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ABSTRACT: A highly sensitive and specific competitive indirect enzyme-linked immunosorbent assay (ciELISA) based on
monoclonal antibodies was developed for the detection of 2-dodecylcyclobutanone (2-DCB), a chemical marker for irradiated
lipid-containing foods. 2-Oxocyclobutane undecanoic acid was used as an alternative to 2-DCB and conjugated to BSA and OVA
via a conventional carbodiimide condensation reaction to prepare the immunogen and the coating antigen for 2-DCB. The
monoclonal antibody against 2-DCB was obtained using the hybridoma technique, with a high specificity and low cross-reactivity
for 2-tetradecylcyclobutanone (2-TCB; <8%) and other structurally related compounds (<0.1%). The ciELISA method was
applicable at optimal experimental conditions of 0.001—100 pg/mL 2-DCB in a buffer solution, with an ICg, value of 0.25 pg/mL
and a limit of detection (defined as the IC,;) of approximately 0.004 yg/mL. The recovery efficiency of 2-DCB from ground beef
patties ranged from 84.4 to 109.8%. The intra-assay and interassay coeflicients of variation were <10.0 and <12.0%, respectively.
The proposed method was validated by gas chromatography—mass spectrometry with high correlation. The same method was
used to detect 2-DCB in ground beef patties irradiated at 0.5, 1.0, 3.0, 5.0, and 7.0 kGy; the 2-DCB concentration linearly

increased with the radiation dose.
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B INTRODUCTION

Irradiation is used to improve food safety; this process
maintains food quality by decreasing the microbial load and
extending the shelf life."> Although this food preservation
process is considered safe, a reliable, convenient, and rapid
method to distinguish irradiated from nonirradiated products
should still be developed to ensure that food products are
correctly labeled; such labeling would allow for informed
consumer choice in compliance with both national and
international legislation.>*

2-Alkylcyclobutanones are radiolytic products that include 2-
dodecylcyclobutanone (2-DCB) from palmitic acid and 2-
tetradecylcyclobutanone (2-TCB) from stearic acid; these
compounds have been used to detect irradiated lipid-containing
foods.>~"" 2-Alkylcyclobutanones are considered unique radio-
lytic products because they are not formed during cooking or
any other heat-processing methods. To date, the detection of 2-
DCB heavily relies on gas chromatography—mass spectrometry
(GC-MS), which is accurate but expensive and time-consuming
and often requires complicated sample preparation before
analysis. By contrast, immunoassays are generally rapid,
sensitive, selective, and cost-effective.’*™'* To the best of our
knowledge, only one previous paper has described a direct
competitive enzyme-linked immunosorbent assay based on
polyclonal antibodies for the detection of 2-DCB.° These
polyclonal antibodies against 2-DCB were produced in a rabbit
by inoculating a synthesized 2-(tetradec-S’-enyl)-
cyclobutanone—bovine thyroglobulin conjugate. Chicken meat
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samples irradiated at doses ranging from 2.5 to 10 kGy were
assayed and correctly identified.®

This investigation aimed to prepare highly sensitive and
specific monoclonal antibodies against 2-DCB and to develop a
competitive indirect enzyme-linked immunosorbent assay
(ciELISA) method for efficiently screening and quantifying 2-
DCB in irradiated ground beef patties. The cELISA method
developed in this paper is a potential alternative to
chromatography or spectrometry for the regulatory analysis of
2-DCB in irradiated lipid-containing foods. This method may
help to improve the sensitivity and specificity of commercially
available ELISA kits for 2-DCB.

