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Development of a histamine
aptasensor for food safety
monitoring
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Histamine produced by bacteria through decarboxylation of histidine in spoiled foods such as fish is
known to cause food poisoning. Therefore, accurate and facile measurement of histamine is of practical
importance. Using the recently discovered RNA aptamer that specifically recognizes histamine (A1-
949 aptamer), we developed an aptasensor based on the structure-switching mechanism. Specifically,
the aptamer A1-949 was fluorescently labeled at the 5’ end and hybridized with a short quencher

DNA strand that is partially complementary to the aptamer. The quencher strand was modified with a
fluorescence quencher at its 3’ terminus. Displacement of the quencher strand upon histamine binding
results in an increased fluorescence. After optimizing the assay condition, the enantiomeric version

of the aptasensor (L-RNA and L-DNA) was synthesized which could detect the achiral analyte with
identical sensitivity and improved biochemical stability. The aptasensor performance was validated

by measuring fish samples spiked with known concentrations of histamine. Finally, histamine content
in spoiled fish samples was measured, and the results were compared with the measurements using a
commercial enzymatic assay kit.

Histamine is an important metabolite involved in a number of biological processes. For example, if improperly
handled, histamine can accumulate in fish and dairy products containing bacteria that can decarboxylate histi-
dine to produce histamine. Because histamine is heat resistant, its concentration does not decrease significantly
or can even increase during cooking!. Histamine levels in food products especially fish are monitored routinely
in the food industry to prevent food poisoning which can occur with histamine concentrations above 500 mg
per kg of fish (~4.5 mM)% FDA and European food regulations require that histamine concentrations in the
fish should not exceed 50 mg/kg and 100 mg/kg, respectively®. Histamine released from basophils isolated from
allergy patients is also used for diagnostic purposes (histamine release test)*. High level of histamine in plasma
and urine is an important indicator of anaphylactic shock®. Furthermore, measurement of histamine released by
cultured cells can benefit research in immunology and neuroscience®’.

Currently, the most popular commercially available assays for quantifying histamine in biological samples
are based on enzyme-linked immunosorbent assay (ELISA) or colorimetric enzymatic assay using histamine
dehydrogenase with approximate detection limits of 0.1 uM and 0.5 uM, respectively®-1. Although these methods
based on antibodies and enzymes are well established, dependence on recombinant proteins makes these con-
ventional assays costly and require careful storage and handling. Instrumental analysis using high-performance
liquid chromatography (HPLC)!!, mass spectrometry'?, and surface enhanced Raman spectroscopy (SERS)*® can
offer advantages such as high sensitivity, but such assays are time consuming and require sophisticated instru-
ments and skilled operators. Several small molecular probes for histamine have been reported but their applica-
tions have been limited”!*.

Aptamers are single stranded oligonucleotides (DNA or RNA) capable of molecular recognition. Aptamers
are usually selected in vitro from a pool of 10 to 10'® random sequences through a process called systematic
evolution of ligands by exponential enrichment (SELEX)'>. The target can be a small molecule, a protein, or even a
whole cell. As molecular recognition elements, aptamers offer several advantages over antibodies'®. For example,
aptamers can be chemically synthesized and thus are less costly to produce and more stable compared to antibod-
ies. Moreover, the predictable nature of nucleic acid hybridization has facilitated the development of numerous
strategies to engineer aptamers into sensors (aptasensors)'”.
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Figure 1. Histamine aptamer and aptasensor. (a) A1-949 aptamer sequence and the secondary structure
predicted by Mfold. (b) Schematic illustration of the histamine aptasensor design. The histamine aptamer (blue)
is fluorescently labeled at the 5 end, and it is hybridized with a quencher DNA strand. Binding of histamine to
the aptamer displaces the quencher strand resulting in an increased fluorescence. (¢) BHQ2-modified quencher
strands tested in this study.

On the other hand, development of aptamers that recognize molecules of practical importance still limit
broader applications of aptamers. In a previous study, we successfully selected an RNA aptamer (A1-949 aptamer)
(Fig. 1a) that can bind histamine with high affinity and specificity from a pool of 3 x 10" random sequences
through SELEX aided by deep sequencing'®. In the current study, we employed the A1-949 aptamer to engineer a
fluorescence-based aptasensor that can detect histamine concentration as low as 1 pM.

