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a b s t r a c t

A novel biosensor (immuno-rotary biosensor) was developed by conjugating deoxynivalenol (DON)
monoclonal antibodies with the ‘‘rotator’’ e-subunit of F0F1–ATPase within chromatophores with an e-
subunit monoclonal antibody–biotin–avidin–biotin linker to capture DON residues. The conjugation con-
ditions were then optimized. The capture of DON was based on the antibody–antigen reaction and it is
indicated by the change in ATP synthetic activity of F0F1–ATPase, which is measured via chemilumines-
cence using the luciferin–luciferase system with a computerized microplate luminometer analyzer.
10�7 mg/ml of DON can be detected. The whole detection process requires only about 20 min. This
method has promising applications in the detection of small molecular compounds because of its rapid-
ity, simplicity, and sensitivity.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

F0F1–ATPase is a ubiquitous membrane-bound holoenzyme in
chloroplasts, bacteria, and in the mitochondria that have two com-
ponents, a membrane-embedded F0 (a1b2cn) and a water-soluble F1

(a3b3c1d1e1) [1]. These two parts are mechanically coupled by two
stalks, a central stalk composed of c and e subunits that links to the
c subunit ring and an outer stalk of d and b2 subunits that links
a3b3 to a subunit. F0F1–ATPase is a ubiquitous rotary motor that
the electrochemical potential of protons (or sodium ions in some
bacteria) across membrane drives to rotate the c-ring oligomer to-
gether with the ce complex in a clockwise direction from the F0

side, forcing a cyclic conformational change in the a3b3 crown
(‘‘stator’’) of F1, which results in ATP synthesis from adenosine
diphosphate (ADP) and inorganic phosphate (Pi) (Fig. 1) [2–5].

Previous investigations [5–10] have demonstrated that
the holoenzyme activity can be regulated by external links on
the ‘‘stator’’ b subunits and has great potential for designing rapid,
free-labeled, sensitive, and selective biosensors. Since the ‘‘stator’’
b subunits conformational change is due to the ‘‘rotor’’ ce motiva-
tion, it will be more sensitive to bind the load to the rotor subunit,
such as e-subunit, to construct biosensors. However, whether the
ATP synthetic activity of F0F1-ATPase can be regulated by external
links on the ‘‘rotator’’ e-subunit has never been studied.
ll rights reserved.
Recent studies have suggested that the e-subunit is necessary
for high-yield and high-rate ATP synthesis. The e-subunit binds
onto the protruding part of the c-subunit and provides a connec-
tion between the rotor parts of F1 and F0, and may stabilize the pro-
truding part of the c-subunit where the mechanical torque is
applied [2,11]. It plays an important role in the regulation of ATP
synthesis activity [12]. Single molecule assays have indicated that
the activity of F1 or F0 can be regulated by varying the load on the
‘‘rotor’’, and the eccentric rotation of the c subunit is mechanically
coupled with the cyclic conformational change of the a3b3 crown
at a high efficiency. However, the physical regulation of the activity
of the enzyme (including F0 and F1), instead of chemical regulation,
is still difficult to understand due to that the ‘‘rotor’’ of F0 F1 motor
is mostly enwrapped by the ‘‘stator’’ a3b3 crown and the exposed
fraction of the ‘‘rotor’’ is also partly shaded by the b2 subunit.
[10]. In this study, we tried to investigate the optimized conditions
of binding different loads to the e-subunit of F0F1-ATPase and what
will happen to the activity of the rotary motor if external com-
plexes bind to the ‘‘rotor’’ e-subunit. Due to the relationship be-
tween ATP synthesis activity and the loads to e-subunit, F0F1

motors have potential as novel biosensors in the application of ra-
pid and sensitive detection.

Deoxynivalenol (DON) is a mycotoxin produced largely by
Fusarium fungi, which is the most common trichothecene that is
frequently detected in cereal grains such as wheat, corn, and barley
for human and animal consumption [13]. DON reduces yield and
quality, and causes symptoms such as vomiting, diarrhea, and
headaches upon human and animal ingestion [14]. It also possesses
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Fig. 1. The schematic illustration of immuno-rotary biosensor based on F0F1-
ATPase. (1) e-Subunit monoclonal antibody; (2) neutroavidin; (3) biotin; (4) DON
monoclonal antibody; and (5) DON molecular.
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significant cytotoxic activity, which may imply an immunosup-
pressive effect [15]. Currently, the maximum levels set by the US
Food and Drug Administration and the European Commission for
unprocessed durum wheat and maize are 1000 lg kg�1 and
1750 lg kg�1, respectively [13]. To determine the DON levels in
foods and feeds, several chromatographic methods and immunoas-
says have been developed for its detection, such as the thin-layer
chromatography, high-performance liquid chromatography, gas
chromatography [15], enzyme-linked immunosorbent assay, lat-
eral flow immunoassay, and radioimmunoassay [16], which are
time consuming, complicated, and require expensive equipment
and reagents. Therefore, a novel simple and fast method is required
for rapid DON detection.

