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A high-throughput plasmonic tongue using an
aggregation assay and nonspeciﬁc interactions:
classiﬁcation of taste proﬁles in maple syrup†
Simon Forest, Trevor Théorêt, Julien Coutu and Jean-Francois Masson

*

A simple colorimetric test detects oﬀ-ﬂavour proﬁles of maple syrups in minutes, which are detectable by
the naked eye. As ﬂavour proﬁles are due to complex mixtures of molecules, the test uses nonspeciﬁc
interactions for analysing the aggregation and color change of Au nanoparticles (AuNPs) induced by
the diﬀerent organic molecules contained in oﬀ-ﬂavour maple syrup. The test was optimal with 13 nm
citrate-capped AuNPs reacting 1 : 1 with pure maple syrup diluted 10 times. Under these conditions,
normal ﬂavour maple syrups did not react and the solution remained red, while oﬀ-ﬂavoured maple
syrups aggregated the AuNPs and the solution turned blue. Diﬀerent classes of molecules were then
tested to evaluate the types of compounds typically found in maple syrups reacting in the test,
showing that sulfur- and amine-containing amino acids and aromatic amines caused aggregation of
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the AuNPs. The test was validated with 1818 maple syrup samples from the 2018 harvest in Quebec
and 98% of the oﬀ-ﬂavoured maple syrups were positively identiﬁed against the standard taste test.
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Preliminary tests were performed on site in maple sugar shacks to validate the applicability of the test
on the production site.

Introduction
Maple syrup, one of the most widely recognized products of
Canada, is produced by boiling sap from Acer saccharum (sugar
maple tree) harvested during the snow melt days in the Spring
season. Organic molecules are transformed in the boiling
process that concentrates the sap about 40 times to yield maple
syrup. Flavour proles are associated with broad classes of
organic molecules1 including phenols,2 pyrazines,3–6 minerals,1
organic acids,1 and amino acids7 that account for only 1% of the
content of maple syrup, where the bulk is 66% sugar (mostly
sucrose) and 33% water.1 The taste of maple syrup can change
depending on environmental factors,8 sap pre-treatment, the
boiling process and on how late in the season the sap is harvested among other factors.9 The diﬀerent climate proles of
recent years led to the occurrence of a taste defect associated
with the emergence of buds in Acer saccharum.10 If this taste
defect is present, maple syrup can be downgraded to industrial
quality with economic impacts.10
To ensure that the best quality maple syrup enters the retail
market, its production is quality controlled by a series of tests
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to determine the colour (transmittance), presence of lead, oBrix
(sugar content by refractometry) and complemented with
a taste test performed by trained technicians to assure that
commercial maple syrups are properly classied and has the
normal avour expected for maple syrup.10 In some cases,
technicians are assisted in the classication with uorescence
spectroscopy to evaluate the prole of the uorescent organic
molecules in maple syrup, which is used to classify it into
normal or oﬀ-avour categories (including buddy taste
defects).11 However, there is still no rapid test that can be used
in high-throughput 96-well plates or at maple sugar shacks
(production sites) by producers to assess the presence of oﬀavours in maple syrup.
Colorimetric tests are simple and eﬀective to parallelize and
perform analysis using multi-well plates or on site by untrained
personnel. However, classical organic dyes for colorimetric tests
are unsuited to monitor the complex changes in avour proles
of maple syrup. One could use extensive chromatographic and
mass spectrometric analysis of syrups, but it is impractical in
the context of rapid classication of a yearly production of
300 000 barrels in a few months or for on-site evaluation of
maple syrup at sugar shacks. As an alternative for organic dyes
for colorimetry, plasmonic sensors are especially interesting as
they can be congured for naked eye detection12 or are easily
amenable to 96 well plate assays.13,14
Plasmonic sensors are based on the resonant interaction of
light with the conducting electrons of a noble metal nanostructure leading to strong absorption band(s) in the visible to
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near infrared spectrum.15 When two or more nanoparticles
cluster, plasmonic coupling occurs and leads to a stark change
in resonance wavelength, and thus in colour. This optical
phenomenon has been extensively studied for targeted analytes
by specically functionalizing AuNPs to capture the analyte and
cause aggregation.16 However, in the context of detecting
changes in the avour proles of a broad range of molecules,
a non-specic colorimetric test is more appropriate than
a molecularly-targeted analytical test.
The use of nonspecic interactions for chemical analysis
with plasmonics is highly interesting to analyse complex
mixtures. The nonspecic interactions with arrays of surfaces
can lead to patterns that are distinctive of a sample, a method
oen used in articial noses/tongues.17 Plasmonic-based noses/
tongues can diﬀerentiate between types of samples, for example
normal cells from cancer cells,18 proteins,19,20 among others. A
recent paper demonstrated the use of diﬀerent surface chemistries on an array of plasmonic substrates to detect the
diﬀerent signatures of Scottish whisky,21 showing the potential
of this approach for avour proling. We extend here the
concept of non-specic interaction monitoring to use the
aggregation of a AuNP suspension to discriminate normal and
oﬀ-avour proles to classify maple syrup.

