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ABSTRACT: 2-Alkylcyclobutanones (2-ACBs) have long been considered as unique radiolytic products that can be used as
indicators for irradiated food identification. A recent report on the natural existence of 2-ACB in non-irradiated nutmeg and
cashew nut samples aroused worldwide concern because it contradicts the general belief that 2-ACBs are specific to irradiated
food. The goal of this study is to test the natural existence of 2-ACBs in nut samples using our newly developed liquid
chromatography−tandem mass spectrometry (LC−MS/MS) method with enhanced analytical sensitivity and selectivity (Ye, Y.;
Liu, H.; Horvatovich, P.; Chan, W. Liquid chromatography−electrospray ionization tandem mass spectrometric analysis of 2-
alkylcyclobutanones in irradiated chicken by precolumn derivatization with hydroxylamine. J. Agric. Food Chem. 2013, 61,
5758−5763). The validated method was applied to identify 2-dodecylcyclobutanone (2-DCB) and 2-tetradecylcyclobutanone (2-
TCB) in nutmeg, cashew nut, pine nut, and apricot kernel samples (n = 22) of different origins. Our study reveals that 2-DCB
and 2-TCB either do not exist naturally or exist at concentrations below the detection limit of the existing method. Thus, 2-DCB
and 2-TCB are still valid to be used as biomarkers for identifying irradiated food.

KEYWORDS: 2-Alkylcyclobutanone, 2-dodecylcyclobutanone, 2-tetradecylcyclobutanone, LC−MS/MS, irradiated food

■ INTRODUCTION

Food irradiation is a commonly used preservation method for
limiting microbial growth and extending the shelf life of the
food commodity.1−3 2-Alkylcyclobutanones (2-ACBs), a
mixture of hydrocarbon-chain-containing cyclobutanones, are
generally discovered in a wide variety of irradiated food.4−8

Among the 2-ACBs, 2-dodecylcyclobutanone (2-DCB) and 2-
tetradecylcyclobutanone (2-TCB) from radiolysis of palmitic-
acid- and stearic-acid-containing triglycerides, respectively, have
been detected as the predominant constituents in irradiated
food.9−11 The uniqueness of 2-ACBs and the predomination of
2-DCB and 2-TCB in irradiated food have rendered them
biomarkers for irradiated food identification.8,11

Since the 1990s, an analytical method based on mass
spectrometric detection of 2-DCB and 2-TCB after gas
chromatographic separation (GC−MS) has been adopted by
the European Committee for Standardization as one of the
standard methods (EN 1785) for identifying food irradi-
ation.11−13 The method of combining Soxhlet extraction,
adsorption chromatography cleanup, and GC−MS analysis
was validated in interlaboratory trials and tested on a variety of
foodstuffs.11,13 Currently, EN 1785 is used globally as one of
the standard methods for verifying fat-containing food that is
preserved by irradiation.
Until recently, there has been no evidence that 2-ACBs can

be detected in non-irradiated food or in food processed by
preservation techniques other than irradiation. However, a
recent controversial report by Variyar et al. presented evidence
of the natural existence of 2-DCB and 2-TCB in non-irradiated
cashew nuts and 2-decyclobutanone in non-irradiated nut-
meg.14 These findings have aroused worldwide attentions
because they contradict the historical belief that 2-ACBs can
only be found in irradiated food.11,15,16 The emerging

possibility of the natural existence of 2-ACBs and the challenges
in identifying food composites containing irradiated ingre-
dient(s) had highlighted the demand for analytical methods
with sufficiently high sensitivity.11,16

Recently, we have developed a novel liquid chromatography
coupled with electrospray ionization tandem mass spectro-
metric (LC−MS/MS) method for the analysis of 2-ACBs in γ-
irradiated food.17 The method entails extraction of 2-ACBs
with acetonitrile from isolated fat samples and precolumn
derivatization with hydroxylamine prior to LC−MS/MS
analysis. The developed method offers superior sensitivity to
the existing GC−MS-based European official method (EN
1785:2003) for the detection of 2-ACBs. The goal of the
present study was to apply the newly developed method with
enhanced sensitivity and selectivity for investigating the natural
existence of 2-ACBs and, thus, the suitability of using 2-ACBs
as indicators for irradiated food identification.

