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ABSTRACT: Hydrogen peroxide is commonly used in the food processing industry as a chlorine-free bleaching and sterilizing
agent, but excessive amounts of residual hydrogen peroxide have led to cases of food poisoning. Here we describe the development
of a novel nonenzymatic colorimetric method for the determination of residual hydrogen peroxide in foods and agricultural
products. Nitrophenylboronic acids chemoselectively react with hydrogen peroxide under alkaline conditions to produce yellow
nitrophenolates. Of the three nitrophenylboronic acid isomers tested, the p-isomer displayed the highest sensitivity for hydrogen
peroxide and the fastest reaction kinetics. The reaction product, p-nitrophenolate, has an absorption maximum at 405 nm and a good
linear correlation between the hydrogen peroxide concentration and the A,os values was obtained. We successfully applied this
convenient and rapid method for hydrogen peroxide determination to samples of dried bean curds and disposable chopsticks,
thereby demonstrating its potential in foods and agricultural industries.
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B INTRODUCTION

The oxidizing agent hydrogen peroxide is commonly used in
the food processing industry as a chlorine-free bleaching and
sterilizing agent. Hydrogen peroxide has been used to prevent
microbial proliferation in foods such as soybean products,
noodles, fish products, fresh-cut fruits, and dairy products.
Also dining utensils, especially chopsticks made of bamboo or
wood, are often treated with H,O, for bleaching and
sterilization.” A negative side effect of hydrogen peroxide treat-
ment is the occasional food poisoning caused by excessive
amounts of res1dual H,0, in processed foods such as udon
and noodles.® Food regulatlons in Taiwan do not allow any
residual H,0, in the food.” In the USA, residual H,O, must be
removed from dairy foods after bleaching, and the allowance level
is 0.05% (w/w) according to US FDA regulations.'® The
increasing concern about residual H,O, in foods and other items
used in daily life has therefore made the development of
convenient and rapid methods for H,0O, detection a high
priority task.

To date, numerous methods have been developed for H,0,
determination in food science and industry."' "' Despite their
success in various applications, limiting factors associated with
the individual method, e.g, availability and cost of the instru-
ment, ease of derivatization steps, stability of the enzymes and
related reagents, and possible interference of the reagents or the
analytical samples, have to be evaluated and investigated when
exploring new applications. Therefore, it would be of great
advantage to expand the repertoire of the methods by exploiting
a novel sensing mechanism.

Arylboronic acids react with H,O, under mild alkaline con-
ditions to generate the corresponding phenolates.'”'® We pre-
viously demonstrated that this unique chemistry could be utilized
to design highly chemoselective probes for H,0,." The working
principle was later extensively adopted by Chang’s group to
develop a series of highly fluorescent imaging probes for cellular
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H,0,.2°*' However, most probes in this category had to be
acquired by a multistep synthesis. To explore new applications of
this class of probes in food sciences, we envisioned that nitro-
phenylboronic acids (NPBAs) would be excellent candidates
worth exploring because they are commercially available and
inexpensive, and more importantly because the transformed
products are the corresponding nitrophenolates (NPs), which
have been widely used as chromophoric reporter groups in
biochemical assays. Here we studied the reactions of NPBAs
with H,O,, evaluated their performance, and utilized p-NPBA to
establish a convenient assay that we successfully applied to
determine residual H,O, in dried bean curds and disposable

chopsticks.

Bl MATERIALS AND METHODS

Reagents and Chemicals. All reagents were analytical grade and
used without further purification. Dimethyl sulfoxide (DMSQO) was from
J. T. Baker (Phillipsburg, NJ, USA); 30% (w/w) H,O, solution was from
Sigma-Aldrich (St. Louis, MO, USA) and was standardized by the
potassium permanganate titration method.”* Working solutions of
H, O, were prepared by diluting the standardized solution with distilled
water immediately before experiments. o-Nitrophenylboronic acid (o-
NPBA), m-NPBA, p-NPBA, and m-nitrophenol (m-NP) were from
Aldrich (St. Louis, MO, USA). 0-NP and p-NP were from Fluka (St.
Louis, MO, USA). Stock solutions (100 mM) of all NPBAs and NPs
were prepared in DMSO, and working solutions were prepared by
appropriate dilution with 150 mM sodium carbonate/bicarbonate
buffer, pH 9.0.