F0F1–ATPase within chromatophores is an ideal biomaterial that
can be developed into biosensors. This is the first report on a novel
biosensor regulated by the rotator of F0F1–ATPase. The construc-
tion conditions of the novel biosensor were optimized. The ATP
synthesis activity of the F0F1–ATPase regulated by external links
on the e-subunit has been studied in detail, and the residues of
deoxynivalenol were detected rapidly using this novel rotary nano-
scale biosensor.
2. Materials and methods

2.1. Chemicals and materials

Thermomicrobium roseum, wa0073 (ATCC27502) was purchased
from ATCC, USA. ENLITEN Luciferase/Luciferin Reagent was pur-
chased from Promega, USA. Aflatoxin B1, ADP, (+)-biotin N-
hydroxysuccinimide ester, and neutroavidin were purchased from
Sigma–Aldrich (St. Louis, USA). FITC was purchased from Molecular
Probes (Eugene, Oregon, USA). Avidin, Alexa Fluor� 488 conjugate
was purchased from Invitrogen, USA. DON was purchased from
Fermentek Ltd., Israel. DON monoclonal antibodies were purchased
domestically. The fluorometric luminometer reader was a Fluoros-
kan Ascent (Thermolabsystems, Finland). The microplate lumino-
meter was a Centro XS3 LB 960 (Germany). All other analytically
purified reagents were purchased domestically.
2.2. Preparation of chromatophores containing F0F1-ATPase

Chromatophores were prepared from the cells of Rhodospirillum
rubrum according to Refs. [17,18].

2.3. Preparation of e-subunit monoclonal antibodies

The e-subunit was expressed and purified as in Ref. [19]. The e-
subunit monoclonal antibodies were prepared according to the
method for b-subunit monoclonal antibodies in Ref. [10], purified
by precipitation with 33% (NH4)2SO4, and the IgG parts were sepa-
rated using Sephadex G-200 and stored at �20 �C before use.

2.4. Preparation of FITC-labeled e-subunit monoclonal antibodies and
FITC-labeled DON monoclonal antibodies

FITC labeling was achieved by dialyzing the e-subunit and DON
monoclonal antibodies against a coupling buffer (90 mM NaHCO3,
10 mM Na2CO3, and 126 mM NaCl, at pH 9.0). Up to 2 ml of dia-
lyzed e-subunit antibodies (0.5 mg/ml) and DON monoclonal anti-
bodies (0.036 mg/ml) were mixed with 1.5 ml and 0.11 ml of FITC
(0.1 mg/ml), respectively, for 8 h at 4 �C in coupling buffer. The
mixtures were then dialyzed against PBS buffer (pH 7.4).

2.5. Preparation of biotinylated e-subunit monoclonal antibodies and
biotinylated DON monoclonal antibodies

The e-subunit monoclonal antibodies were biotinylated by add-
ing 2 ll of 0.5 mg/ml (+)-biotin N-hydroxysuccinimide ester into
20 ll of 0.5 mg/ml e-subunit monoclonal antibodies and incubated
at room temperature for 4 h. The redundant free (+)-biotin N-
hydroxysuccinimide ester was removed thrice using dialysis in
PBS. The biotinylated DON and e-subunit monoclonal antibodies
were prepared.

2.6. The immuno-rotary biosensor (IRB) was constructed as follows

Approximately, 15 ll of chromatophores (50 mg/ml) and 8 ll
(0.5 mg/ml) of biotinylated e-subunit monoclonal antibodies were
mixed, diluted with 1 ml with PBS buffer, and then incubated at
37 �C for 60 min. The free e-subunit monoclonal antibodies were
washed away by centrifugation at 40,000�g for 20 min at 4 �C.
The precipitate was resuspended in 500 ll of PBS buffer. Then,
7.5 ll (0.1 mg/ml) of neutroavidin was added and diluted into
1 ml with PBS buffer, and incubated at 37 �C for 10 min. The free
neutroavidin was then washed away by 20 min centrifugation at
40,000�g at 4 �C. The precipitate was resuspended in 500 ll of
PBS buffer. Then, 28 ll (0.036 mg/ml) of biotinylated DON mono-
clonal antibodies were added, diluted into 1 ml with PBS buffer,
and incubated at 37 �C for 10 min. The free DON monoclonal anti-
bodies were then washed away by centrifugation at 40,000�g for
20 min at 4 �C. The precipitate was resuspended in 500 ll of PBS
buffer.