Experimental
Au nanoparticle synthesis
AuNPs of diﬀerent shapes and sizes were synthesized. In all
cases, all glassware was rst cleaned with aqua regia (Caution!
Aqua regia is highly corrosive) and thoroughly rinsed with water
until the pH of wash water becomes neutral.
Spherical AuNPs were synthesized according to the Turkevitch method.22 To a volume of 200 mL of ultrapure water, 68 mg
of gold chloride trihydrate (99.9% pure, metal basis, SigmaAldrich Canada) was added and brought to a boiling point
under vigorous stirring. Then, 20 mL of sodium citrate dihydrate (20 mg mL1) was added under continuous boiling and
stirring for 10 minutes. Heating was then removed and the
solution was le to cool to room temperature.
Gold nanostars were prepared according to a published
procedure23 by adding 40 mL of a 100 mM HEPES pH 7.4
aqueous solution to 100 mL of ultrapure water and stirred
slowly at room temperature. Then, 80 mL of an aqueous gold
chloride solution (250 mM) was added and stirred until
reagents were mixed. Stirring was then stopped and the nanostars were le to grow at room temperature for two hours. The
reaction was completed when a turquoise blue colour appeared.
Au nanoraspberries were synthesized according to an existing protocol.24 In this case, 3 mL of the 100 mM HEPES pH 7.4
solution was added to 100 mL of ultrapure water. The solution
was stirred at room temperature momentarily and 100 mL of
a 250 mM gold chloride solution was added under continuous
stirring for 2 hours at room temperature. The reaction was
completed when the solution became burgundy-brown in
diﬀusion and blue in transmission. The UV-Vis spectra of all
nanoparticles were then acquired. All AuNPs were stored at 4  C
until use.
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Test optimization
The AuNPs were diluted in an equal volume of water before use.
The stability of the diﬀerent shapes of AuNPs in maple syrup
was evaluated with UV-Vis spectroscopy at a dilution ratio of
1 : 9 (syrup : water) and then an equal volume of the AuNP
suspension was added. The UV-Vis spectra were acquired from
400 to 800 nm at diﬀerent times for up to 30 minutes. The
dilution factor, reaction time, and pH were then optimized
under otherwise identical conditions.
Selectivity test
To evaluate the molecular classes potentially causing AuNP
aggregation, a panel of 25 molecules was tested in water,
a 66oBrix sucrose solution and in good grade maple syrup. Most
of these molecules were previously detected in maple syrup,
while others are putative compounds of maple syrup. These
included amino acids, aromatic amines, polyphenols, and other
organic molecules. Aggregation was tested at 500 nM, 5 mM, 50
mM and 500 mM for each of these molecules in water, sugar
solution and maple syrup.
To handle a large number of samples, the test was adapted to
a multi-well plate reader, where 96 well plates were employed to
provide high-throughput. The UV-Vis absorbance was then
measured on a wavelength scanning plate reader at 520 and 625
nm (Innite M200 Pro, Tecan Group Ltd.) and then scanned to
obtain a photograph of the plate (Perfection V500 Photo,
Epson).
Validation of the test
The test was validated with a series of 1818 maple syrup samples
provided by Quebec Maple Syrup Producers (QMSP), coming
from diﬀerent production regions, with diﬀerent darkness and
avour proles. Once again, the tests were carried out in 96-well
plates and measured with a plate reader under identical
conditions to those stated above. Prior to the test, these samples
were graded by the Centre ACER (Inspection division), where
the transparency of the maple syrup was measured at 560 nm,
the oBrix was measured with refractometry and a taste test was
performed by trained technicians to identify the diﬀerent
avour proles of the maple syrup samples. The colorimetric
test results were compared with the grade assigned to each
maple syrup to evaluate the predictability of the colorimetric
test to detect oﬀ-avours in maple syrup.

