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We demonstrate the use of microchip electrophoresis with capacitively coupled contactless conductivity
detection (C*D) for the direct detection of histamine in fish flesh samples. Optimization of the
background electrolyte (BGE) conditions showed that a competitive detection limit of 0.43 mg L™ was
achievable using a mixed 2-[4-(2-hydroxyethyl)piperazin-1-yllethanesulfonic acid and histidine BGE at
pH 6.03. The developed method was successfully applied to the determination of spiked histamine in
yellowfin tuna flesh samples with recoveries ranging from 88.8 to 112.5% with relative standard
deviations below 13%. Further versatility of the method was demonstrated with the analysis of histamine
levels in four frozen fish samples, purchased from a local supermarket, showing all contained
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Introduction

Histamine is a primary amine formed by the decarboxylation of
the amino acid rt-histidine' and belongs to a group of
compounds known as biogenic amines (BAs). BAs are synthe-
sized by microbial, vegetable or animal metabolisms and are
known to be the causative agents in a number of food poisoning
cases; which is due to their ability to initiate a variety of phar-
macological reactions.”* High levels of BAs during food intake
are unable to be metabolized by the body to sufficiently elimi-
nate the toxins, leading to food poisoning conditions ranging
from migraines to hypertension.** BAs can be present in certain
foods, such as some fruit and vegetables (e.g., spinach and
bananas) with concentrations dependant on maturity;* however
they are normally formed as a result of uncontrolled microbial
action,’ resulting in elevated levels in food and beverage prod-
ucts after degradation. This is usually as a result of poor quality
raw materials, contamination or unsuitable conditions during
food processing and storage.® Typically, elevated levels of BAs
above safe limits are found in fish and fish products, dairy
products, meat and meat products as well as fermented
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products such as vegetable, soy and alcoholic beverages.>* The
maximum limits are BA dependant with important BAs present
in food and beverages including histamine, B-phenylethyl-
amine, tyramine, tryptamine, putrescine, cadaverine, spermine
and spermidine.*®

In particular histamine has been reported as the toxin
responsible for scombroid fish poisoning”® a type of food
poisoning arising from the incorrect handling and storage of
scombroid fish products.”® The current maximum limit for
histamine in certain fish and fish products ranges from 50 pg
g ' in the United States'* up to 100 pg g~ * for decomposition or
200 pg g ' as a result of hygiene and handling in Australia and
New Zealand." Elevated levels of histamine have also been
reported in fermented wines.*"® Therefore, simple portable
quantitative methods for the determination of histamine levels
in food and beverage products are of increasing interest to allow
monitoring of food spoilage and quality during processing and
storage.

Numerous quantification methods for biogenic amines,
including histamine, have been developed and are the subject
of multiple reviews."** The most common approaches to BA
detection have been coupling fluorescence or UV based detec-
tion with analytical separation methods such as high perfor-
mance liquid chromatography (HPLC)”™ and capillary
electrophoresis (CE).?** The lack of chromophore in histamine
is the major drawback of these methods which means deriva-
tization with other highly fluorescent or UV active compounds is
required to achieve adequate sensitivity.'*'® Often this results in
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time intensive indirect analysis methods. LC methods have also
been coupled with mass spectrometric (MS) detection®** for the
analysis of histamine but this still required histamine deriva-
tization. CE has also been coupled with chemiluminescence,”
amperometry®® and conductivity”” detection systems. Whilst
providing sensitive detection, CE techniques are restricted to
laboratory settings and cannot be deployed for simple in-field
analysis in their traditional format. Further analytical methods
that have been reported for the determination of histamine
include thin layer chromatography (TLC),>**° gas chromatog-
raphy-mass spectrometry (GC-MS)**** and biosensor/assay
based techniques.*** Of these methods TLC is the most simple
and does not require complex instrumentation but is often time
consuming and only semi-quantitative.’ GC is not commonly
applied for BA analysis with only one example not requiring
derivatization.’® Biosensors are simple, portable, low cost and
have inherently short analysis times; however, most only
produce semi-quantitative determinations. Ideally, the timely
and efficient monitoring of food quality and spoilage would be
done using a simple portable technique that negates the need
for derivatization.