B MATERIALS AND METHODS

Chemicals and Instruments. Standard 2-DCB, 2-TCB, bovine
serum albumin (BSA), ovalbumin (OVA), casein, polyethylene glycol
(PEG 4000), hypoxanthine aminopterin thymidine (HAT), Freund’s
complete adjuvant, Freund’s incomplete adjuvant, N,N-dimethylfor-
mamide (DMF), and the horseradish peroxidase-labeled goat anti-
mouse IgG conjugate (HRP—GaM IgG) were purchased from Sigma-
Aldrich (Buchs, Switzerland). 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC) was purchased from Thermo,
USA. 2-Oxocyclobutane undecanoic acid was purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Hexane was
purchased from Fisher Scientific (Pittsburgh, PA, USA). Carbamide
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peroxide, tetramethylbenzidine (TMB), acetonitrile, 2-ethylcyclobuta-
none, 2-oxocyclobutane, carboxylic acid, tridecanoic acid, n-tridecane,
RPMI-1640 cell medium, fetal calf serum, and other reagent grade
chemicals were obtained from Guangda (Beijing, China). Mouse SP2/
0 myeloma cells were procured from the Cell Bank of the Chinese
Science Academy (Shanghai, China). The BALB/c mice were
purchased from the Experimental Animal Center of the Chinese
Academy of Sciences (Shanghai, China). The 96-well polystyrene
microtiter plates were obtained from Greiner Bio-One, GmbH
(Frickenhausen, Germany). The MK3 microplate reader was
purchased from Thermo, USA. The Mega Bond Elut-SI column (1
g/6 mL) was obtained from Varian Inc. (Palo Alto, CA, USA).

Buffers and Solutions. The routinely used buffers in the
experiments were (1) coating buffer, 0.05 mol/L carbonate buffer,
pH 9.6; (2) coating antigen stock solution, 1 mg/mL coating antigen
prepared with coating buffer; (3) assay buffer, 0.01 mol/L phosphate-
buffered saline (PBS), pH 7.4, containing 140 mmol/L NaCl; (4)
washing buffer, PBS buffer with 0.05% (v/v) Tween-20 (PBST); (5)
blocking solution, 1% casein in assay buffer; (6) acetate buffer, 100
mmol/L sodium acetate acid buffer, pH 5.7; (7) substrate solution
(TMB + H,0,), 200 4L 10 mg/mL TMB dissolved in DMF (20 uL of
5% H,0, and 1 mL of acetate buffer were added to 20 mL of pure
water); and (8) stopping solution, 5% sulfuric acid.

The 2-DCB standard solutions at concentrations of 0.001, 0.005,
0.01, 0.1, 1, 10, 50, and 100 pg/mL were prepared by dissolving 2-
DCB powder in a methanol/PBS solution (10:90, v/v).

Preparation of the 2-Oxocyclobutane Undecanoic Acid-
Conjugated Immunogen and Coating Antigen. 2-Oxocyclobu-
tane undecanoic acid (Figure 1) is a cyclobutanone derivative with a

O

(CH5)1oCOOH

Figure 1. Structure of 2-oxocyclobutane undecanoic acid.

10-carbon side chain and a terminal acid group. This compound was
conjugated with BSA and OVA to prepare the immunogen and coating
antigen, respectively, against 2-DCB. The conjugates were synthesized
using EDC, according to the manufacturer’s instructions but with
slight modifications. Briefly, 2 mg of lyophilized BSA and 2 mg of 2-
oxocyclobutane undecanoic acid were dissolved in 700 uL of PBS (pH
7.4) to obtain solution I. Meanwhile, 10 mg of EDC was dissolved in 1
mL of PBS (pH 7.4) to obtain solution II. Subsequently, 100 L of
solution II was immediately added to solution I (700 L) and stirred at
room temperature for S h. This mixture was then dialyzed against PBS
for 3 days, with the dialysis medium regularly changed twice daily to
remove the free haptens in the solution. Finally, the mixture was
centrifuged at 7000¢ for 30 min. The supernatant was collected to
recover the 2-oxocyclobutane undecanoic acid—BSA immunogen. The
recovered immunogen was stored at —20 °C for future use. The 2-
oxocyclobutane undecanoic acid—OVA conjugate was synthesized in a
similar manner for use as the coating antigen.