Results and discussion
Maple syrup contains ppb to ppm levels of a series of organic
compounds.1 Among these, it has been revealed that amino
acid25 and small organic thiol10 levels can be increased in the
late harvest. Some of these molecules have been putatively
associated with the emergence of buddy or oﬀ-avour maple
syrups, more specically dimethyldisulde (DMDS).10 In
addition, maple syrups can contain aromatic amine molecules that are associated with the pyrazine family.3,4 Molecules that contain thiols and other types of sulphur
compounds,26 as well as aliphatic27 and aromatic28 amines,
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albeit less strongly than thiols, can bind to gold surfaces. If
hydrophobic molecules containing thiols or amines, among
others, bind to aqueous AuNP suspensions, they can cause the
aggregation of AuNPs leading to a stark colour change of the
solution. Hence, the elevated presence of such molecules in
oﬀ-avour maple syrups could be used to detect this taste
defect.
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Stability of AuNPs in maple syrups
The stability of diﬀerent AuNPs was tested in normal avour
maple syrups under diﬀerent conditions to evaluate the
potential of using AuNPs in this matrix. The Au nanoparticles
were synthesized according to our standard protocols29 based
on published procedures.22–24 To avoid rapid aggregation of the
AuNPs in maple syrup, a 10 times dilution was necessary prior
to adding an equal volume of AuNP suspension (Fig. 1), which
corresponds to a sugar concentration of 3% in the solution
analysed (approximately 3 oBrix). Otherwise, a large response in
the UV-Vis spectra was observed at wavelengths greater than 600
nm for smaller dilution factors, indicative of aggregation of the
solution. Greater dilution factors would lead to further dilution
of the organic molecules, decreasing the sensitivity of the
aggregation test for detecting compounds associated with oﬀavours. Thus, maple syrup was always diluted 10 times for the
remaining experiments.
Nanoparticles of diﬀerent shapes were then tested to evaluate the impact of shape on the stability in maple syrup. Au
nanospheres of 13 nm were very stable for at least 30 minutes in
maple syrup (Fig. 1). However, nanoraspberries showed partial
aggregation, which is conrmed by the presence of a signicant
shoulder in the UV-Vis peak at longer wavelength (black dotted
line in Fig. 1). The nanostars rapidly precipitated out of solution
under these conditions and a nearly null absorbance spectrum
was measured aer 30 minutes. Thus, Au nanospheres were
selected for the remainder of the experiments.
The pH of maple syrup typically varies between 5.6 and 7.9
depending on the composition in organic acids,30 while most
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maple syrups have a relatively narrow pH range between 6 and
7. The stability of the nanoparticles was thus measured for 10
minutes in water, 66% sucrose, and maple syrup for which the
pH was adjusted from 2.5 to 10 (Fig. 2). While the AuNP
suspensions in water and sucrose remained stable for all pHs,
the pH of maple syrup played a role in the stability of the
AuNPs. A low pH of 2.5 and 4 or a high pH of 10 induced mild
aggregation of the AuNPs, as seen from the emergence of
a shoulder on the plasmon resonance of the AuNPs. At the
pHs normally encountered for maple syrups, the AuNPs were
stable in the 10 diluted maple syrup samples. This experiment provides an indication that the aggregation of AuNPs is
partly driven from acidic and basic molecules contained in
the maple syrup and that sucrose does not react with the
AuNPs.
Detection of oﬀ-avour in maple syrups
The emergence of oﬀ-avours due to buddy sap is important to
control for the maple syrup industry. Currently, the detection of
these oﬀ-avours is performed by uorescence spectroscopy
and tasting by trained technicians. These steps are performed
in the context of classication aer the production in centralized facilities. Providing the producers a simple tool for
detecting oﬀ-avours could help them manage production and
facilitate the classication by the trained technicians by
providing them another objective tool to assess the presence of
oﬀ-avours.
A 10 diluted maple syrup sample classied as oﬀ-avoured
with the presence of a buddy taste was reacted with the AuNPs.
A rapid rise of the absorbance at 625 nm was observed within
seconds with a concomitant change of colour from red to blue
of the sample (Fig. 3). The Au nanoparticles remained stable in
a normal avoured sample and the solution stayed red. While
the test can be evaluated with the naked eye, a normal avoured
maple syrup sample is red and oﬀ-avoured with buddy taste is
blue coloured, we anticipated early on that the test would lead
to a series of diﬀerent shades of colours between red and blue.