More recently, the use of portable analytical devices coupled
with different detection techniques have been reported for the
quantification of a range of BAs, including histamine. Micro-
chip electrophoresis with indirect fluorescence detection has
been reported for the detection of histamine and other common
BAs in fermented beverages,>** fish products®® and stan-
dards.*”*® A novel chemiluminescene detection system has also
been used with microchip electrophoresis for the indirect
detection of BAs including histamine in urine samples.*® Whilst
the reported systems symbolize a shift towards the desire to
achieve greater portability most still contained laboratory scale
detection components and require a derivatization step. There
remains a need for the development of a truly portable device
with miniaturized detection components for quantitative
histamine analysis.

To date microchip electrophoresis with capacitively coupled
contactless conductivity detection (C*D) has only been demon-
strated for the detection of small volatile aliphatic amines* in
seafood and amines present in pharmaceutical formulations.**
We present a method for the direct detection of histamine using
a previously reported microchip electrophoresis system with
C"'D * that employs a simpler electrode integration approach
than the previously reported systems for the analysis of amines
using microchip C*D.***! The optimal electrolyte conditions to
achieve histamine resolution from other BAs and sample matrix
are comprehensively discussed. The new approach developed
was then demonstrated for the quantitative analysis of hista-
mine levels in four frozen fish flesh samples in combination
with a standard extraction procedure.

Experimental
Samples, reagents and solutions

All chemicals were of analytical reagent grade, purchased from
Sigma-Aldrich, Australia and used as received. The biogenic
amines, namely histamine and tyramine were obtained in their
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natural form whereas 2-phenylethylamine was obtained as its
hydrochloride salt. Background electrolyte (BGE) components
2-(N-morpholino)ethanesulfonic acid (MES), 2-amino-2-
hydroxymethyl-propane-1,3-diol (Tris), 2-(cyclohexyl amino)
ethanesulfonic acid (CHES) and 3-(cyclohexylamino)-1-pro-
panesulfonic acid (CAPS) were investigated before the final
optimized BGE solution for electrophoretic separation was
determined to be 2-[4-(2-hydroxyethyl)piperazin-1yl]| ethane-
sulfonic acid (HEPES) (50 mM) and histidine (His) (5 mM) in
5% v/v isopropanol (pH = 6.03). Standard stock solutions of
histamine, tyramine and 2-phenylethylamine at concentrations
of 200 mg L' were prepared by dissolving the respective
amines in 5% v/v isopropanol. Working standard solutions
containing the three biogenic amines were freshly prepared by
dilution of the stock solutions with BGE. Frozen fish samples
were purchased from a local supermarket and stored at —20 °C
prior to thawing at 4 °C before extraction.

Electrophoresis instrumentation and procedure

Electrophoretic separations were performed using a previously
described homemade poly(dimethylsiloxane) (PDMS) micro-
chip system equipped with C*D detection using injected
gallium electrodes.*** A rectangular PDMS microchannel with
cross sectional dimensions 100 um x 40 um and a length of
57 mm (37 mm effective) was used for electrophoretic separa-
tions. Standards and samples were introduced electrokineti-
cally using an applied voltage of 1 kV for a period of 5 s. The
separation potential was 1.2 kV and the C*D operated at 216 kHz
(sinusoidal) and 10 V (peak to peak amplitude). Before the first
analysis of the day the PDMS microchannels were sequentially
washed with Milli-Q water (18.2 MQ cm) for 2 min, BGE con-
taining n-dodecyl B-p-maltoside (DDM) (0.4 mM) for 10 min,
Milli-Q water for 2 min and finally BGE for 5 min. After each
analysis the microchannels were flushed with BGE for 1.5 min.
All analyzes were carried out at ambient temperature (20-25 °C).