Immunization. BALB/c mice (6—8 weeks old) were subcuta-
neously immunized with 100 pg of 2-oxocyclobutane undecanoic
acid—BSA conjugate (100 ug in 0.1 mL of PBS, pH 7.4) using an equal
volume of Freund’s complete adjuvant. The subsequent injections
were intraperitoneally administered using the same immunogen
concentration in the same volume of Freund’s incomplete adjuvant
solution at the third, fifth, seventh, and ninth weeks after the first
injection. Starting from the third immunization, a small volume of
blood was collected from the tail of the immunized mice on the 10th
day after each injection for the antibody titer measurement.
Immunized mice with serum antibody titers of 10* or higher were
selected as the spleen donors for hybridoma production. These
animals received intravenous injection boosts containing 100 ug of the
conjugated immunogen in PBS (pH 7.4).
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Cell Fusion. The mice were sacrificed on the third day after the
final booster injection. Their spleen cells were collected and fused with
mouse SP2/0 myeloma cells at a ratio of 8:1 using 50% PEG 4000 as
the fusion agent. The fused cells or hybridomas were distributed in 96-
well culture plates supplemented with HAT medium containing 20%
fetal calf serum. Peritoneal macrophages from young BALB/c mice
were used as feeder cells. The hybridomas were incubated at 37 °C
with a 5% CO, atmosphere in a standard cell culture incubator
(Thermo Scientific, Waltham, MA, USA).

Hybridoma Selection and Cloning. After 2 weeks of incubation,
the culture supernatants were screened by ciELISA, as described
below. The hybridomas that produced antibodies targeting 2-DCB
were subcloned three times using the limiting dilution method.'> The
stable antibody-producing clones were expanded and cryopreserved in
liquid nitrogen.

Purification of Monoclonal Antibodies. Aliquots of the selected
stable subclones were expanded and intraperitoneally injected into
female BALB/c mice. These mice were intraperitoneally preinjected
with 0.5 mL of liquid paraffin during a week before the injection of
antibodies. On the 10th day after antibody injection, the ascites were
collected and purified using the ammonium sulfate precipitation
method. The purified monoclonal antibodies were stored at —20 °C.

CiELISA Analysis. A ciELISA was proposed for 2-DCB analysis.
Each well of the 96-well polystyrene microtiter plates was coated with
100 uL of the 1 pug/mL 2-oxocyclobutane undecanoic acid—OVA
conjugate in coating buffer by incubating the plates overnight at 4 °C.
The plates were then washed three times with the washing buffer using
an automated plate washer. Each well was blocked with 200 uL of the
blocking solution, and the plates were incubated at 37 °C for 2 h. The
plates were washed, as previously described, followed by the addition
of a series of diluted standard solutions or sample extracts (100 uL/
well). The 2-DCB monoclonal antibody solution (100 uL/well) was
subsequently added, and the plates were incubated for 1 h at 37 °C.
After washing, HRP—GaM IgG was added (100 uL/well), and the
plates were incubated for 1 h at 37 °C. The plate was then washed
again, and the substrate solution (100 yL/well) was added. The plates
were incubated with shaking for approximately 15 min at 37 °C before
the stopping solution (50 uL/well) was added. The absorbance of each
well was determined at 450 nm using a microplate reader. Serum was
extracted before immunization and used as a negative control. The
inhibition percentage is defined as follows: % inhibition = B/B,, X 100,
where B and B, are the absorbance values of the well with and without
the analyte, respectively. The ICs, is the analyte concentration that
causes a 50% inhibition of antibody binding.

Antibody Specificity Test. The specificity of the produced
monoclonal antibody was investigated using the proposed ciELISA
method by detecting the cross-reactivity of compounds structurally
related to 2-DCB. These compounds included 2-TCB, 2-ethyl-
cyclobutanone, 2-oxocyclobutanecarboxylic acid, tridecanoic acid,
and n-tridecane (Table 1). The ICy, value for each compound was
determined according to their inhibition curves. The percent cross-
reactivity (CR%) values were calculated using the following equation:
% CR = ICSO, 2—DCB/IC50, compounds X 100.

