units (0.5 mL; 10K and 50K) from
Merck Millipore Ltd. were used for the centrifugal filtering.

OMV Preparation and Analysis. E. coli BW25113 strain
was cultured to an optical density (OD600) of 3.0 at 37 °C in

Figure 1. (a) Phosphate-containing substrates and (b) schematic of a
sandwich-type electrochemical immunosensor for OMV detection.
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LB broth. OMVs were purified from bacterial culture medium,
as described26 from the filtered bacterial culture medium using
a 0.22-μm syringe filter (BioFACT Co. Ltd., Daejeon, Korea)
to make sure that OMV samples were completely separated
from the E. coli cell culture medium. The OMV concentration
was measured using a BCA protein assay kit. The purified
OMVs were characterized by transmission electron microscopy
(TEM) and nanoparticle tracking analysis (NTA). TEM and
NTA were performed using JEM 1011 electron microscope
(JEOL) and NanoSight LM10 (Malvern Panalytical Ltd.,
Worcestershire, U.K.), respectively, as described.26,27 The
OMV size was analyzed by NanoSight NTA software
(v2.3.5.00).
Preparation of Sensing Electrodes. ITO electrodes were

pretreated with a 5:1:1 solution of H2O, H2O2 (30%), and
NH4OH (30%) at 70 °C for 1 h.28 To obtain avidin-modified
ITO electrodes (avidin/ITO electrodes), 70 μL of carbonate
buffer solution (20 mM, pH 9.6) containing 10 μg/mL avidin
was dropped onto the ITO electrodes and incubated for 2 h at
20 °C. A total of 70 μL of PBSB containing 10 μg/mL
biotinylated anti-LPS IgG were dropped onto the avidin/ITO
electrodes and incubated for 30 min at 4 °C to obtain anti-LPS
IgG/avidin/ITO electrodes. The surface of these electrodes
was then treated with 70 μL of PBSB and incubated for 30 min
at 4 °C to reduce nonspecific binding.
Procedure of OMV Detection. A total of 70 μL of PBS

(or LB media sample) containing different concentrations of
OMV was dropped onto a sensing electrode and incubated for
30 min at 4 °C. Next, 70 μL of PBSB containing 10 μg/mL
DT-D-conjugated anti-LPS IgG was dropped onto the
electrodes and incubated for 30 min at 4 °C, followed by
washing with rinsing buffer. A total of 1 mL of tris buffer (pH
9.5) containing 1.0 mM NADH and 0.1 mM ANP was injected
into an electrochemical cell that consisted of the immunosens-
ing electrode, an Ag/AgCl (3 M NaCl) reference electrode,
and a platinum counter electrode. The exposed geometric area
of the immunosensing electrode was approximately 0.28 cm2.
Cyclic voltammetry and chronocoulometry were performed
using CHI 1040C system (CH instruments, Austin, TX,
U.S.A.).

■ RESULTS AND DISCUSSION

Absorbance Measurement for Dephosphorylation by
DT-D. To investigate dephosphorylation by DT-D, absorption
spectra of a chromogenic substrate (NPP) were measured in
four representative solutions (Figure 2a). In the presence of
only NPP, the absorbance was almost 0 at wavelengths longer
than 415 nm (curve i of Figure 2a). In the presence of NPP
and NADH, the absorbance was high at wavelengths shorter
than 415 nm (curve ii of Figure 2a) as the absorption by
NADH is high in this region.29 In the presence of NPP,
NADH, and DT-D, the absorbance increased in the whole
given range of wavelengths (curve iii of Figure 2a). The
product (NP) formed after the dephosphorylation of NPP has
an absorbance maximum around 400 nm (curve iv of Figure
2a). Therefore, the increased absorbance in the presence of
NPP, NADH, and DT-D was due to the generation of NP by
dephosphorylation of NPP.
Time-course absorbance data were also measured at 410 nm

to check whether the absorbance changes with time in these
three solutions. In the presence of NPP, the absorbance did
not change with time (curve i of Figure 2b). In the presence of
NPP and NADH, the absorbance also did not change (curve ii
of Figure 2b). However, in the presence of NPP, NADH, and
DT-D, the absorbance increased with time. It is clear that the
dephosphorylation of NPP occurred in the presence of NADH
and DT-D and that the reaction did not occur in their absence.