Spectroscopic Monitoring of the Model Reaction of p-
NPBA with H,0,. The reaction solution was prepared by mixing
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Scheme 1. Mechanism of the Reaction of p-NPBA with H,0,
under Alkaline Conditions To Generate p-NP
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200 uM p-NPBA with an equal volume of 1 mM H,0O, at room
temperature. Absorption spectra in the wavelength range of
230—550 nm were recorded at §, 15, 25, and 35 min with a UV/visible
spectrophotometer (Ultrospec 4000, Pharmacia Biotech, USA).

Determination of the Molar Extinction Coefficient of o-
NP, m-NP, and p-NP. Stock solutions of 0-NP, m-NP, and p-NP were
diluted with 150 mM carbonate/bicarbonate buffer, pH 9.0, to give NP
concentrations of 100, 500, and SO M. The absorption at 405 nm was
measured using an Ultrospec 4000 UV /visible spectrophotometer. The
molar extinction coefficient (¢) of each compound was calculated using
the Lambert—Beer law: A; = & (cm™" M™') x concentration (M) x
length of light path (cm).

General Procedure for the Reactions of NPBAs with H,0,.
Reaction solutions containing 100 #L of the corresponding NPBA
working solution and equal volume of H,O,-containing solution were
placed in a 96-well microplate. The absorbance in each well was measured
at 405 nm over a designated period of time with a microplate reader
(PARADIGM Detection Platform, Beckman). For the comparative reac-
tions of H,O, with the three NPBA isomers, the reaction solutions
contained 50 uM H,0, and S mM NPBA. The absorbance was recorded
over a period of 60 min. The effect of the p-NPBA concentration on the
reaction with H,O, was evaluated using 1, 2, or 5 mM p-NPBA in a
reaction with S0 M H,0O,. The absorbance was monitored over 30 min.

Standard Calibration Curve of H,0,. Reaction solutions con-
tained 2 mM p-NPBA and serially diluted H,O, solutions (3.125, 6.25,
12.5,25, 50, 100, 150, and 200 M), and the absorbance of the reaction
mixtures was then recorded as described above. The averaged absor-
bance values recorded between 15 and 20 min were plotted against the
hydrogen peroxide concentrations.

Measurement of Residual H,0, in Chopsticks and Dried
Bean Curds. Three samples of disposable chopsticks and three
samples of dried bean curds were obtained from restaurants and
traditional markets, respectively, in Taipei, Taiwan. These samples were
extracted with deionized water according to modified literature
procedures.z‘23 The disposable chopsticks were sliced, and the dried
bean curds were diced; the samples were then extracted with deionized
water [chopsticks, 70 mg per mL of water (w/v); dried bean curds, 1 g of
curd per mL of water (w/v)] at 4 °C for 24 h. The solutions were then
transferred to 30 #m centrifuge columns (Pierce, USA) and centrifuged
at 15000g for 1.5 min at 4 °C. The filtrates from the dried bean curd
samples were filtered through 0.22 ym disk filters. Hydrogen peroxide in
each sample was assayed in duplicate in a 96-well microplate using the
assay protocol described above; the values reported are the averages of
the two measurements. Briefly, each well contained 100 4L of 4 mM p-
NPBA and 100 4L of each sample. Blank solutions were prepared by
mixing 100 4L of the sample solutions with an equal volume of 150 mM
carbonate/bicarbonate buffer, pH 9.0. The plates were vortexed, and the
reactions were then allowed to react for 20 min at room temperature.
The absorbance at 405 nm was recorded. The absorbance of the blanks
was subtracted from absorbance of the respective samples.
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Figure 1. Time-course UV—vis spectra of the reaction of p-NPBA (100
uM) with H,0, (500 uM).
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Figure 2. Relative reactivity and sensitivity of NPBA isomers toward
H,0,. o-NPBA, m-NPBA, and p-NPBA (5 mM) were each incubated
with H,0, (50 M) at 25 °C in 75 mM carbonate/bicarbonate buffer,
pH 9.0. The progress of the reactions (increase in the respective NP
product) was monitored at 405 nm.