Results and Discussion

Optimization of histamine aptasensor based on structure-switching mechanism. The recently
discovered histamine aptamer A1-949 (Fig. 1a) binds histamine with a dissociation constant (Ky) of 370 nM while
associating with L-histidine with K4 > 20 pM based on isothermal titration calorimetry (ITC)'®. Based on the
putative secondary structure suggested by Mfold", structure-switching aptasensors were designed as illustrated
in Fig. 1b2%2L, Briefly, the A1-949 aptamer was chemically synthesized with a Cy5 fluorophore at the 5’ terminus
(Cy5-A1-949) (Fig. 1c). DNA sequences that are partially complementary to the 5’ region of A1-949 of varying
lengths were synthesized with a quencher (BHQ2) on the 3’ terminus (QueN: N=8, 10-15, 17) (Fig. 1¢). These
quencher strands quench Cy5 fluorescence when hybridized with Cy5-A1-949. When histamine binds to Cy5-
A1-949, the quencher strand is displaced, resulting in activation of Cy5 fluorescence (Fig. 1b).

First, the length of the quencher strand was varied from 8 to 17 nt. Cy5-A1-949 (5n1M) and an appropriate
quencher strand (50 nM, QueN) were mixed with or without histamine (10 pM) in the initial assay buffer (50 mM
HEPES, pH 7.0, 250 mM NaCl, 0.1 mM MgCl,, 0.01% Tween 20) and heated to 55 °C for 20 min. Cy5 fluorescence
was measured after cooling the mixture to room temperature. Que8, Quel0, Quell, and Quel2 showed high
fluorescence comparable to Cy5-A1-949 alone, indicating that these quencher oligos do not hybridize strongly
with the aptamer (Fig. 2a). Low fluorescence was observed with Quel7 with or without histamine, suggesting that
this quencher strand is strongly hybridized with Cy5-A1-949 and cannot be displaced by histamine. However,
Quel3 and Quel4 allowed moderate fluorescence increases in the presence of 10 pM histamine, up to 1.6- and
2.4-fold, respectively, (Fig. 2a). Therefore, we then varied Quel3 (Fig. 2b) and Quel4 (Fig. 2¢) concentrations.
We observed that 500 nM Quel3 results in an optimal 4.5-fold increase in fluorescence in the presence of 10 pM
histamine (Fig. 2b).

Next, we varied the MgCl, concentration and discovered that the aptasensor was not dependent on MgCl,. In
fact, high Mg?" concentrations degraded the sensor performance (Fig. 2d). We observed no significant change
in the sensor response in the NaCl concentration range 125-500 mM (Fig. 2e). Based on these results, we deter-
mined the optimal assay conditions as follows: Cy5-A1-949 (5nM), Quel3 (500nM), HEPES (50 mM, pH 7.0),
NaCl (250 mM), EDTA (1 mM), and Tween-20 (0.01%).

Aptasensor specificity and sensitivity. Specificity of the aptasensor under the optimized assay condi-
tions was evaluated by observing its responses to a range of biochemically relevant compounds. D-histidine, imi-
dazole, spermidine, and methylamine did not show detectable fluorescence increase at 100 uM while L-histidine
showed a modest increase (1.7-fold) (Fig. 3). The sensor performance was further evaluated in the presence of
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Figure 2. Optimization of the aptasensor design and assay conditions. Cy5-A1-949 concentration was 5nM

in all experiments shown. (a) Evaluation of the quencher strands depicted in Fig. 1C. QueN concentration was
50 nM. (b) Optimization of Quel3 concentration. (c) Optimization of Quel4 concentration. (d) Optimization
of MgCl, concentration with Quel3 (500 nM) as the quencher strand. (e) Optimization of NaCl concentration

with Quel3 (500nM) as the quencher strand. The reported values are averages of at least 3 technical replicates
and the error bars show standard deviations.

varying concentrations of histamine and histidine stereoisomers (Fig. 4a,b). The aptasensor could detect his-
tamine concentration as low as 1 pM. Although the aptasensor displayed an appreciable response at 1000 pM

L-histidine, the signal was lower than that of histamine at 5 M. Moreover, the aptasensor showed negligible
response to D-histidine even at 1000 pM (Fig. 4a).