(Left) Stability of good ﬂavour maple syrup at diﬀerent dilution factors with spherical Au nanoparticles. The appearance of a large peak at
>600 nm is indicative of aggregation. (Right) UV-Vis spectra of AuNPs of diﬀerent shapes in water (solid lines) and mixed with a good maple syrup
at a dilution of 10 with an equal volume of AuNPs (dashed lines).

Fig. 1
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Stability of AuNPs at diﬀerent pHs in water (Left), 66% aqueous sucrose solution (Center) and maple syrup (Right). The sucrose and maple
syrup samples were diluted 10 and mixed 1 : 1 with AuNPs. pH 2.5: solid red trace; pH 4: dashed red trace; pH 6: dashed black trace; pH 8: solid
black trace; and pH 10: dotted red trace.

Fig. 2

Fig. 3 (Left) UV-Vis spectra of the AuNP aggregation tests in the presence of normal (solid line) and oﬀ-ﬂavour (dashed line) maple syrup
samples. The large spectral shift in the presence of the oﬀ-ﬂavour maple syrup and colour change of the solution are indicative of strong
aggregation of the AuNPs with oﬀ-ﬂavour maple syrup samples. (Right) UV-Vis spectra of a very dark, strong taste maple syrup (black trace,
diluted 10 – original transmission of 15% at 560 nm), the AuNP reagent (red trace) and the result of the colorimetric test (green trace) for the
very dark, strong taste maple syrup. The presence of a strong absorption background from the maple syrup causes the test to turn a greyish green
colour and cause uncertainty of the test.

As such, a simple numerical value derived from the diﬀerence in
absorbance at 625 and 520 nm is proposed. Strongly aggregated
AuNPs lead to an absorbance higher than the one at 520 nm,
while unaggregated AuNPs lead to an opposite result. Hence,
the diﬀerence in absorbance at those wavelengths would be
positive for an oﬀ-avour maple syrup sample (positive test) and
negative for a normal maple syrup sample (negative test). Other
wavelengths were tested with no improvement in the performance of the test.
To validate that the aggregation of AuNPs and absorbance
diﬀerence could be used in detecting the presence of oﬀavours in maple syrups, we conducted a small-scale test
with a few tens of normal and oﬀ-avour maple syrup. These
samples were previously graded by trained technicians.
Maple syrups from the province of Quebec are primarily
classied by the transmittance at 560 nm and their taste
prole.31 Syrups with greater than 75% transmittance are
labelled golden, delicate taste, the ones between 50% and
75% are amber, rich taste, from 25% to 50% are classied
dark, robust taste and the ones of less than 25% transmittance are labelled very dark, strong taste. As the

Anal. Methods

transmittance from the maple syrup could lead to a change
in absorbance, we carried out the colorimetric test with
diﬀerent grades of maple syrups. Golden, delicate taste,
amber, rich taste, and dark, robust taste maple syrups
classied as normal avoured did not react in the test as
these samples had negative values for the diﬀerential
absorbance and the solution remained red (Fig. 4). However,
all samples classied with avour defects associated with
the buddy taste showed extensive aggregation of the AuNPs
(solution turned blue) and the diﬀerential absorbance was
positive.
Very dark, strong taste maple syrup samples were challenging to detect, as the residual absorbance is non-negligible even with a 10 dilution (Fig. 3). Hence, the diﬀerential
absorbance value of these maple syrups is skewed from the
high background and the colour observed from very dark,
strong taste maple syrups with defects had a more greyish
green hue. As these samples only represent a small fraction of
the yearly production in Québec (less than 5%), these
samples were classied separately from other categories as
sappy taste – green.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (Left) Analysis of normal and oﬀ-ﬂavour maple syrup samples with the colorimetric test. The absorbance diﬀerence was read by subtracting the absorbance at 520 nm from the absorbance at 625 nm. A normal ﬂavour syrup sample led to higher absorbance at 520 nm than at
625 nm, while the opposite was observed for oﬀ-ﬂavoured maple syrup samples. G: golden, delicate taste, A: amber, rich taste, D: dark, robust
taste, and OF: oﬀ-ﬂavour. (Right) Correlation plot of the concentration of DMDS in maple syrup samples and the absorbance diﬀerence read with
the colorimetric test. Tests were replicated 3 times (n ¼ 3).