Meat Samples. Fresh chilled ground beef patties (30% fat) were
purchased from local markets in Beijing. The patties were irradiated at
0.5, 1.0, 3.0, 5.0, and 7.0 kGy using a ®Co radiation source at room
temperature in the Radiation Center of the Chemistry Institute of
Peking University. After irradiation, the samples were immediately
stored at —20 °C.

Sample Pretreatment for Analysis. Sample pretreatment was
performed according to a previous study.'* A 5 g sample of each set of
ground beef patties was homogenized with 10 g of anhydrous sodium
sulfate. The homogenate was blended with 100 mL of acetonitrile
using a JJ-2 (2003-61) tissue-mashing machine (Beijing Guang-da-
heng-yi Technology Co., Ltd., China) working at 6000 rpm for 1 min.
The mixture was left to stand for 1 min before it was blended again for
another 1 min. The extraction solvent was carefully passed through
filter paper as it was transferred to a 500 mL round-bottom flask. The
reaction mixture was retained in the tissue-mashing instrument.
Another 100 mL of acetonitrile was then added, and the entire
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Table 1. Cross-Reactivity of the Monoclonal Antibodies
toward Selected Compounds

Compound Chemical structure ICso  CR (%)
O
2-DCB (CH2)11CH; 0.25° 100
o]
2-TCB (CHg)13CH3 34 7.35
[
2-Ethyleyclobutanone i
CH,CHs >1000  <0.1
2-Oxocyclobutanecarboxylic io
acid COOH >1000  <0.1
Tridecanoic acid CH;3(CH,);;COOH >1000 <0.1
n-Tridecane CH3(CH,)1,COOH >1000  <0.1

“ICgo = 0.25 pug/mL, based on CR testing.

extraction procedure was repeated, as described above. Finally, the
extract solutions were combined and evaporated until dry using a
rotary evaporator. The round-bottomed flask was washed with hexane,
and the obtained solution was collected into a 50 mL volumetric flask.
Ten milliliters of hexane (10 mL) was evaporated to 1 mL via a
nitrogen stream, added to a silica SPE cartridge column, and
immediately rinsed with 10 mL of n-hexane for conditioning before
use. A 10 mL n-hexane aliquot was eluted and discarded. Subsequently,
a 10 mL aliquot of a 2% diethyl ether/n-hexane solution (2:98, v/v)
was eluted and collected from the 2-alkylcyclobutanone fraction. The
eluted solution was concentrated until dry and resuspended in 50 uL
of methanol and 450 uL of PBS (pH 7.4). A 100 uL aliquot of the
resulting solution was then assayed by ciELISA. For the GC-MS
analysis, after concentration to dryness, the remaining eluate was
resuspended in 500 uL of n-hexane. A 1 uL aliquot of the resulting
solution was subsequently used in the GC-MS analysis.

Validation of the ciELISA Method by GC-MS. To validate the
proposed immunoassay, the 2-DCB-spiked ground beef patties were
analyzed using a QP2010 Plus GC-MS system (Shimadzu, Kyoto,
Japan). The GC conditions were as follows: column, Rtx-SMS (30.0 m
X 0.25 pgm X 0.25 mm); column temperature program, 5SS °C (1 min),
raised from 5SS to 180 °C at 10 °C/min, raised from 180 to 250 °C at 2
°C/min, held at 250 °C (2 min); carrier gas, helium at 1.00 mL/min;
injection temperature, 250 °C; injection mode, splitless; and injection
volume, 1 uL. The MS conditions were as follows: ionization mode,
electron ionization; ion detection, selected ion monitoring (SIM);
detector voltage, 0.8 kV; ion source temperature, 200 °C; and transfer
line temperature, 250 °C. The monitored ions were m/z 98 and 112;
m/z 98 was likewise selected for determination.