A standard curve for histamine was obtained by injecting (in
triplicate) five working standards containing histamine at
concentration levels ranging from 1.07 mg L ™" to 8.62 mg L™ .
The histamine peak height from the resulting electrophero-
grams were determined and plotted versus analyte concentra-
tion. A linear regression was performed on the standard curve
using the least-squares method and the obtained regression
equations were used to estimate the concentration of histamine
in the fish flesh samples. Peak integration and statistical anal-
ysis were carried out with the software OriginPro 9.0 (OriginLab,
Northhampton, MA, USA).

Histamine extraction procedure

Extractions were performed using 2 g of homogenized yellowfin
tuna flesh weighed directly into 10 mL capped polyethylene
centrifuge tubes. For recovery experiments, a standard solution
containing histamine (8.07 g L") was used to spike the
samples. Histamine extraction was then performed using a
method modified from Hwang et al.** Namely, 10 mL of meth-
anol alkalized with 40 pL of concentrated ammonia (28-30%)
was added to the sample tubes. Solutions were manually
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homogenized for 1 min followed by sonication for 5 min.
Samples were then centrifuged for 5 min at 3000 rpm to sepa-
rate the solid fish flesh matrix from the aqueous phase. After
centrifugation, 2-5 mL of supernatant was removed from each
tube via micropipette and evaporated to dryness under
nitrogen. Samples were then reconstituted in the same volume
of Milli-Q water and filtered through a 0.45 pm nylon
membrane prior to solid phase extraction (SPE) cleanup.

SPE cleanup procedure

SPE cleanup of aqueous histamine extracts were performed
using C18 cartridges (Phenomonex, Australia). Prior to cleanup
1 mL of filtered aqueous extract was alkalized with 10 pL of
concentrated ammonia solution (28-30%) to increase hista-
mine retention on the C18 column. The cartridges were first
conditioned and equilibrated with 1.2 mL of methanol and
Milli-Q water, respectively. This was followed by loading of 1 mL
of the alkalized aqueous extract, washing with 5 mL of Milli-Q
water and elution of histamine with 1 mL of BGE. This
produced a matrix matched histamine extract ready for injec-
tion into the microchip electrophoresis device. Where required
fish extracts were diluted with BGE prior to injection to ensure
they fitted within the reported linear range for histamine
analysis.

Results and discussion
Investigation of suitable BGE for BA analysis

Initial investigations focussed on finding a suitable BGE for
histamine analysis in PDMS microchips with conductivity
detection. Traditionally, low conductivity buffer systems con-
taining MES and histidine are used for the separation of
cationic mixtures in microchip electrophoresis devices coupled
with C'D. However; attempting to use this BGE with 3% v/v
isopropanol, to prevent the BAs from precipitating out of solu-
tion in the microchannels, yielded very low signals for all three
analytes (Fig. 1(A)).

Therefore, HEPES, Tris, CHES and CAPS were investigated
for their suitability for this application. These alternatives were
chosen due to their structural similarities and range of pK,
values, as demonstrated in Table 1.
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Initially the conductivity and electro-osmotic flow mobility
(LEOF) of the BGEs were determined to assess their properties
in PDMS microchips with C*D (Table 1). All of the investigated
alternatives produced BGEs with lower conductivities and larger
LEOFs than that of MES/histidine Table 1. Lower conductivities
were considered advantageous as using these BGE systems in
conjunction with C*D should result in improved signal to noise
ratios, attributed to lower background conductivity levels, and
potentially improved detection limits. Subsequent analysis of
individual BA standards using the alternate BGE systems found
that both CHES/His and CAPS/His were unsuitable for this
analysis as a result of distorted peak shapes. Of the remaining
alternatives Tris/His produced only a low intensity signal for
histamine and no discernable signal for other BAs (Fig. 1(B))
whereas HEPES-His produced signals for all analytes greater
than that originally observed using MES/His BGE (Fig. 1(C)). As
aresult HEPES-His was chosen as the preferred BGE for further
optimization.