■ MATERIALS AND METHODS
Chemicals and Reagents. All chemicals and reagents were of the

highest purity available and were used without further purification. 2-
Dodecylcyclobutanone (2-DCB), 2-tetradecylcyclobutanone (2-TCB),
2-(2-ethylhexyl)-cyclohexanone (2-ECH), formic acid, and hydroxyl-
amine hydrochloride (HA) were purchased from Sigma-Aldrich (St.
Louis, MO). High-performance liquid chromatography (HPLC)-grade
acetonitrile and n-hexane were purchased from Tedia (Fairfield, OH).
Water was produced by a Milli-Q Ultrapure water system with the
water outlet operating at 18.2 MΩ (Millipore, Billerica, MA). Cashew
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nuts, pine nuts, apricot kernel, and nutmeg (n = 22) were procured
from local markets in Hong Kong. The nut samples were pulverized
and sealed in polythene bags before use.
Preparation of Standard Solutions. A stock solution mixture of

2-DCB and 2-TCB at 476.8 and 533.0 μg/mL, respectively, was
prepared in acetonitrile and kept at −80 °C in a freezer. A working
standard solution mixture of 2-DCB and 2-TCB of concentrations
ranging from 2.39 to 476.8 ng/mL and from 2.67 to 533.0 ng/mL,
respectively, were prepared by serial dilution from the stock solution.
The internal standard, the HA derivative of 2-ECH (2-ECH-HA), was
prepared in acetonitrile by overnight reaction of 2-ECH (2.1 μg/mL)
with 100-fold excess of HA at ambient temperature. The derivatization
agent was prepared by dissolving 27.8 mg of solid HA in 1 mL of a 1:1
water/acetonitrile mixture.
Sample Preparation. Soxhlet Extraction. The sample preparation

was performed essentially as described before,4,9,13 with modifications.
In brief, 7 g of the blended nut samples was mixed with 5 g of
anhydrous sodium sulfate and extracted with 100 mL of n-hexane for 6
h using a Soxhlet extractor. The hexane extracts were then evaporated
to dryness using a rotary evaporator, after which 2-ACBs were
extracted from the lipid residuals by direct solvent extraction.
Direct Solvent Extraction. The direct solvent extraction, which had

been proven to be efficient in extracting 2-ACBs from the food matrix
was adopted in this study to extract the targets from the Soxhlet-
isolated lipid.18 Basically, the lipid residuals from the Soxhlet extraction
were serially extracted thrice with 8 mL of acetonitrile each time. The
acetonitrile extracts were combined and evaporated to dryness under a
gentle stream of nitrogen at 35 °C. The samples were reconstituted in
0.5 mL of acetonitrile, centrifuged at 13 800 rpm for 5 min, and
prepared for chemical derivatization.
Derivatization with Hydroxylamine. The derivatization was

conducted essentially as described previously.17 To 100 μL of the
sample extract, 90 μL of the derivatization agent and 10 μL of the
internal standard were added. The sample mixtures were vortex-mixed

and incubated at room temperature overnight before analyzed by the
developed LC−MS/MS method.

LC−MS/MS Analysis. LC−MS/MS analysis was performed on a
Waters Acquity UPLC (Waters, Milford, MA) coupled with a 6500
QTRAP (AB Sciex, Foster City, CA) LC−MS/MS system. Typically,
10 μL of the derivatized sample mixture was injected into an Eclipse
Plus C18 column (50 × 3.0 mm, 1.8 μm; Agilent) heated at 40 °C.
The mobile phase system consisted of two components, with
component I being 0.4% formic acid in water (A) and component
II being acetonitrile (B). The solvent gradient started from 50% B,
programmed linearly to 100% B in 8 min, and then held for another 5
min before reconditioning, at a flow rate of 0.8 mL/min. The effluent
of the first 2 min from the liquid chromatograph was diverted to waste
to protect the system from dirtiness, which might ruin the detection
efficiency.

MS data were acquired in positive electrospray ionization (ESI)
mode, with the ESI source parameters optimized as follows: ionspray
voltage, 5500 V; declustering potential, 90 V; entrance potential, 8;
collision energy, 50; gas I (GSI), 50; gas II (GSII), 30; curtain gas
(CUR), 30; collision gas (CAD), 6; and temperature of GSII, 550 °C.
Samples were analyzed in multiple reaction monitoring (MRM) mode,
with the following transitions: m/z 254 → 82, 254 → 96, and 254 →
110 for 2-DCB-HA; m/z 282 → 82, 282 → 96, and 282 → 110 for 2-
TCB-HA; and m/z 226 → 69 for the internal standard 2-ECH-HA.
The dwell time for each transition was set at 50 ms. While transitions
at m/z 254 → 82 and 282 → 82 were used for the quantitative
purpose for 2-DCB-HA and 2-TCB-HA, respectively, transitions of 2-
DCB-HA at m/z 254 → 96 and 254 → 110 were used for the
qualitative confirmation. Similarly, transitions of 2-TCB-HA at m/z
282 → 96 and 282 → 110 served the same purpose as well.