B RESULTS AND DISCUSSION

Synthesis of Immunogen and Coating Antigen.
Similarly to other small molecular compounds, 2-DCB is a
nonimmunogenic hapten that must be conjugated to a protein
carrier to confer immunogenicity. 2-DCB does not have spacers
that can be coupled covalently to the carrier protein. The
molecular structure of a hapten generally remains nearly
unchanged.m’17 2-Oxocyclobutane undecanoic acid has only
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one fewer C atom in its side chain, as compared with 2-DCB.
This compound was used as an alternative to 2-DCB because it
could conjugate with BSA and OVA via a conventional
carbodiimide condensation reaction to prepare the immunogen
and coating antigen of 2-DCB. The matrix-assisted laser
desorption/ionization—time-of-flight mass spectrometry
(MALDI-TOF-MS) spectra of BSA and the 2-oxocyclobutane
undecanoic acid—BSA conjugate and the MALDI-TOF-MS
spectra of OVA and the 2-oxocyclobutane undecanoic acid—
OVA conjugate show that the molecular weights of BSA and
OVA were clearly increased after conjugation. Therefore, the
coupling of 2-oxocyclobutane undecanoic acid to BSA and
OVA was successful. The coupling ratios of 2-oxocyclobutane
undecanoic acid conjugated to BSA and OVA were 9.9:1 and
1.4:1, respectively, as calculated using the equation coupling
ratio = (MWconjugate - MWcarrier protein)/MWhapten

Optimization of Assay Conditions. To develop a highly
sensitive and specific ciELISA method, the optimum assay
conditions should be determined. These properties would
include the coating antigen concentration and antiserum
dilution. The assay conditions were optimized according to
the checkerboard titration method.'® The optimal concen-
tration of the coating antigen was found to be 1 pug/mlL,
whereas the best dilution for the monoclonal antibody was
1:8000.

Characterization of the Assay. Under optimal assay
conditions, the sensitivity and specificity of the proposed
ciELISA were investigated. The competitive inhibition curve of
2-DCB is presented in Figure 2. The standard calibration curve
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Figure 2. Competitive inhibition curve of 2-DCB.

of the ciELISA for 2-DCB determination was constructed at
concentrations from 0.001 to 100 yg/mL in the buffer solution.
This curve could be described using the linear equation of B/B,
—0.168 log C,pcp + 0.3993 (R* = 0.9957). The sensitivity
was expressed in terms of the ICg, values, wherein lower ICs,
values indicated higher assay sensitivity. The ICs, value in this
study was 0.25 pg/mL. The LOD of approximately 0.004 ug/
mL was defined as the IC,, value from the inhibition curve,
thereby indicating the high sensitivity of the assay.

The assay specificity was evaluated by determining the cross-
reactivity (CR%) of antibodies against 2-DCB for five
structurally related compounds. The molecular structures of
the test compounds, as well as the ICg, and CR values for each
compound, are given in Table 1. As shown in the table, the
monoclonal antibody against 2-DCB had high specificity
against 2-DCB, as well as low cross-reactivity with 2-TCB
(<8%) and other structurally related compounds (<0.1%).
These results suggested that the monoclonal antibodies were
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specific against the cyclobutanone ring and the chain length of
the aliphatic region of the molecule. Both regions appeared to
function as a single epitope.

Accuracy and Precision of the Assay. To test the
accuracy and precision of the modified ciELISA method,
ground beef patties were spiked with 2-DCB at concentrations
of 0.01, 0.1, and 0.5 mg/kg sample to determine recovery, intra-
assay variation, and interassay variation of each treatment.
Unspiked samples were used as blanks. The samples were
extracted with acetonitrile via direct solvent extraction with a
tissue-mashing instrument before they were purified usinga 1 g
silica cartridge. The elution was concentrated to dryness,
resuspended in 50 L of methanol, and diluted with 450 uL of
PBS (pH 7.4) to completely eliminate the matrix effect. The
diluted extracts were then analyzed by ciELISA. 2-DCB was not
detected in the unspiked samples. The recovery efliciency was
calculated using the standard calibration curve; the results are
shown in Table 2. ciELISA gave acceptable recovery efficiency

Table 2. Results of the Recovery, Interassay Variation, and
Intra-assay Variation of Ground Beef Patties Spiked with 2-
DCB (n = 3)

concn fortified av recovery intra-assa interassay
(mg/kg beef) (%) variation? (%) variation” (%)
0.01 95.2 9.0 10.6
0.1 84.4 8.4 11.2
0.5 109.8 3.4 8.4

“Intra-assay variation was determined by analyzing one extraction
sample three times on a single day. bInterassay variation was
determined by analyzing one extraction sample on three different days.

in the range from 84.4 to 109.8%. The coefficient of variation of
the intra-assay was <10.0%, whereas that of the interassay was
<12.0%, thereby demonstrating the high accuracy and precision
of the assay.