B RESULTS AND DISCUSSION

Reaction of p-NPBA with H,0,. The hydrogen-peroxide-
induced conversion of arylboronic acids to phenols is rapid under
alkaline condition."® To verify the reactions between NPBAs and
H, 0, as well as to observe the formation of NPs, we carried out a
time-course spectroscopic study using p-NPBA as a model
(Scheme 1). p-NPBA displayed a A, at 294 nm in 75 mM
carbonate/bicarbonate buffer, pH 9.0 (Figure 1). When it
reacted with excess H,0,, the absorption peak at 294 nm
decreased and a new peak with A, at 40S nm concomitantly
increased, which supported the formation of p-NP. The isosbes-
tic point at 333 nm confirmed the presence of two major
interconverting species in the mixture. The absorption maximum
of p-NP (405 nm) was well separated from that of p-NPBA
(294 nm), which makes p-NP an excellent reporter for the H,0,
assays.

Relative Reactivity and Sensitivity of o-NPBA, m-NPBA
and p-NPBA toward H,0,. We studied the reactivity and
sensitivity of the three different NPBA isomers toward hydrogen
peroxide. We spectrophotometrically monitored (A4ps) the
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Figure 3. Effect of the p-NPBA concentration on the reaction with
H,0,. The progress of the reactions of p-NPBA (1, 2, and S mM) with
50 uM H,0, in 75 mM carbonate/bicarbonate buffer, pH 9.0, was
monitored at 405 nm.
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Figure 4. Linear correlation of released p-NP (A4s) in reactions of p-

NPBA (2 mM) with 3.125, 6.25, 12.5, 25, 50, 100, 150, and 200 uM
H,0, in 75 mM carbonate/bicarbonate buffer, pH 9.0, for 20 min.

production of the NP isomers from the reactions of H,O, (50
UM) with the respective isomers of NPBA (S mM) in carbonate/
bicarbonate buffer (75 mM, pH 9.0) over time. The absorbance
of the reaction mixture with p-NPBA reached a plateau in S min.
In contrast, the absorbance of the reactions with o- and m-NPBA
reached a plateau not only much more slowly but also at a much
lower intensity (Figure 2).

Since the dramatic difference in the absorbance intensities
might be attributed to the extinction coefficients (& value) of the
NPs, we measured the & values of the three NP isomers at
405 nm. p-NP had the highest ¢ value, about 4- and 11-fold
higher than that of o- and m-NP, respectively (o-NP, 4,720 cm !
M m-NP, 1,740 cm™' M '; and p-NP, 19,400 cm™ ' M~ 1).
We therefore chose p-NPBA for further studies.

We subsequently studied the effect of the p-NPBA concentra-
tion on the reaction with H,O,. A fixed, limiting amount of H,0,
(50 M) was allowed to react with three different concentrations
of p-NPBA (1, 2, and S mM) in 75 mM carbonate/bicarbonate

Table 1. Results of the H,O, Content in Dried Bean Curds
and Disposable Chopsticks

item sample H,0, content” (ppm)
dried bean curds (A) Al <2
A2 ND*
A3 437
disposable chopsticks (B) B1 20
B2 16
B3 120

“Each value represents an average of duplicate analyses. "ND,
nondetectable.

bufter, pH 9.0. The reaction with 1 mM p-NPBA required more
than 30 min to go to completion (Figure 3). With higher
concentrations of p-NPBA, the reactions proceeded faster. For
example, the assays could be completed within 12—15 min with
2 mM p-NPBA and could be further shortened to S min with
S mM p-NPBA. Although we chose 2 mM p-NPBA for subse-
quent experiments, these results suggested that higher concen-
trations of p-NPBA (>2 mM) would also be appropriate for the
assays.