Selection of a Phosphate Group-Containing Sub-
strate. High signal-to-background ratios are essential for
sensitive detection, that is, the background levels should be
low, whereas signal levels should be high. To obtain a low
background level in Figure 1b, the substrate containing a
phosphate group should be electrochemically inactive, and the
electrochemical oxidation of NADH should be slow. To obtain
a high signal level, the substrate should be rapidly converted to
a dephosphorylated product by DT-D and NADH, and the
product should be rapidly oxidized electrochemically at low
potentials. To further increase the signal level, fast redox
cycling should occur, that is, the oxidized form of the product
should be rapidly reduced by DT-D and NADH.
As NADH is a strong reductant, it can be readily oxidized at

metal and carbon electrodes. However, when low electro-
catalytic ITO electrodes are used, NADH oxidation can be
minimized up to 0.4 V.30 Moreover, capacitive nonfaradaic

Figure 2. (a) Absorption spectra obtained after an incubation period of 10 min at 25 °C in tris buffer (pH 9.5) containing (i) 30 μM NPP, (ii) 30
μM NPP and 1.0 mM NADH, (iii) 30 μM NPP, 1.0 mM NADH, and 100 μg/mL DT-D, and (iv) 30 μM NP. (b) Time-course data of absorbance
at 410 nm at 25 °C in tris buffer (pH 9.5) containing (i) 30 μMNPP, (ii) 30 μM NPP and 1.0 mM NADH, and (iii) 30 μMNPP, 1.0 mM NADH,
and 100 μg/mL DT-D.
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currents are low and reproducible at ITO electrodes.
Therefore, the ITO electrode was chosen as a working
electrode that allows a low and reproducible background level.
Three phosphate group-containing compounds (APP, AAP,

and ANP) were tested as possible substrates (Figure 1a). APP
and AAP are widely used as substrates of ALP,20,31,32 and ANP
was recently developed as a substrate of ALP.33 The three
compounds are electrochemically inactive, but the dephos-
phorylated compounds are readily electrochemically oxidized
near 0 V. Figure 3a shows cyclic voltammograms obtained in
the absence and presence of DT-D in tris buffer (pH 9.5)
containing ANP and NADH after an incubation period of 10
min. In the presence of DT-D, the anodic currents were
significantly increased because of the generation of the
dephosphorylated product. However, in the cases of APP
and AAP, the anodic currents changed slightly (Figure S-1 in
the Supporting Information). These results indicate that the
dephosphorylation of APP and AAP by DT-D was slow, but
that of ANP was very fast. It shows that the rate of reductive
phosphorylation was highly dependent on the type of
substrate.
To further investigate the dephosphorylation of ANP by

DT-D, chronocoulograms were obtained (Figure 3b). The
slope in the chronocoulogram obtained in the presence of
ANP (curve i of Figure 3b) and the slope obtained in the
presence of ANP and DT-D (curve ii of Figure 3b) were low.
This indicates that the dephosphorylation of ANP did not

occur or was very slow in the presence of only DT-D. The
slope obtained in the presence of ANP and NADH (curve iii of
Figure 3b) was also low. The slope obtained in the presence of
ANP, NADH, and DT-D (curve iv of Figure 3b) was very high,
indicating that DT-D and NADH are required for the
dephosphorylation. The high slope was obtained because (i)
the dephosphorylation by DT-D is fast, (ii) the electro-
chemical oxidation of AN is fast even at the bare ITO
electrode, and (iii) the redox cycling involving AN is fast.
Chronocoulograms for APP and AAP were also obtained in

the presence of NADH and in the presence of NADH and DT-
D. For comparison, a histogram for the charge data measured
at 100 s in the chronocoulograms was drawn (Figure 3c). The
background level corresponds to the charge value obtained in
the presence of substrate and NADH, whereas the signal level
corresponds to that obtained in the presence of substrate,
NADH, and DT-D. The signal-to-background (S/B) ratio was
1.2, 2.3, and 15.0 for APP, AAP, and ANP, respectively. ANP
showed much higher S/B ratio than APP and AAP. Therefore,
ANP was used as a substrate of DT-D for further experiments.
For further comparison, chronocoulograms for ANP in the
presence of NADH and in the presence of NADH and ALP
were obtained. The S/B ratio for ANP and ALP was 5.1
(Figure 3c), which was lower than the value (15.0) for ANP
and DT-D. Although ALP rapidly converts ANP to AN, AN
participates in one redox cycling scheme: the EC redox cycling
involving ITO electrode, AN, and NADH. As ALP is not a