SCIENTIFICREPORTS|  (2019)9:16659 | https://doi.org/10.1038/s41598-019-52876-1


https://doi.org/10.1038/s41598-019-52876-1

www.nature.com/scientificreports/

4000 -
N ANH2
<]
W
H
-~ 3000 —
2
<
Q
2 2000
@
@
g N- \HOKOH N /?Lon <5‘W (N, H.CoNH
! (S e Wl e e
1000 H H
,L m A

None Histamine  L-Histidine D-Histidine

Imidazole

Added compound (100 puM)

Spermidine Methylamine

Figure 3. Specificity of the aptasensor. Responses of the aptasensors to histamine, L-histidine, D-histidine,
imidazole, spermidine, and methylamine were measured at 100 pM. The reported values are averages of at least
3 technical replicates and the error bars show standard deviations.
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Figure 4. Dose-dependent responses of the aptasensors to histamine and histidine stereoisomers. Aptasensor
Cy5-A1-949/Quel3 in (a) semi-log plot and (b) linear plot at the low concentration range. Mirror-image
aptasensor Cy3-A1-949*%/Quel3* in (c) semi-log plot and (d) linear plot at the low concentration range. The
reported values are averages of at least 3 technical replicates and the error bars show standard deviations.

Mirror-image aptasensor displays improved selectivity against L-histidine.

RNA is highly sus-

ceptible to ribonucleases which are widely found in environmental and biological samples. Therefore, aptasen-
sors based on RNA aptamers are limited in their practical applications. Since histamine is achiral, however, an
aptamer entirely composed of L-ribonucleotides should display an identical affinity to histamine. Such L-RNA
aptamers and aptasensors have been shown to be highly resistant to nucleases and stable in biological sam-
ples??~%°. Therefore, the A1-949 aptamer sequence was synthesized using L-ribonucleotides modified with a Cy3
fluorophore at the 5" end (Cy3-A1-949*). Corresponding quencher DNA (Quel3*) was also synthesized using
L-deoxyribonucleotides with a BHQ2 modification at the 3’ terminus. The mirror-image (L-) aptasensor was
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Recovered concentration
Hi i (pmol/kg) % Recovered
(umol/kg) Sample 1 Sample 2 Sample 1 | Sample 2
0 16+1 17+1
200 226+45 218+44 113423 109422
500 520+27 502+23 104+£5 10045
1000 1000+112 1147 +56 100411 115+6
2000 20854249 19854296 104+12 99+15
5000 4403 566 4017 461 88+ 11 80+9

Table 1. Recovery of histamine spiked in fresh tuna samples. Two tuna samples were measured at each spiked
histamine concentration. The values are averages and standard deviations of 5 wells.

Four-day-old Histamine dehydrogenase kit | L-aptasensor
spoiled tuna meat | (umol/kg) (pmol/kg)
Sample 1 39024261 38881765
Sample 2 3906 +237 40214523

Table 2. Measurement of histamine in spoiled tuna by the L-aptasensor and a commercial enzymatic assay kit.
Two tuna samples were measured by the two methods. The numbers are averages and the standard deviations of
3 measurements for the histamine dehydrogenase kit, and 8 measurements for the L-aptasensor.

evaluated using histamine and histidine stereoisomers (Fig. 4c,d). As expected, the response to histamine by the
L-aptasensor was comparable to that of the original sensor. More importantly, the L-aptasensor showed negligible
response to L-histidine as expected from the inversion of the sensor’s stereochemistry. The improved selectivity
of the L-aptasensor against the proteinogenic L-histidine further benefits applications of the sensor for the food
industry (Fig. 4c).

Quantification of histamine in spiked fish samples. To demonstrate the performance of the
L-aptasensor in a practical setting, we used the sensor to measure fish samples spiked with known concentra-
tions of histamine. We obtained fresh tuna meat which is frequently associated with histaminosis and routinely
screened for possible histamine contamination®. Raw tuna pieces were spiked with various histamine concentra-
tions, heated, homogenized, and processed by ultrafiltration to remove macromolecules. The extracted histamine
samples were assayed by the L-aptasensor as described above. The results indicate that the aptasensor shows a
good response to the histamine-spiked tuna extract (Table 1). Moreover, we measured naturally produced hista-
mine in spoiled tuna samples using the L-aptasensor and a commercial histamine assay kit based on histamine
dehydrogenase. The two methods yielded comparable results (Table 2).

Histamine aptamers and aptasensors. Selection of DNA histamine aptamers have been recently
reported by Mairal Lerga et al.?®. A notable difference in their selection method was the use of histamine immo-
bilized via the amino group whereas we immobilized L-histidine leaving both the imidazole and the amine avail-
able for the aptamers to interact with. While the reported K, values of 3~34nM are impressive, these values were
acquired by indirect binding assays using immobilized histamine as the binding target. The reported histamine
assay was also based on competitive binding of the selected aptamer to the immobilized histamine in the pres-
ence of the analyte, followed by washing and enzymatic signal development. Our histamine aptasensor used
the A1-949 aptamer whose binding with histamine and selectivity against L-histidine was directly character-
ized in solution by ITC'®. In this work, we further demonstrated the specificity of the aptasensor against five
additional compounds structurally related to histamine (Fig. 4). Consequently, it is highly likely that A1-949
and the aptasensor recognize both the imidazole and amine groups of histamine. The aptasensor based on the
structure-switching mechanism also allows homogenous detection of histamine which is convenient in practical
settings.