Calibration Curve. We then determined a calibration curve
for the H,O, assay using 2 mM p-NPBA and various concentra-
tions of H,0, (3.125, 6.25, 12.5, 25, 50, 100, 150, and 200 uM).
The released p-NP (A4os) was plotted against the H,O, con-
centrations, and the resulting curve displayed a good linear
correlation with a correlation coefficient (R*) of 0.9998
(Figure 4). The results also indicated that this method is
applicable to detect micromolar levels of H,O,.

Determination of H,0, in Samples of Dried Bean Curds
and Disposable Chopsticks. We tested our method in the
determination of residual H,O, in two commonly encountered
food and agricultural products: dried bean curds (A) and
disposable chopsticks (B). Three samples of each were examined.
After aqueous extraction of the chopped samples and appropriate
dilution with distilled water, the H,O, content of each sample
was determined as described above using p-NPBA. The calcu-
lated H,O, contents in each sample are listed in Table 1. One of
three dried bean curds (A3) contained a surprisingly high level of
residual H,O, (437 ppm). The residual H,O, in the other two
samples was either a trace amount (<2 ppm for Al) or
nondetectable (A2). We also observed wide differences in the
results with the disposable chopsticks samples: sample B3
yielded 120 ppm of H,0O,, whereas the other two samples (B1
and B2) contained relatively low levels of H,O, (16—20 ppm).
As a comparison, we examined samples of unprocessed bamboo,
either withered (brown in color) or fresh (green in color). As
expected, neither bamboo sample contained detectable amounts
of H,0,.

In order to further verify the method presented in this paper,
we performed a comparative analysis using a commercially
available hydrogen peroxide assay kit (HRP-OxiRed) ** on a
dried bean curd sample solution spiked with 200 ppm H,0,. As a
result, we obtained consistent data from both methods and the
difference was less than 2%. We have also investigated the
potential interfering effect of some food ingredients and addi-
tives. EDTA, potassium bromate, ascorbic acid, BHT, sodium
dithionite, cysteine, and tert-butyl hydroperoxide were tested at
both 10 and 100 M. They were allowed to react with 2 mM p-
NPBA, and the absorption at 405 nm was monitored. The results
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showed that all these materials produced no significant changes
at low concentrations (10 #M). Even at higher concentrations
(100 uM), all of the above materials, except ascorbic acid, still
gave negative responses. In the case of 100 1M ascorbic acid, we
observed a slow yet steady increase in the absorbance (<0.0025
ODs/min). Although the nature of this increase in A4os was not
characterized, it does not constitute a serious interference in the
assays as we could suppress its effect by starting with higher
concentrations of p-NPBA. It is interesting to note that EDTA,
potassium bromate, and hydroperoxides, which are known
interfering materials to the existed methods, all gave negligible
effects in this study, confirming again that p-NPBA has excellent
chemoselectivity toward H,O,. It also demonstrated that the
feature of adopting a novel sensing mechanism for H,0,
detection would provide a great opportunity for future
applications.

In summary, we studied the reaction of NPBA isomers with
H,0, and demonstrated that p-NPBA is well suited as a highly
specific reagent for H,O, determination. Our method using p-
NPBA does not require any reagents to be synthesized, and is
convenient, rapid, and inexpensive. More importantly, p-NP,
which serves as an ideal chromophoric reporter with a A, at
405 nm, can be conveniently monitored with a standard spectro-
photometer, available in most laboratories. We believe that the
method for H,O, determination described here would be of
great value in food and agricultural industry.
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