Figure 3. (a) Cyclic voltammograms obtained (at a scan rate of 20 mV/s) at bare ITO electrodes in tris buffer (pH 9.5) containing (i) 0.1 mM
ANP and 1.0 mM NADH, and (ii) 0.1 mM ANP, 1.0 mM NADH, and 1 μg/mL DT-D after an incubation period of 10 min at 25 °C. (b)
Chronocoulograms obtained at 0.10 V at bare ITO electrodes in tris buffer (pH 9.5) containing (i) 0.1 mM ANP, (ii) 0.1 mM ANP and 1 μg/mL
DT-D, (iii) 0.1 mM ANP and 1.0 mM NADH, and (iv) 0.1 mM ANP, 1.0 mM NADH, and 1 μg/mL DT-D after an incubation period of 10 min at
25 °C. (c) Histogram of signal-to-background ratios for three potential substrates. The signal and background values were calculated from the
charge values measured at 100 s in the chronocoulograms obtained at 0.10 V at bare ITO electrodes in tris buffer (pH 9.5) containing (i) 0.1 mM
substrate and 1.0 mM NADH, and (ii) 0.1 mM substrate, 1.0 mM NADH, and 1 μg/mL enzyme (DT-D or ALP) after an incubation period of 10
min at 25 °C. (d) Cyclic voltammograms obtained (at a scan rate of 20 mV/s) at bare ITO electrodes in tris buffer (pH 9.5) containing (i) 0.1 mM
AN, (ii) 0.1 mM AN and 1.0 mM NADH, and (iii) 0.1 mM AN, 1.0 mM NADH, and 1 μg/mL DT-D after an incubation period of 10 min at 25
°C.
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redox enzyme, EN redox cycling cannot occur. In the case of
DT-D, AN participates in two redox cycling schemes (Figure
1b): the EC redox cycling involving ITO electrode, AN, and
NADH and the EN redox cycling involving ITO electrode,
AN, DT-D, and NADH. These two redox cycling processes
contribute to the high electrochemical signal.
To investigate the relative contribution of the EC and EN

redox cycling to the electrochemical signal, cyclic voltammo-
grams were obtained in three different solutions (Figure 3d).
The currents obtained at potentials higher than 0.0 V during
the anodic scan in the presence of AN and NADH (curve ii of
Figure 3d) were slightly higher than those obtained in the
presence of only AN (curve i of Figure 3d). However, the
currents obtained in the presence of AN, NADH, and DT-D
(curve iii of Figure 3d) were much higher. The results indicate
that the EN redox cycling is much faster than the EC redox
cycling. It is interesting to note that the currents negatively
increased at potentials lower than −0.1 V during the cathodic
scan in the presence of AN alone (curve i of Figure 3d). The
cathodic currents are due to AN-mediated oxygen reduction
(EC redox cycling involving ITO electrode, AN, and dissolved
oxygen). AN is rapidly oxidized by dissolved oxygen, and the
oxidized form of AN is then electrochemically reduced at the
ITO electrode. The cathodic currents were much lower in the
presence of AN and NADH (curve ii of Figure 3d). This is due

to the fact that the oxidized form of AN is rapidly reduced by
NADH.
There are many enzymes that can oxidize NADH. Just like

DT-D, these enzymes might catalyze reductive dephosphor-
ylation. To check this possibility, dephosphorylation activities
of diaphorase (EC 1.8.1.4) and nitroreductase from E. coli
(N9284) were tested (Figure 4a). When diaphorase was
present, the slope in the chronocoulogram (curve ii of Figure
4a) was similar to that obtained in the absence of diaphorase
(curve i of Figure 4a). In the case of nitroreductase, no
significant charge increase was also observed (curve iii of
Figure 4a). However, a high charge increase was observed in
the case of DT-D (curve iv of Figure 4a). These results
indicate that the dephosphorylation of ANP by DT-D was
much faster than that by the tested diaphorase and
nitroreductase.
ALP has high catalytic activities in basic pH (pH 9.0−9.6)

and low activities in neutral pH values.34 Therefore, there is a
limitation in the use of ALP in neutral solutions. The charge
level obtained in the presence of DT-D in a neutral tris buffer
(pH 7.5) was similar to that obtained in a basic tris buffer (pH
9.5; Figure 4b). This result indicates that the dephosphor-
ylation of ANP by DT-D is fast even in neutral solutions. As
dephosphorylation is a reversible reaction, it might become
slow in phosphate-containing solutions. In PBS (pH 7.4),

Figure 4. (a) Chronocoulograms obtained at 0.10 V at bare ITO electrodes in tris buffer (pH 9.5) containing 0.1 mM ANP, 1.0 mM NADH, and
an enzyme: (i) no enzyme, (ii) 1 μg/mL diaphorase, (iii) 1 μg/mL nitroreductase, and (iv) 1 μg/mL DT-D after an incubation period of 10 min at
25 °C. (b) Histogram of signal-to-background ratios calculated from the charge values measured at 100 s in the chronocoulograms obtained at 0.10
V at bare ITO electrodes in three different buffer solutions containing (i) 0.1 mM ANP and 1.0 mM NADH and (ii) 0.1 mM ANP, 1.0 mM
NADH, and 1 μg/mL DT-D after an incubation period of 10 min at 25 °C.