Method Validation. The method performance of the developed
method was evaluated by spiking 100 μL of 2 μM 2-DCB (0.48 μg/
mL) and 2-TCB (0.53 μg/mL) to 7 g of the blended nut samples. The
nut samples fortified with 2-DCB and 2-TCB after standing overnight

Figure 1. Typical chromatograms from LC−MS/MS analysis of 2-DCB in (A) 2.39 ng/mL 2-DCB standard solution, (B) non-spiked cashew nut
sample, and (C) cashew nut sample fortified with 2-DCB at 6.8 ng/g of nut and 2-TCB in (D) 2.67 ng/mL 2-TCB standard solution, (E) non-spiked
cashew nut sample, and (F) cashew nut sample fortified with 2-DCB at 7.6 ng/g of nut. The ketoxime derivative of 2-DCB and 2-TCB was eluted at
5.27 and 6.56 min, respectively, under the chromatographic conditions described in the Materials and Methods.
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at room temperature were mixed with 5 g of anhydrous sodium sulfate,
extracted, derivatized, and analyzed using the method described above.

■ RESULTS AND DISCUSSION

Technological advancement has brought to researchers
analytical techniques with improved analytical power. For
example, tandem quadrupole MS/MS systems in MRM mode,
in which Q1 and Q3 are parked at preselected m/z values of the
parent and daughter ions, respectively, are one of the most
sensitive and selective analytical platforms for many applica-
tions.19−21 Recently, we have developed a novel LC−MS/MS
method for the sensitive detection of 2-ACBs in γ-irradiated
food.17 The detection limit of our assay, which combined
chemical derivatization with hydroxylamine and LC−MS/MS
analysis, is at least 50 times lower than that of the existing
analytical methods for 2-ACB determination. The goal of this
study was to apply the newly developed assay in testing the
natural existence of 2-ACBs in nut samples.
The Soxhlet extraction method that was proven to be

efficient in extracting 2-ACBs from nut samples was used in this
study.4,9,13 The 2-ACBs in the lipid extracts after acetonitrile
extraction were derivatized by HA and analyzed by the
developed LC−MS/MS method. The performance of the
assay for 2-ACB determination was evaluated by analyzing
cashew nut and apricot kernel samples fortified with 2-DCB
and 2-TCB at fixed concentrations. Depicted in Figure 1 are the
chromatograms obtained from LC−MS/MS analysis of a
representative cashew nut sample that was spiked with 6.8
and 7.6 ng/g of 2-DCB (Figure 1C) and 2-TCB (Figure 1F),
respectively.
In comparison to the concentrations of 2-ACBs in non-

irradiated cashew nut samples reported by Variyar et al. (2.70 ±
1.71 μg/g of 2-DCB in cashew nut and 1.0 ± 0.08 μg/g of 2-
TCB in cashew nut),14 our developed assay allowed for the
detection of the target analytes at significantly lower
concentrations. Therefore, the method is capable of detecting
2-ACBs in the non-irradiated nut samples, if they indeed exist
at the reported concentrations.
The existence of 2-ACBs in the tested nut samples was

verified by comparing the retention time to the reference
standard (panels A and D of Figure 1). Under the optimized
chromatographic conditions described in the Materials and
Methods, the oxime derivatives of 2-DCB and 2-TCB were
eluted at 5.27 min (Figure 1A) and 6.56 min (Figure 1D),
respectively, which were used as the first criterion for
compound identification.
In addition to the retention times, the 2-ACBs were further

confirmed using the relative peak area of the qualitative ion
transitions to that of the quantitative ion transition.22−24 Under
the collision-induced dissociation MS/MS conditions as
described in the Materials and Methods, the peak area ratios

of the two transitions were 0.62 (m/z 254 → 96/254 → 82)
and 0.18 (m/z 254 → 110/254 → 82) for 2-DCB (Figure 1A),
whereas the ratios for 2-TCB (Figure 1D) were 0.82 (m/z 282
→ 96/282 → 82) and 0.30 (m/z 282 → 110/282 → 82) in the
standard solution mixture containing 2-DCB and 2-TCB at
2.39 and 2.67 ng/mL, respectively.
The analytes, characterized by the corresponding retention

time and the peak area ratios of the qualitative ion to the
quantitative ion transitions (Table 1), were tested for their
natural existence in nut samples. A pool of 22 nut samples from
different origins was purchased from several local markets in
Hong Kong (Table 2). The collected samples, including cashew