Optimization of HEPES-histidine BGE

Fig. 2 shows that the three BA analytes were poorly resolved
using the equimolar 15 mM HEPES-His BGE with 3% v/v iso-
propanol. In order to produce the best sensitivity and resolution
in electrophoretic techniques careful optimization of BGE
conditions is often required. Two commonly optimized vari-
ables include the addition of organic modifiers and alteration of
the BGE ionic strength. These act to alter the pEOF of the system
or the electrophoretic mobility of specific analytes. Initially, the
concentration of isopropanol added as an organic modifier to
the 15 mM HEPES-His BGE was sequentially increased to
investigate its effect on BA resolution. Fig. 2 shows shifting of
the BA peaks to slightly higher migration times as a result of
increasing isopropanol concentration from 3% v/v (28 s and 30
s) to 10% v/v (36 s and 39 s). Despite this small shift, BA reso-
lution was not significantly improved and higher concentra-
tions were not trialled due to the incompatibility of organic
solvents with PDMS microchips.** Overall, minimal improve-
ment in BA resolution was observed upon increasing iso-
propanol concentration. Therefore, for all further experiments
the intermediate concentration of 5% v/v isopropanol was used
as organic modifier in the BGE.
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Fig.1 Resulting electropherograms using (A) MES/histidine BGE, (B) Tris/histidine BGE and (C) HEPES—histidine BGE of each BA (a) histamine, (b)
tyramine and (c) 2-phenylethylamine. Operating conditions: microchip 57/37 mm total/effective length; injection voltage 1.0 kV for 5 s; sepa-

ration voltage 1.4 kV. C*D detector: sine waveform of 216 kHz 10 V,_,,.
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Table 1 Characterization of low conductivity BGEs for histamine analysis in PDMS microchips®

BGE” Structure and pK, pH Mean* conductivity (pS) Mean* HEOF (cm® V' §71)
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Fig. 2 Electropherograms of a standard containing the biogenic
amines, namely histamine (10 mg L™, tyramine (10 mg L™} and 2-
phenylethylamine (10 mg L™ in 15 mM HEPES—-His using BGE con-
taining (a) 3% v/v isopropanol, (b) 5% v/v isopropanol and (c) 10% v/v
isopropanol as organic modifier. Operating conditions: microchip 57/
37 mm total/effective length; injection voltage 1.0 kV for 5 s; separa-
tion voltage 1.4 kV. C*D detector: sine waveform of 216 kHz 10 V,,_p,.

An additional variable that is easily manipulated to achieve
enhanced resolution is BGE ionic strength. For this application
low conductivity BGEs were essential due to the use of C*D. This
ruled out the addition of high conductivity additives to increase
this parameter. Therefore, altering ionic strength was achieved
two ways. Firstly by altering the ratio of the BGE components
whilst maintaining the same overall concentration and
secondly, after the ratio was optimized, by increasing the
concentration of both BGE components whilst maintaining the

This journal is © The Royal Society of Chemistry 2015

Migration Time {s)

Fig. 3 Electropherograms of a standard containing the biogenic
amines, namely histamine (10 mg L™, tyramine (10 mg L™) and 2-
phenylethylamine (10 mg L™ using BGE with HEPES—His component
ratiosof (a) 1: 5 (pH 7.23), (b) 1: 2 (pH 6.94), (c) 1: 1 (pH 6.97), (d) 2 : 1
(pH 6.59) and (e) 5: 1 (pH 6.32). Operating conditions as in Fig. 2.

