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Abstract: 2-thioxo-3-pyrrolidinecarbaldehyde (TPC) is an important intermediate in the yellowing
of Japanese pickles “takuan-zuke”. TPC has been reported to have antibacterial activity against
bacteria causing food poisoning and microorganisms associated with the development of caries,
as well as various physiological functions such as antimutagenicity. However, since TPC has
high reactivity, robust quantitative analysis is difficult with the extraction method or pre-column
derivatization method using 2,4-dinitrophenylhydrazine. In this study, a high-performance
liquid chromatography (HPLC) method involving labeling with 4-(N,N-dimethylaminosulfonyl)-7-
hydrazino-2,1,3-benzoxadiazole (DBD-H) was developed for the determination of the level of TPC
in takuan-zuke. DBD-TPC was successfully stabilized by adding a buffer solution to the reaction
solution, which established continuous analysis by HPLC using an autosampler. The DBD-TPC
calibration curve was linear in the range of 0.25-250 nmol/mL (final concentration) and showed
a wide dynamic range. The lower limit of detection was 0.205 nmol/mL in TPC standard.
The proposed method was successfully applied to the measurement of TPC in daikon-oroshi.
The results reveal the possibility of determining the variation of TPC level in processed foods
containing radish. We concluded that the proposed method is useful for evaluating the quality of
processed radish products.

Keywords: 2-thioxo-3-pyrrolidinecarbaldehyde; 4-(N,N-dimethylaminosulfonyl)-7-hydrazino-2,1,3-
benzoxadiazole; daikon-oroshi; takuan-zuke; aldehyde analysis

1. Introduction

Daikon (Raphanus sativus L.) belongs to the plant family Brassicaceae and is among the most
common cruciferous vegetables in Japan. Cruciferous vegetables produce distinctive pungent flavored
compounds called isothiocyanates (ITCs) upon the destruction of their cells. 4-Methylthio-3-butenyl
isothiocyanate (MTB-ITC) is most abundant (>90%) in white radish [1,2]. Studies on the physiological

Separations 2017, 4, 35; d0i:10.3390/separations4040035 www.mdpi.com/journal/separations


http://www.mdpi.com/journal/separations
http://www.mdpi.com
https://orcid.org/0000-0002-1687-3143
https://orcid.org/0000-0002-1245-999X
http://dx.doi.org/10.3390/separations4040035
http://www.mdpi.com/journal/separations

Separations 2017, 4, 35 20f8

function of MTB-ITC have revealed various effects including antimutagenicity and cancer
prevention [3-5]. However, MTB-ITC is unstable compared with other ITCs in the aqueous phase and
is converted to 2-thioxo-3-pyrrolidinecarbaldehyde (TPC) [6]. Consequently MTB-ITC exerts complex
effects, including those through degradation products, such as TPC. TPC has been reported to have
antibacterial activities against bacteria causative of food poisoning and microorganisms associated
with the development of caries, as well as a range of functions such as antimutagenicity [7-10].
In addition, TPC is an important intermediate in the yellowing of takuan-zuke pickle (i.e., salted
radish root), which is a popular Japanese pickle [11,12], and is converted to a more stable form,
1-(2-thioxopyrrolidine-3-yl)-1,2,3,4-tetrahydro-f3-carboline-3-carboxylic acid (TPCC), in the salting
process by reacting with tryptophan [13].

The establishment of a method for measuring TPC is important for evaluating not only the
quality of takuan-zuke but also that of other processed radish products. However, since TPC has
high reactivity, it is difficult to analyze it quantitatively in a robust manner. Therefore, HPLC
analysis following pre-column derivatization was carried out, focusing on the aldehyde group
of TPC. In preliminary experiments, a derivatization method using 2,4-dinitrophenylhydrazine
(DNPH) reagent, which is widely used for aldehyde analysis, was examined. It was difficult to
analyze at low concentrations because DNPH-TPC has low stability at 4 °C and it contains many
impurities derived from reagents. Therefore, a method of fluorescence derivatization analysis by
4-(N,N-dimethylaminosulfonyl)-7-hydrazino-2,1,3-benzoxadiazole (DBD-H), used for high-selectivity
and -sensitivity analysis of aldehyde, was investigated [14].