nut, nutmeg, apricot kernel, and pine nut, were processed and
analyzed in parallel with the spiked samples. Our results
revealed that neither 2-DCB nor 2-TCB was detected in the
spike-free samples (Table 2), but distinct peaks at retention
times of 5.27 min (2-DCB) and 6.54 min (2-TCB) were
observed in the spiked samples.
Table 1 summarizes the chromatographic retention time and

the peak area ratios of the qualitative transition ions to the
quantitative transition ion for 2-DCB and 2-TCB from LC−
MS/MS analysis of the standard solutions and the spiked nut
samples. Because the retention time of the peaks was within
±0.02 min and the peak area ratios of the MRM transitions
were within ±20% of that in the standard solution mixture
containing 2-DCB and 2-TCB at 2.39 and 2.67 ng/mL,
respectively (panels A and D of Figure 1), the peaks were
confidently affirmed as 2-DCB and 2-TCB. Figure 1 shows the
chromatograms extracted from LC−MS/MS analysis of the
non-spiked (panels B and E of Figure 1) and spiked (panels C
and F of Figure 1) cashew samples.
The observation that all of the spiked samples gave positive

identification of 2-DCB and 2-TCB and no distinct peaks were
recorded in any of the non-spiked samples indicated that 2-
DCB and 2-TCB either did not exist naturally in the tested

Table 1. Summary of Chromatographic Retention Times and the Peak Area Ratios of the Qualitative Transition Ions to the
Quantitative Transition Ion Transitions for 2-DCB and 2-TCB from LC−MS/MS Analysis of the Standard Solutions and Spiked
Nut Samples

standard spiked cashew nut spiked apricot kernel

2-DCB retention time (min) 5.27 5.27 5.27
peak area ratio (m/z 254 → 96/254 → 82) 0.62 0.68 0.74
peak area ratio (m/z 254 → 110/254 → 82) 0.18 0.19 0.24

2-TCB retention time (min) 6.56 6.54 6.54
peak area ratio (m/z 282 → 96/282 → 82) 0.82 0.96 0.93
peak area ratio (m/z 282 → 110/282 → 82) 0.30 0.38 0.34

Table 2. Results of LC−MS/MS Analysis of Nut Samples
Collected at the Retailing Stage in Hong Kong

target analyte

nut samples
analyzed

country of
origin

number of samples
analyzed 2-DCB 2-TCB

cashew nut China 2 NDa ND
India 3 ND ND
Vietnam 3 ND ND

nutmeg Burma 1 ND ND
China 3 ND ND

apricot kernel China 8 ND ND
pine nut China 2 ND ND

aND = not detected.
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cashew nut sample or existed at a concentration lower than the
detection limit of the present method (0.2 ng/g of 2-DCB in
cashew nut and 0.3 ng/g of 2-TCB in cashew nut).
The controversial publication that 2-ACBs exist naturally in

cashew nut and nutmeg by Variyar et al. has attracted
widespread attention among food scientists because the
argument disproved the prevailing belief about the uniqueness
of 2-ACBs in radiolytic food.11,14 Using our newly developed
LC−MS/MS assay,17 however, neither 2-DCB nor 2-TCB was
traced in non-irradiated nutmeg and cashew nut samples (Table
2). Our observation is in line with the results reported by Chen
et al. that negative identification of 2-DCB and 2-TCB was
confirmed in non-irradiated nutmeg samples.15

With the emerging possibility that 2-ACBs occur naturally in
nut samples, we have also analyzed apricot kernel and pine nuts
(Table2) that are known to contain a high level of palmitic and
stearic acids,25−27 which are precursors for 2-DCB and 2-TCB,
respectively. In both samples, neither 2-DCB nor 2-TCB was
identified as well. Figure 2 is the chromatograms obtained from
LC−MS/MS analysis of representative non-spiked and spiked
apricot kernel samples. Similar observations were also reported
by Sin et al., who had analyzed non-irradiated melon, pumpkin,
and sunflower seed samples.4 Apart from nut samples, no
positive identification of 2-ACBs in non-irradiated foods, such
as mangos, beef, chicken, pork, fish, and egg, were reported in
the literature.5,7,13,16

In summary, our study using a state-of-the-art analytical
technique revealed that 2-ACBs either do not exist naturally or
may exist at concentrations below the detection limit of our
existing analytical technology. Thus, we ensure the belief that 2-

DCB and 2-TCB are unique radiolytic products and still valid
to use as marker molecules for identifying irradiated foods.
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