2.7. FITC fluorescence intensity detection

Up to 100 ll of FITC-labeled F0F1-ATPase molecular motor bio-
sensor was used to detect the fluorescence intensity with a fluoro-
metric luminometric reader (485 nm excitation and 518 nm
emission). Each sample was assayed thrice.

2.8. ATP synthesis activity assay of F0F1-ATPase within the
chromatophores

The ATP synthesis activity of F0F1-ATPase within the chromato-
phores was determined using the luciferin–luciferase method via a
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microplate luminometer according to the instructions included
with the ENLITEN Luciferase/Luciferin Reagent. Up to 10 ll of the
F0F1-ATPase molecular motor biosensors and 30 ll of ATP synthe-
sis buffer (containing 20 mM Tricin–NaOH pH 8.0, 2 mM MgCl2,
2 mM Na2HPO4, and 0.5 mM ADP) were mixed together, and incu-
bated at 37 �C for 10 min. After the reaction was terminated by
adding 450 ll of PBS, 50 ll of dilution buffer was added to 30 ll
of the luciferase/luciferin reagent, and was mixed. The chemilumi-
nescence was then immediately detected using a microplate
luminometer.
2.9. Detection of DON using the novel biosensor

The presence of DON was detected using the novel biosensor, as
indicated by the change in fluorescence intensity through ATP syn-
thesis by the F0F1-ATPase within the chromatophores. Then, 10 ll
of the F0F1-ATPase molecular motor biosensors labeled with DON
monoclonal antibodies were mixed with 10 ll of DON standard
solution; after 10 min, the ATP synthetic activity of F0F1-ATPase
was determined.
2.10. Data analysis

The data are presented as means ± standard deviation. All
experimental data were the average of at least 3–6 independent
tests. ANOVA was carried out on the data using the SAS system
for windows V8. The least significant difference (LSD) at the 5%
confidence level was used for comparing treatments.
Fig. 2. (A) Intensity change of fluorescence intensity caused by the loading of FITC
labeled e-subunit monoclonal antibody onto F0F1-ATPase within the chromato-
phores. (B) Intensity change of fluorescence intensity caused by the loading of
avidin, Alexa Fluor� 488 conjugate onto F0F1-ATPase within the chromatophores.
(C) Intensity change of fluorescence caused by the loading of FITC labeled DON
monoclonal antibody onto F0F1-ATPase within the chromatophores.
3. Results

3.1. Basic design of immuno-rotary biosensor based on F0F1-ATPase

Fig. 1 shows the basic design of the novel rotary biosensor based
on F0F1-ATPase within a chromatophore. The DON antibodies were
linked to the ‘‘rotator’’ e-subunits of F0F1-ATPase within the chro-
matophores by the e-subunit monoclonal antibody–biotin–neutro-
avidin–biotin–DON antibody system to capture DON residues. The
activity of the F0F1-ATPase changed with the DON content loaded
onto the biosensor, which was measured as chemiluminescence
using the luciferin–luciferase system with a computerized micro-
plate luminometer analyzer.
3.2. Optimization of the rotary biosensor conjugation conditions

The relationship between the changes in fluorescence intensi-
ties and various load quantities of the FITC-labeled e-subunit
monoclonal antibodies is shown in Fig. 2A. The FITC-labeled e-sub-
unit monoclonal antibodies were linked to F0F1-ATPase as de-
scribed in Section 2. As shown in Fig. 2A, the fluorescence
intensity increased with increasing loads of the FITC-labeled e-sub-
unit monoclonal antibodies. However, the trend proceeded slowly
when the quantity of the FITC-labeled e-subunit monoclonal anti-
bodies was about 8 ll (0.5 mg/ml) because of the quantitative lim-
itation of chromatophores. This result indicates that the e-subunit
monoclonal antibodies were successfully linked to the e-subunit of
F0F1-ATPase within the chromatophores. Therefore, 8 ll (0.5 mg/
ml) of the e-subunit monoclonal antibodies was the best choice
for conjugation.