Conclusion

We developed a robust histamine aptasensor based on the structure-switching mechanism. The achiral nature of
histamine allowed us to use L-RNA and L-DNA strands to construct the aptasensor which resulted in enhanced
biochemical stability and improved selectivity against L-histidine. The aptasensor could reliably detect histamine
concentrations as low as 1 pM, and it was used to detect histamine in tuna samples.

Methods

Oligonucleotides. The histamine-binding RNA aptamer labeled with Cy5 at the 5’ end (Cy5-A1-949) and
3’ BHQ2-labeled DNAs (QueN: N=38, 10-15, 17) were purchased from FASMAC and Macrogen, respectively
(Fig. 1c). The 5’-Cy3-labeled RNA aptamer (Cy3-A1-949*) and 3’ BHQ2-labeled DNA (Quel3*) in L-nucleotides
were synthesized by GeneDesign.
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Aptasensor-based assay of histamine. Both the fluorescently labeled aptamer Cy5-A1-949 and the
quencher DNA QueN were stored as 100 pM stocks at —80 °C. Unless otherwise indicated, Cy5-A1-949 was
diluted to 5.5nM and QueN was diluted to 550 nM in the appropriate assay buffer. Aliquots (90 pL) of Cy5-Al-
949 and QueN solution were dispensed in the wells of a black non-binding 384-well microplate (Greiner) and
the histamine samples (10 pL) prepared in the same buffer were added to each well. The plate was incubated at
55°C for 20 min and then cooled at room temperature for 1 h. Subsequently, fluorescence was measured at 650 nm
excitation and 670 nm emission using M1000 PRO microplate reader (Tecan). Measurements employing the
L-enantiomer sensor oligonucleotides Cy3-A1-949* and Quel3* were performed using a total assay volume of
50 pL instead of 100 pL, and with 550 nm excitation and 570 nm emission.

Measurement of spiked histamine in tuna samples using the L-aptasensor. Fresh skinless pieces
of tuna fish were purchased at a local market and stored at —20 °C until use. The meat was cut into ~0.5 g pieces,
weighed precisely and kept in 5 mL Eppendorf tubes. Histamine was added at an appropriate concentration in
4.5mL assay buffer (50 mM HEPES, pH 7.0, 250 mM NaCl, 1 mM EDTA). Two samples were prepared for each
histamine concentration tested. The mixture in each tube was then homogenized, vortexed, and heated to 90°C
for 20 min. The samples were centrifuged and the supernatants were collected. The supernatants were then filtered
through 1 kDa-cutoff ultrafiltration devices (PALL Microsep Advance Centrifugal Device, 1K, 5mL) to remove
macromolecular components. Five microliters of the filtrate or the standard samples which were prepared in the
same assay buffer, were then added to 45 pL of the L-form aptasensor solution (50 mM HEPES, pH 7.0, 250 mM
NaCl, 1 mM EDTA, 0.01% Tween 20) in the assay wells as described above without further dilution. The standard
curve was fitted to a cubic function (Supplementary Fig. S1) which was used to calculate the histamine concen-
trations of the spiked samples.

Measurement of histamine in 4-day old spoiled tuna samples. Approximately 1.5~2.0 g pieces of
tuna fish meat were incubated at 30 °C inside 15mL tubes for 4 days. Each sample was then diluted with an equiv-
alent volume (100 uL for every 100 mg of tuna) of the assay buffer (50 mM HEPES, pH 7.0, 250 mM NaCl, 1 mM
EDTA), vortexed, homogenized, and processed as described above. Due to the high histamine concentration in
these samples, they were diluted 50-fold and 100-fold, and 5 pL aliquots of these dilutions or the standard sam-
ples were added to 45 uL of the L-form aptasensor solution (50 mM HEPES, pH 7.0, 250 mM NaCl, 1 mM EDTA,
0.01% Tween 20) in the assay wells. The standard curve was fitted to a cubic function (Supplementary Fig. S1)
which was used to calculate the histamine concentrations of the tuna samples. Similarly, 5- and 10-fold sample
dilutions were used to measure the histamine content using a commercial histamine-dehydrogenase based kit
(BioAssay Systems, EnzyChrom Histamine Assay Kit) according to the manufacturer’s instructions.
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