Figure 5. (a) TEM image of OMVs isolated from E. coli BW 25113 strain. (b) Size distribution of OMVs obtained using NTA.
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phosphorylation was slower than that in tris buffers (Figure
4b). Nevertheless, the phosphorylation was not very slow in
PBS.
OMV Detection. OMV was extracted from E. coli

BW25113 strain that was cultured on LB medium. The
resulting OMV fraction was also added to the LB medium and
cultured, but they were not included in the bacterial growth
(data not shown). The isolated OMV was characterized using
TEM and NTA (Figure 5). The TEM image shows that the
isolated OMV has sizes ranging from 57 to 104 nm (Figure
5a). From NTA, the size of OMV was 88 ± 61 nm (Figure
5b).
A sandwich-type immunosensor was developed to achieve

sensitive and specific OMV detection (Figure 1b). As one
OMV contains many LPSs, one OMV can bind more than two
identical anti-LPS IgGs. Therefore, two anti-LPS IgGs were
used as two sandwich probes. The multiple binding sites might
allow fast affinity binding between OMV and anti-LPS IgGs.
The OMVs present in the PBS or LB medium were first
captured on the sensing electrode immobilized with biotiny-
lated anti-LPS IgG. DT-D-conjugated anti-LPS IgG was then
attached to the captured OMV. Unbound DT-D-conjugated
IgG was washed away. During an incubation period of 10 min,
DT-D converted ANP to AN in the presence of NADH
(reaction i of Figure 1b). AN concentration near the electrode
significantly increased in the short incubation period. When a
potential of 0.1 V was applied to the electrode, AN was
electrochemically oxidized to naphthoquinone imine (reaction
ii of Figure 1b). The imine was then reduced to AN by two
reactions: chemical reduction by NADH (reaction iii of Figure
1b) and enzymatic reduction by DT-D and NADH (reaction iv
of Figure 1b). The regenerated AN was electrochemically
oxidized again at the electrode. As a result, two redox cycling
processes occur: the EC redox cycling involving ITO electrode,
AN, and NADH (combination of reactions ii and iii of Figure
1b) and the EN redox cycling involving ITO electrode, AN,
DT-D, and NADH (combination of reactions ii and iv of
Figure 1b). Highly amplified electrochemical signals are due to
fast enzymatic amplification by dephosphorylation, fast
electrochemical oxidization, fast EC redox cycling, and fast
EN redox cycling.

Figure 6a shows chronocoulograms obtained at 0.1 V after
carrying out OMV detection in various OMV concentrations.
The slope in the chronocoulograms increased with increasing
OMV concentrations in PBS. Figure 6b shows a calibration
plot obtained using the charge values measured at 100 s in the
chronocoulograms. The calculated detection limit for OMV
was approximately 8 ng/mL, which indicated that the
immunosensor for OMV detection is sensitive. To confirm
the accuracy of the developed immunosensor, the concen-
trations of OMV in three LB media as real samples were
measured. The concentrations measured using BCA protein
assay kit were 7.5, 3.0, and 4.1 μg/mL, whereas the
concentrations measured using the developed immunosensor
were 10.0, 3.0, and 3.9 μg/mL. The two corresponding values
were in a good agreement.

■ CONCLUSIONS

We found that DT-D catalyzes rapid reductive dephosphor-
ylation of a phosphate-containing substrate (particularly, ANP)
in the presence of NADH. This catalytic activity was applied to
sensitive and simple detection of Gram-negative bacterial
OMVs containing pyrogenic LPSs. For this purpose, a
sandwich-type electrochemical immunosensor was developed
using DT-D and two identical anti-LPS IgGs as a catalytic label
and two sandwich probes, respectively. High electrochemical
signals were obtained due to (i) the fast reductive
dephosphorylation of ANP by DT-D, (ii) the rapid electro-
chemical oxidation of AN at an ITO electrode, and (iii) the
fast EN and EC redox cycling involving AN. The electro-
chemical signals even in neutral buffers were comparable to the
signals in basic buffers (tris buffer, pH 9.5). When the
immunosensor was applied to the detection of OMV from E.
coli, the detection limit was 8 ng/mL. The detection strategy is
highly promising for the detection of biomaterials including
other extracellular vesicles.
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Figure 6. (a) Chronocoulograms obtained at 0.10 V at immunosensing electrodes treated with PBS buffer (pH 7.4) containing various
concentrations of OMV after an incubation period of 10 min at 25 °C in tris buffer (pH 9.5) containing 0.1 mM ANP and 1.0 mM NADH. (b)
Calibration plot for the charge measured at 100 s in the chronocoulograms of panel a. All the charged data were subtracted from the mean value of
seven measurements obtained at the zero concentration. The dashed line corresponds to three times the standard deviation at the zero
concentration. The error bars represent the standard deviation of three measurements.
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