Validation of the ciELISA Method by GC-MS. To
evaluate the quality of the proposed ciELISA method, ground
beef patties spiked with 2-DCB at concentrations of 0.01, 0.1,
and 0.5 mg/kg were simultaneously analyzed by GC-MS and
the ciELISA. The GC-MS calibration curve for 2-DCB was
constructed in the range of 0.01, 0.02, 0.05, 0.10, 0.50, and 1.0
ug/mlL; its linear equation was y = 263175.6x — 2513.994 (R* =
0.9995). As shown in Figure 3, the results from the two
methods were highly correlated. The linear regression equation
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Figure 3. Correlation between the proposed ciELISA and GC-MS for
ground beef patties spiked with 2-DCB at concentrations of 0.01, 0.1,
and 0.5 mg/kg beef.

of y = 0.8142x + 0.01 (R*> = 0.995) indicated the reliability of
the proposed ciELISA test. These results suggest that 2-DCB in
food samples could be simply, rapidly, and accurately detected
by ciELISA.

2-DCB Content of Irradiated Ground Beef Patties. The
developed ciELISA was used to evaluate the amount of DCB in
the ground beef patties irradiated at 0.5, 1.0, 3.0, 5.0, and 7 kGy.
2-DCB was not detected in the nonirradiated beef samples. The
linear relationship (y = 0.0626x + 0.0022; R* = 0.9838)
between the irradiation dose and 2-DCB content is presented
in Figure 4. The equation can be used to immediately estimate

0.5 7

0.45 y=0.0626x+0.0022
R*=0.9838
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Figure 4. Effect of irradiation dose on the concentration of 2-DCB in
irradiated ground beef patties.

the original absorbed doses in the irradiated ground beef
patties. This result agrees with similar studies on the effect of
the irradiation dose on the 2-DCB concentration.>”'**

In summary, the immunogen and the coating antigen for 2-
DCB were successfully prepared and the monoclonal antibody
against 2-DCB was likewise prepared using a hybridoma
technique. A highly sensitive and specific ciELISA method for
the detection of 2-DCB in irradiated ground beef patties was
developed. The ICs, value of the optimized ciELISA was 0.25
ug/mL, with a detection limit of 0.004 pg/mL. Interferences
caused by sample matrix were easily overcome by a simple
dilution step before immunochemical analysis. The recovery
efficiency was from 84.4 to 109.8%, whereas the intra-assay and
interassay coeflicients of variation were <10.0 and <12.0%,
respectively, thereby demonstrating the high accuracy and
precision of the assay. The proposed method was validated by
its good correlation with GC-MS results. The proposed method
was likewise used to detect 2-DCB in ground beef patties
irradiated at 0.5, 1.0, 3.0, 5.0, and 7.0 kGy. The concentration of
2-DCB linearly increased with the irradiation dose. The
proposed ciELISA method has high sensitivity, great simplicity,
rapid reaction times, low cost, and high sample throughput.
Thus, the ciELISA could be used as a feasible quantitative or
screening method for the 2-DCB analysis of irradiated ground
beef and other lipid-containing foods.

B ASSOCIATED CONTENT
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MALDI-TOF-MS spectra of BSA and the 2-oxocyclobutane
undecanoic acid—BSA conjugate and of OVA and the 2-
oxocyclobutane undecanoic acid—OVA conjugate. This materi-
al is available free of charge via the Internet at http://pubs.acs.
org.
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