In this study, we aimed to establish optimal conditions for a highly sensitive and stable analytical
HPLC method for derivatizing TPC contained in takuan-zuke with DBD-H (Figure 1).
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Figure 1. Fluorescence labeling reaction of 2-thioxo-3-pyrrolidinecarbaldehyde (TPC) with DBD-H.

2. Materials and Methods

2.1. Materials and Reagents

Radish roots were purchased from a market in Gunma, Japan. TPC was prepared by previously
described methods [15]. 4-(N,N-dimethylaminosulfonyl)-7-hydrazino-2,1,3-benzoxadiazole (DBD-H)
was purchased from Tokyo Chemical Industry (Tokyo, Japan). Trifluoroacetic acid (TFA), acetonitrile,
and anisaldehyde, were purchased from Kanto Chemical (Tokyo, Japan).

2.2. Fluorescent Labeling with DBD-H

2.2.1. TPC Standard Solution

In brief, 250 puL of 0.1% DBD in acetonitrile, 250 pL of 0.2 mM anisaldehyde in acetonitrile,
and 250 pL of 0.1-1.0% TFA in 20% (v/v) acetonitrile were added to 250 uL of 0.1 mM TPC in
acetonitrile. The reaction mixture was shaken and incubated at 25 °C for 0-120 min. After ice-cooling
for 5 min, the mixture was centrifuged at 20,630 x g for 1 min. To 100 uL of the upper layer, 25 pL
of 500 mM Mcllvaine buffer (pH 4-6) and 25 mg of NaCl were added. The mixture was shaken to
separate the acetonitrile phase from the aqueous phase, and 5 pL of acetonitrile phase was injected
into the HPLC system.
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2.2.2. Takuan-zuke Sample

In brief, 250 puL of 0.1% DBD in acetonitrile, 250 pL of 0.2 mM anisaldehyde in acetonitrile,
250 puL of acetonitrile, and 250 uL of 1.0% TFA in 20% (v/v) acetonitrile were added to 10-50 mg of
takuan-zuke lyophilized powder. The reaction mixture was analyzed in accordance with the method
described above.

2.3. Analysis of TPC and MTB-ITC Contained in Daikon-oroshi (Grated Radish)

2.3.1. Preparation of Grated Radish Juice

Fresh radish was grated with a radish grater and then immediately filtered with a tea strainer
to obtain squeezed juice. This procedure was carried out under ice-cold conditions. The sample was
prepared using a 100-mm long portion (total length 300 mm) obtained from the tip of the radish root.

2.3.2. Fluorescent Labeling of TPC from Grated Radish Juice with DBD-H

In brief, 250 uL of 0.1% DBD in acetonitrile, 250 uL of 0.2 mM anisaldehyde in acetonitrile, 250 uL
of 1.0% TFA in acetonitrile, 50 pL of acetonitrile, and 150 uL H,O were added to 50 uL of grated radish
juice. The reaction mixture was analyzed in accordance with the method described above.

2.3.3. Gas Chromatography Analysis of MTB-ITC in Grated Radish Juice

In brief, 200 pL of 0.5 mM allyl isothiocyanate in ethyl acetate was added to 200 uL of grated
radish juice. The mixture was shaken vigorously to dissolve released MTB-ITC into ethyl acetate.
After centrifugation (20,630 g, 1 min), the layer of ethyl acetate was recovered into a vial and then
dehydrated with anhydrous sodium sulfate. The ethyl acetate solution containing isothiocyanates was
analyzed by gas chromatography (GC).

2.4. HPLC System and Conditions

The HPLC system consisted of an Agilent 1200 pump (Agilent Technologies, Palo Alto, CA, USA),
a 1200 auto sampler with a 100 pL loop, 1100 column compartment, 1260 photodiode array detector,
and 1100 fluorescence detector with an 8 uL flow cell. Chromatographic separation was performed on
a Poroshell HPH-C18 (100 x 3.0 mm g, 2.7 um; Agilent Technologies). These analyzes can be separated
by a general reversed phase column (ex. Poroshell EC-C18; Agilent Technologies). The flow rate was
0.85 mL/min. The column temperature was set to 40 °C. Elution was achieved using a gradient of
two eluents: HyO as eluent A and acetonitrile as eluent B without an ion pair additive and/or buffer.
The gradient program was as follows: 25% B rising to 73% B at 5.5 min, further rising to 100% B
at 5.6 min, and remaining at 100% B to 5.99 min. Finally, the separation column was equilibrated
using 25% B from 5.99 to 8.0 min. Fluorescence detection was performed with exciting at 450 nm and
emitting at 565 nm as reported previously [14]. Anisaldehyde was used as internal standard.