same overall ratio. The electropherograms that resulted from
altering the BGE component ratio are shown in Fig. 3.
Increasing the HEPES-His ratio was expected to reduce the
overall ionic strength of the BGE as zwitterions are known not to
contribute to the ionic strength of a solution.** However, upon
incrementally increasing the ratio from 1:5 to 2 : 1 the reso-
lution of the histamine peak from tyramine and 2-phenyleth-
ylamine peaks improved with baseline resolution achieved
using a final ratio of 5:1 (Fig. 3). The increased resolution
observed was attributed to the ability of the zwitterions to
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Fig. 4 Electropherogram of a standard containing the biogenic
amines, namely histamine (10 mg L™, tyramine (10 mg L™ and 2-
phenylethylamine (10 mg L) using the final optimised BGE containing
50 mM HEPES and 5 mM histidine in 5% v/v isopropanol (pH: 6.03).
Operating conditions as in Fig. 2.

interact electrostatically with solvent and other charged mole-
cules® combined with the decreased pH achieved at higher
HEPES-His ratios.

To study the effect of increasing the overall BGE ionic
strength the molar concentration of HEPES and histidine was
increased incrementally whilst maintaining the previously
optimised ratio. A trend of greater resolution of the three BAs
was observed as the BGE molar concentration was increased
(see ESI Fig. S1t). However, increased resolution was at the
expense of peak height. As histamine was fully resolved from
tyramine and 2-phenylethylamine using the intermediate
concentrations of 50 mM HEPES and 10 mM histidine this BGE
was chosen for additional optimization. Further optimization
was performed by again investigating the ratio of HEPES-His at
the higher BGE concentration. Specifically, molar concentration
ratios of 5: 1,10 : 1 and 20 : 1 were trialled (see ESI Fig. S21). It
was found that a ratio of 10: 1 v/v corresponding to 50 mM
HEPES and 5 mM histidine provided optimum resolution and
peak heights for the analysis of histamine (Fig. 4).

Direct histamine quantification

After optimization of the BGE the developed ME method was
applied to a series of histamine calibration standards (1.07 mg
L' to 8.62 mg L") to determine its suitability for quantitative
histamine analysis. The resulting analytical figures of merit are
shown in Table 2. The relative standard deviation (%RSD) of
migration time was 1.32 (n = 15) reflecting the excellent
repeatability and analytical performance of the system for
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quantitative analysis. The linearity of the standard curve over
the evaluated concentration range was confirmed with an R?
value of 0.997. The instrumental limit of detection (LOD) and
limit of quantification (LOQ) are comparable to other reported
methods for the direct detection of histamine using electropho-
resis.”»*” Whilst more sensitive detection using indirect methods
with electrophoresis have been reported,”**** direct detection
using conductivity was considered advantageous as it does not
require lengthy histamine derivatization steps prior to analysis.
Further, the reported LOD (0.43 mg L") was only slightly higher
than LODs reported for the analysis of volatile aliphatic amines
in seafood (0.041-0.40 mg L™ ") using microchip electrophoresis
with C*D.*® However, the microchip fabrication and C'D elec-
trode integration approaches utilised in this work are consider-
ably simpler.” The reported LOD and LOQ were also considered
adequate for the determination of elevated histamine levels in
food and beverage samples. Combined with an efficient extrac-
tion procedure; the limits reported in Table 2 permit detection in
samples that contain histamine below the maximum allowed
levels in fish and fish products in the USA (50 pg g~ ").

Application: detection of histamine in fish flesh

The applicability of the developed microchip electrophoresis-
C"'D method was demonstrated through the determination of
histamine levels in fish flesh. To extract histamine from flesh
samples an extraction method reported by Hwang et al.,*® used
for the determination of histamine by GC-MS, was modified.
The adapted method extracted histamine from the flesh
samples into methanol alkalized with concentrated ammonia.
After evaporation of the supernatant, the extracts were recon-
stituted in water. SPE cleanup was then performed with the
analyte elution step performed using the optimised BGE. This
produced final matrix matched extracts for electro-kinetic
injection under non-stacking conditions.