The average fold-increase in fluorescence intensity caused by
the loading of avidin, Alexa Fluor� 488 conjugate onto the F0F1-
ATPase within the chromatophores is shown in Fig. 2B. The biotin-
ylated e-subunit monoclonal antibodies were linked with the F0F1-
ATPase as described in the Section 2, and then, the avidin, Alexa
Fluor� 488 conjugate was linked. The increased fluorescence inten-
sity curves of the avidin, Alexa Fluor� 488 conjugate remained
steady when its quantity was about 7.5 ll (0.1 mg/ml). This might
be caused by the quantitative limitation of chromatophores. There-
fore, avidin was successfully linked with the e-subunit of F0F1-ATP-
ase within the chromatophores, and the final optimum quantity for
avidin was 7.5 ll (0.1 mg/ml).

Fig. 2C shows the average fold-increase in fluorescence inten-
sity caused by the loading of FITC-labeled DON monoclonal anti-
bodies onto the F0F1-ATPase within the chromatophores. The
biotinylated e-subunit monoclonal antibodies were linked with
Fig. 3. Relative ATP synthesis activities of the F0F1-ATPase with different external
links on the e-subunit. (a) Fifteen microlitresl (50 mg/ml) of chromatophores; (b)
15 ll (50 mg/ml) of chromatophores binding to 8 ll (0.5 mg/ml) biotinylated e-
subunit monoclonal antibody; (c) 15 ll (50 mg/ml) of chromatophores binding to
7.5 ll (0.1 mg/ml) neutroavidin; (d) 15 ll (50 mg/ml) of chromatophores binding to
28 ll (0.036 mg/ml) biotinylated DON monoclonal antibody.
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F0F1-ATPase as described in the Section 2, followed by neutroavi-
din, and then the FITC-labeled DON monoclonal antibodies. The
fluorescence intensities stabilized when the amount of FITC-la-
beled DON monoclonal antibodies was 28 ll (0.036 mg/ml), which
was caused by the quantitative limitation in chromatophores. This
result indicates that the e-subunit monoclonal antibodies were
successfully linked with the e-subunit of the F0F1-ATPase within
the chromatophores and 28 ll (0.036 mg/ml) of DON monoclonal
antibodies was optimum for conjugation.

3.3. ATP synthetic activity under different external links on the e-
subunits

The IRBs were constructed according to the optimized condi-
tions. The ATP synthetic activity of the F0F1-ATPase was measured
in each linkage step, which is shown in Fig. 3. To show the linkage
effect, the activity of the native F0F1-ATPase was used as the con-
trol and was compared with the activity of the mixture. When
the e-subunit antibodies were bound, the ATP synthesis activity
of F0F1-ATPase increased and its relative value was about 27% high-
er than that of the native form. If neutroavidin was joined to the e-
antibodies, the ATP synthesis activity increased to 44% higher than
that of the native form. After the DON antibodies were linked to
neutroavidin, the holoenzyme activity was activated with a rela-
tive value of 85% higher than that of the native form. The rate of
florescence intensity change reveals a good correlation with the
ATP synthetic activity and reflects the different load weight on
F0F1-ATPase. These results are indicated in columns a, b, c, and d
of Fig. 3. Therefore, various molecules can be detected directly
via the change in fluorescence intensity depending on its load
weight.

3.4. Detection of DON using novel biosensor

The DON residue was detected using the optimized IRBs. The
sensitivity and detection range of the proposed method was deter-
mined. Table 1 shows the fluorescence intensity changes in the
biosensors with different amounts of DON at 37 �C. The antibodies
without DON loading were used as the control and the sensor was
tested at DON concentrations ranging from 10�7 to 10�1 mg/ml.
The statistical results clearly show a good correlation between
the rate of fluorescence intensity change and the different DON
content loaded into the F0F1-ATPase. As shown by the ANOVA,
the novel rotary biosensors were able to detect not only the
amounts of relatively abundant DON, but also the low levels
DON because a significant difference was observed from 10�7

mg/ml to 10�1 mg/ml of DON compared with the control. The
detection range was about seven orders of magnitude, which im-
plies that this method can be used to quantitate DON at a wide
range of concentrations.
Table 1
Detection results of DON using the optimal F0F1-ATPase biosensor.