2.5. GC System and Conditions

Gas chromatography was carried out on an Agilent Technologies 7890A GC system (Agilent
Technologies). Chromatographic separation was performed on a DB-23 (30 m x 0.25 mm g,
film thickness 0.25 um; Agilent Technologies). The carrier gas was helium with a flow rate of 1 mL/min.
The column temperature was programmed as follows: 70 °C held for 1 min, increased to 200 °C at
a rate of 15 °C/min, then ramped to 250 °C at a rate of 30 °C/min, and held for 1 min, giving a total
run time of 10.3 min. Detection was carried out with a flame ionization detector. Allyl isothiocyanate
was used as an internal standard.
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3. Results and Discussion

3.1. Effects of Acetonitrile Concentration and Reaction Time on Extraction and Reaction Efficiency

We investigated the optimization conditions for TPC analysis by an aldehyde derivatization
method with DBD-H. Figure 2 shows a typical chromatogram obtained from the standard solution of
TPC after labeling with DBD-H.
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Figure 2. Chromatogram of standard solution of TPC (0.1 mM). This result was obtained by the analysis
of the standard solution of 0.1mM TPC (a); and 0.2 mM anisaldehyde (b) using HPLC.

Uzu et al. reported that the reactivity of DBD-H increased in proportion to the concentration of
acetonitrile [14]. The reactions of TPC and anisaldehyde (L.S.) with DBD-H in 50-100% acetonitrile
were investigated. Reaction conditions were 0.025% DBD-H and 0.025% TFA for 60 to 120 min at
25 °C. As shown in Figure 3A, the derivative reaction lasting for 2 h occurred at a sufficient level for all
acetonitrile concentrations, but the reaction for 1 h was insufficient for 50% to 60% acetonitrile.

Next, we investigated solvent conditions suitable for extraction and reaction using takuan-zuke
samples, TPC, and MTB-ITC standard solution. The MTB-ITC standard was used to confirm
TPC formation during the reaction. The effect of acetonitrile concentration is shown in Figure 3B.
The extraction and reaction efficiency were constant in the range of 50-90% acetonitrile for the TPC
standard solution and in the range of 70-90% for the takuan-zuke sample. Conversion of MTB-ITC
to TPC was observed during a derivatization reaction with acetonitrile at a concentration of 70%
or less. It was suggested that TPC was generated from residual MTB-ITC when the acetonitrile
concentration was less than 80%, and that extraction and reaction efficiency decreased above
an acetonitrile concentration of 90%; thus, 80% acetonitrile was selected as the optimal condition
for subsequent analyses.

3.2. Effects of Trifluoroacetic Acid Concentration on Reaction Efficiency of DBD-H and Stability of DBD-TPC

Uzu et al. reported that DBD-H becomes more reactive with increasing TFA concentration and
reacts not only with aldehyde groups but also with ketones. Figure 4 shows the DBD-TPC reaction
efficiency in the presence of 0.025-0.25% TFA. Derivatized efficiency increased in proportion to the
TFA concentration; the reaction with 0.25% TFA was completed by 60 min.

The area ratio was calculated from the 0.05 mM internal standard and the TPC area value.
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Figure 3. Effects of acetonitrile concentrations on the reaction efficiency of DBD-H. The effect
of acetonitrile concentration and reaction time on the DBD-H derivatization reaction (A).
Symbols: O 0.05 mM anisaldehyde and [J0.025 mM TPC reacted for 60 min; ® 0.05 mM anisaldehyde and
W 0.025 mM TPC reacted for 120 min. The effect of acetonitrile concentration on extraction and DBD-H
derivatization reaction (B). Symbols: ® 10 mg of takuan-zuke, l 0.025 mM TPC, A 0.025 mM MTB-ITC.
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Figure 4. Effects of trifluoroacetic acid (TFA) concentrations on the area ratio of TPC. 0.1 mM TPC
standard solution (A); and 10 mg of takuan-zuke sample (B). Symbols: @ 0.25% TFA, B 0.05% TFA,

A 0.025% TFA.