Initially, recoveries of spiked yellowfin tuna samples were
determined to validate the extraction procedure outlined. Tuna
flesh samples were spiked with three different amounts of
histamine corresponding to a low, medium and high level in the
range 40-190 pg g . The histamine peak was confirmed by the
increased peak height observed after spiking (see ESI Fig. S37).
As shown in Table 3, tuna flesh used in this experiment initially
contained 17.7 & 0.7 pg g * of histamine. The mean recovery of
histamine using the standard extraction procedure ranged from
88.8 to 112.5% and all showed acceptable relative standard
deviation values (%RSD < 13%). These results strongly indicated
that the extraction procedure in conjunction with the electro-
phoretic separation and direct detection via C*D produced
reliable measurements of histamine levels in the yellowfin tuna
flesh samples.

Table 2 Analytical figures of merit for the quantitative determination of histamine using the developed ME-C*D method

Analyte Equation R

LOD (mg L)

LOQ (mg L) Migration time RSD (%)

Histamine y = 0.0073x — 0.0034 0.997

1806 | Anal. Methods, 2015, 7, 1802-1808
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Table 3 Spike and recovery determination of histamine from yellowfin tuna flesh

Histamine content (ug g ')

Sample Initial® Spike® Detected” Mean recovery” (%) RSD (%)
Tuna flesh 17.7 £ 0.7 43 £7 61 +38 100.8 12.8
92 £ 11 121 + 8 112.5 6.5
187 £ 5 184 £ 21 88.8 11.6

@ Each histamine determination was performed in triplicate and final amount is reported as mean + S.D. ? Recovery of spiked samples was
calculated using [(detected histamine content — initial histamine content)/spiked histamine content] x 100%.

Table 4 Histamine contents of various species of frozen fish
purchased from a local supermarket

Frozen fish sample Histamine content” (ug g~ )

Yellowfin tuna (Thunnus albacares) 17.7 £ 0.7
Atlantic salmon (Salmo salar) 43.4+ 5.0
Basa (Pangasius hypophthalmus) 63.3 + 3.3
Pacific cod (Gadus macrocephalus) 57.4 + 2.6

% Each histamine content determination was performed in triplicate
and final amount is reported as mean =+ S.D.

To demonstrate the versatility of the developed methodology
the histamine content of a number of additional frozen fish
samples, purchased at a local supermarket, were determined.
Table 4 shows that the fish samples analyzed contained hista-
mine levels ranging from 17.7 to 63.3 pg g '. Both Basa and
Pacific cod fillets contained histamine above the US FDA rec-
ommended 50 ug g~ however, all were well below (<65 pg g~ ')
the Australian and New Zealand food safety standards
maximum histamine content for decomposition of 200 ug g~
The significant advantage of employing microchip electropho-
resis coupled with C*D for this analysis was its simple instru-
mental setup with enhanced portability; which combined with
simplified sample preparation, negating lengthy histamine
derivatization, and a rapid electrophoretic separation (<50 s)
allowed fast analysis time frames.

Conclusion

We have demonstrated the first use of microchip electropho-
resis coupled with C*D for the direct analysis of histamine. This
approach negates the need for derivatization, required for the
detection of these analytes using optical detection techniques,
and incorporates the significant advantage of enhanced anal-
ysis portability for potential on-site analysis. The reported
method has comparative LODs with other direct detection
approaches and its suitability has been demonstrated for
histamine recovery in yellowfin tuna flesh samples. Further, we
demonstrated the versatility of this new approach by deter-
mining the histamine content in a number of frozen fish
samples purchased from a local supermarket. This approach
has the potential to be adapted for the determination of hista-
mine in other food and beverage samples and with further
extraction method development could result in its

This journal is © The Royal Society of Chemistry 2015

implementation for monitoring of food quality during pro-
cessing and storage.
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