DON (mg/ml) n Relative fluorescence intensitya

0 6 0.00167 ± 0.00028G

10�7 6 0.17768 ± 0.01367F

10�6 6 0.22904 ± 0.01848E

10�5 6 0.24273 ± 0.04115DE

10�4 6 0.26124 ± 0.00636D

10�3 6 0.30009 ± 0.01529C

10�2 6 0.34055 ± 0.01875B

10�1 6 0.46140 ± 0.00614A

Means followed by different letters indicate significant differences among the dif-
ferent DON concentrations according to the LSD test at the 0.05 level. n, Number of
independent replicates analyzed.

a Values are means ± standard deviation.
The specificity of the nanoscale biosensor was assessed by
detecting aflatoxin B1, a toxin present in food and animal feed that
is carcinogenic, mutagenic, teratogenic, and immunosuppressive to
most animal species [20] simultaneously. The results show that the
relative fluorescence intensity caused by loading 10 ll of aflatoxin
B1 at 0, 10�7, 10�6, 10�5, 10�4, 10�3, 10�2, and 10�1 mg/ml were
0.00167 ± 0.00028, 0.00165 ± 0.00032, 0.00169 ± 0.00057,
0.00162 ± 0.00076, 0.00171 ± 0.00014, 0.00165 ± 0.00037,
0.00167 ± 0.00083, and 0.00166 ± 0.00098 compared with the con-
trol, respectively. There was no significant difference compared
with the control, which indicates that aflatoxin B1 does not have
any direct effect on the biosensor.
4. Discussion

Although the ‘‘rotor’’ of F0F1 motor is mostly enwrapped by the
‘‘stator’’ a3b3 crown and the exposed fraction of the ‘‘rotor’’ is also
partly shaded by the b2 subunit, e-subunits has the potential to be
linked with protein or probe complex for the location of e-subunits
is between the c and b subunit. The activity of the F0F1-ATPase
with different external links on the exposed ‘‘rotator’’ e-subunits
was studied and the results show that the ATP synthetic activity
was activated with more numerous external links, which indicated
that there was enough place between e-subunits and b2 subunit to
contain the e-subunit–avidin–DON antibody system. Previous
studies have shown that holoenzyme activity is inhibited with
external complexes that link to the exposed ‘‘stator’’ (b subunits)
and is activated significantly by the binding of a large structure,
such as a virus [10]. These findings indicate that as a ‘‘rotator’’,
the e-subunit may be more sensitive to the binding load than the
b subunits. A possible reason was that the regulation role of e-sub-
unit was changed when probe system linked to it. Based on this
principle, a novel method for the rapid detection of DON is pre-
sented by loading DON monoclonal antibodies onto the e-subunits
of F0F1-ATPase.

To investigate the biotin–avidin–biotin linkage of the DON
monoclonal antibodies to F0F1-ATPase within the chromatophores
to produce a novel biosensor for rapidly detecting DON, two paral-
lel groups of samples, FITC-labeled and non-FITC-labeled antibod-
ies were prepared. The FITC-labeled group was used to detect the
fluorescence intensity to verify the binding of each part and the
non-FITC labeled was used to detect the correlated ATP synthetic
activity. To conjugate successfully the DON monoclonal antibodies
onto the F0F1-ATPase within the chromatophores, the avidin levels
were modulated. The PI of Avidin is about 10, which provided high
non-specific binding, whereas the PI of neutravidin is about 6.3,
which greatly decreases the non-specific binding [21]; therefore,
neutravidin is the optimum choice for conjugation.

The ATP synthesis activity of the F0F1-ATPase, in which a series
of external complexes were linked on the stator, exceeded the na-
tive levels. Using standard DON solutions, a working range be-
tween 10�7 and 10�1 mg/ml was obtained, which is two orders
of magnitude more sensitive than the current method used for
detecting DON [1], and can be done within 25 min without block-
ing, labeling, and washing. Furthermore, the specificity of the bio-
sensor is perfect. To identify whether DON directly affects F0F1-
ATPase activity, the activity of the native buffer incubated with
DON was measured, which indicates that DON does not have any
direct effect on holoenzyme activity. Therefore, the detection
method based on F0F1-ATPase may be used as an alternative to
the current method used for detecting DON in agricultural
products.

Further studies are required to reveal the underlying mecha-
nism of regulation and increase the speed at which the test can
be performed and increase the test sensitivity to allow the detec-
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tion of DON at low concentrations in agriculture products, which
are now ongoing. Although the underlying mechanism of regula-
tion is still unclear, F0F1-ATPase based rotary biosensors are a
promising research tool that may be used for the ultrasensitive
detection of small molecular compounds in the future.
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