The level of DBD-TPC decreased over time during storage at 4 °C for 16 h, while that of
DBD-anisaldehyde was stable. Matsuoka et al. reported that TPC is stable around pH 5 [9]. It was
assumed that the stability of DBD-TPC was related to the structure of TPC under low pH. It was
suggested that the pH buffering ability of takuan-zuke sample influences the stability of DBD-TPC.

The area ratio was calculated from the 0.05 mM internal standard and the TPC area value.

3.3. Effect of pH on Stability of DBD-TPC

The effect of pH on the stability of DBD-TPC at 4 °C was confirmed by adding a Mcllvaine buffer

of pH 4, 5, and 6 to the derivatized sample immediately after the reaction. As shown in Figure 5,
the DBD-TPC residual proportion in the TPC standard solution was 86% when no buffer was added.
In contrast, DBD-TPC with buffer was stable. Similar results were obtained with the takuan-zuke
sample. From these results, DBD-TPC was stabilized by adding pH 5-6 bulffer.

The optimal reaction conditions for TPC derivatization were set as 80% acetonitrile solvent
containing 0.25% TFA for 60 min at 25 °C. Thereafter, Mcllvaine buffer solution (pH 5) was added to
the reaction mixture and analysis was performed with an HPLC system equipped with a thermostated
autosampler and a fluorescence detector.
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Figure 5. Effects of buffer pH on the stability of TPC. (A) 0.1 mM TPC standard solution; and (B) 10 mg
of takuan-zuke sample. Symbols: ® No addition of buffer, Ml pH4 Mcllvaine buffer, A pH5 Mcllvaine
buffer, ¥ pH6 Mcllvaine buffer. The residual ratio was represented by the peak area ratio when the
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peak area value immediately after the reaction was taken as 100%.

3.4. Verification of Sensitivity

6 0f 8

Figure 6 shows the linearity of DBD-TPC under optimized reaction conditions. The calibration
curve of TPC was linear (y = 1.34x — 0.06, r*> = 1.000) in the range of 0.25 to 250 nmol/mL (final
concentration), with a wide dynamic range. The detection limit (signal-to-noise ratio = 3) of the

proposed method was 0.205 nmol/mL.
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Figure 6. Linearity of TPC concentration in DBD-H fluorescent labeling.

3.5. Quantification of TPC and MTB-ITC in Grated Radish Juice

Time-dependent changes in TPC and MTB-ITC in grated radish juice were analyzed (Figure 7).
MTB-ITC was rapidly formed during radish grinding and decreased in a time-dependent manner
from the maximum concentration of 213.0 nmol/50 uL of grated juice. The TPC in grated radish juice
increased with time; the concentration was 0.5-160.0 nmol /50 puL. The results showed that about 75%
of MTB-ITC was converted to TPC in only 120 min. In addition, the cumulative value of MTB-ITC and
TPC after 120 min was 182.4 nmol/50 pL, which was 85% of the initial value of MTB-ITC. A strong
negative correlation between TPC and MTB-ITC was revealed (y = —1.20 x + 211, 7> = 0.997) in linear
regression analysis. These results revealed that TPC is the major degradation product of MTB-ITC.
The findings of this study show that this analytical method can be applied not only to takuan-zuke,
but also to processed radish products, with potential utility for evaluating the quality of such items.
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Figure 7. Changes of TPC and MTB-ITC in grated radish juice. Symbols: ® TPC (HPLC method),
B MTB-ITC (GC method).

4. Conclusions

In this study, we developed a simple method to quantify TPC in takuan-zuke using HPLC by
pre-column derivatization with DBD-H. In this method, extraction and fluorescence derivatization
were performed in parallel to reduce the loss of TPC and enable stable analysis. This approach enabled
the determination of the variation of TPC amounts in processed foods using radish. We considered
this method to be useful for evaluating the quality of processed radish products.
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