Putative molecular origins of oﬀ-avours and the test reaction
In an attempt to explain the molecular origins of the aggregation of nanoparticles, we evaluated a series of diﬀerent molecules within broad classes of molecules that were identied in
maple syrup samples. DMDS has been identied as one of the
putative sources of the emergence of the buddy taste in maple
syrup.10 As a disulphide, DMDS can react at low concentrations
with AuNPs, displacing the citrate capping agent and potentially
causing their aggregation. A series of head space solid-phase
microextraction (HS-SPME) coupled to GC-MS analysis was
performed to quantify DMDS in a series of oﬀ-avoured maple
syrups according to a recently published procedure.10 All the oﬀavoured maple syrup samples led to a positive colorimetric test
with the AuNPs, while the DMDS concentration detected in
these syrup samples varied from low ppb to more than 100 ppb
(Fig. 4). However, no correlation between the colorimetric test
and GC-MS analysis could be established.
To validate whether DMDS reacted in the colorimetric test,
normal avoured maple syrup samples were spiked with
increasing concentrations of DMDS (0.5, 5, 50 and 500 mM – 47
ppb, 0.47 ppm, 4.7 ppm and 47 ppm, respectively, for DMDS).
The colorimetric test was also performed in water and 66%
sucrose solution for comparison. The minimal concentration

required to induce a change in the colorimetric test was 4.7 ppm
or 50 mM for DMDS (Fig. 5K and Table 1), a concentration nearly
20 times higher than the largest concentration reported in
maple syrup samples. It is interesting to note that the test
turned blue in water, sucrose and maple syrup, albeit less
strongly in maple syrup (a more purplish hue was observed
instead of a greyish blue hue). Therefore, maple syrup seems to
decrease the reaction of DMDS on AuNPs and is not the main
molecule causing the aggregation of the AuNPs with oﬀ-avoured maple syrup samples.
A more extensive survey of molecules was then undertaken. We attempted to measure the SERS response of
aggregated AuNPs, but only a weak carbon signal with no
distinctive features was obtained (Fig. S1†). We measured the
zeta potentials of the blank AuNPs (22  7 mV), of the
AuNPs reacted with normal avor (12  4 mV) and oﬀavour (22.4  0.5 mV). This indicated that the molecular
mechanism of aggregation of oﬀ-avour compounds may
involve charged molecules to a greater extent than normal
avor maple syrups. Then, a series of amino acids were
spiked at the same molar concentrations as for DMDS in
normal avour maple syrup samples. A shi in amino acid
proles was recently seen in oﬀ-avoured maple syrup
samples.9 Glutamine, glycine, glutamic acid, and serine did

Fig. 5 Images of the multi-well plates for the evaluation of the aggregation from diﬀerent organic molecules: (A) methionine, (B) glutamine, (C)
histidine, (D) glycine, (E) glutamic acid, (F) cysteine, (G) lysine, (H) serine, (I) pyrazine, (J) 4-mercaptopyrazine, (K) DMDS, (L) adenosine, (M) purine,
(N) imidazole, (O) pyridine, (P) glucose, (Q) homovannilic acid, (R) mandelic acid, (S) benzylmalonic acid, (T) 2-pyrazine carboxylic acid, (U)
phenol, (V) 3-methoxy phenylacetic acid, (W) 4-aminophenylacetic acid, and (X) vannilin.
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Screening assay for diﬀerent organic molecules inducing aggregation of the AuNPs
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Concentration inducing aggregation/solution
Compound

Detected in maple syrup

Water

Sucrose

Maple Syrup

Methionine
Glutamine
Histidine
Glycine
Glutamic acid
Cysteine
Lysine
Serine
Pyrazine
4-Mercapto-pyrdine
DMDS
Adenosine
Purine
Imidazole
Pyridine
Glucose
Mandelic acid
Benzylmalonic acid
2-Pyrazine carboxylic acid
Phenol
3-Methoxy phenylacetic acid
4-Amino-phenyl acetic acid
Vannilin
Homovanillic acid
Allantonin

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Derivatives only
No
No
Yes
No
No
No
No
No
No
Yes
No
Yes

Stable
Stable
Stable
Stable
Stable
500 mM
Stable
Stable
Stable
5 mM
50 mM
50 mM
Stable
5 mM
5 mM
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable

500 mM
Stable
Stable
Stable
Stable
500 mM
Stable
Stable
Stable
5 mM
50 mM
50 mM
Stable
50 mM
50 mM
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable

0.5 mM
Stable
5 mM
Stable
Stable
0.5 mM
500 mM
Stable
Stable
5 mM
50 mM
5 mM
5 mM
50 mM
50 mM
Stable
Stable
Stable
500 mM
Stable
Stable
Stable
Stable
Stable
Stable

not react with the AuNPs in any solutions. Methionine and
cysteine reacted at concentrations of 0.5 mM, histidine at 5
mM and lysine at 500 mM in maple syrup samples. The
concentration at which the test reacts follows the same trend
as the strength of adsorption on Au, where thiols and sulfur
compounds react strongly with Au, more than aromatic
amines and followed by aliphatic amines. In addition,
combined with the fact that other amino acids tested did not
react suggest that the side chains of the amino acids are the
primary point of contact with the AuNPs. In addition, it is
interesting to note that the concentrations required for the
test to react were signicantly greater in sucrose and in water,
where only the sulphur-containing amino acids reacted at
500 mM. Methionine did not even react in water. This also
suggests a synergistic eﬀect in the aggregation of the AuNPs
caused by the numerous constituents of maple syrup. In
addition, the concentrations of these amino acids in maple
sap are on the order of mid-nanomolar to low micromolar in
maple sap,9 strengthening the argument that these amino
acids can play a role in the detection of oﬀ-avours in maple
syrups.
Aromatic amines were then tested to evaluate their impacts
on the colorimetric test (Fig. 5 and Table 1). Pyrazine, 4-mercaptopyridine, adenosine, purine, imidazole, and pyridine were
doped into normal avour maple syrup samples and to water
and 66% sucrose solutions. Most of these compounds were
previously detected in maple syrups,32 but were only qualitatively identied.33 From these compounds, only pyrazine did
not react with the AuNPs. 4-Mercaptopyridine, adenosine, and
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purine caused the aggregation of the AuNPs at a concentration
of 5 mM, while imidazole and pyridine needed a concentration
of 50 mM for inducing the colour change of the test. In this case,
almost all of these compounds (except purine) reacted also in
water and 66% sucrose solution in similar concentrations, and
in some cases more strongly in water. Hence, the aromatic
amines can also be a putative class of molecules causing
aggregation in the test. It is interesting to note that these
compounds are found in thermally processed food products
and contribute to avour.34
A series of oxygen-containing molecules including organic
acids were then tested (Fig. 5 and Table 1). All these molecules
did not react with the AuNPs, with the exception of 2-pyrazine
carboxylic acid, which reacted at 500 mM with AuNPs only in
maple syrup. It is interesting to note that this compound is also
an aromatic amine, and thus is expected to react at that
concentration range. Thus, the organic acids, other sugars
(glucose) or other oxygen-containing organic molecules do not
seem to react in the test.
The colorimetric test reacts to a series of amino acids and
aromatic amines that can synergistically bind with the AuNPs to
aggregate them. While these compounds are identied to react
in the test, this does not constitute evidence of their implication
in the buddy taste, even though they were previously detected in
maple syrup samples and in some cases in maple syrup samples
with the buddy taste defect. More in-depth molecular studies
will be needed to provide further causal eﬀects of these molecules and others yet to be identied in the maple syrups with
buddy defects.
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Results from the analysis of 1818 maple syrup samples (samples were selected to have a high proportion of oﬀ-ﬂavour samples for
validation)
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Table 2

Colorimetric test classication

Oﬀ-avor (VR5) samples
according to Centre ACER (%) (n ¼ 1056)

Good tasting samples
according to Centre ACER (%) (n ¼ 762)

Negative
Positive
Uncertain/transition point
Sappy taste (green)

2 (n ¼ 21)
83 (n ¼ 878)
5 (n ¼ 56)
10 (n ¼ 101)

69 (n ¼ 530)
17 (n ¼ 129)
8 (n ¼ 60)
6 (n ¼ 43)

Large scale test of the colorimetric test with maple syrup
samples from the 2018 season
To validate the colorimetric test, approximately 1818 samples
of maple syrup were obtained from the Quebec Maple Syrup
Producers (QMSPs). The samples contained a large number of
oﬀ-avour maple syrup samples of diﬀerent grades (transmittance) to validate the test under a broad range of conditions and to obtain statistically relevant data. Hence, these
samples do not represent the normal distribution of maple
syrups from the harvest and the results presented in Table 2
should not be interpreted other than as a validation tool for
the test.
To ensure the analysis of such a number of samples, the test
was adapted on a 96-well plate and a plate reader was used to
increase the speed of analysis. Hence, a single user could
analyze between 100 and 200 samples per day, mainly limited by
the large number of manual pipetting steps. This could be
largely increased by automating this process. We estimate the
cost of the test to be on the order of dollars per test. The plate
reader was set to read the absorbance at 520 and 625 nm to
obtain the diﬀerential absorbance. Samples with negative
diﬀerential absorbance were classied as normal avour with
the colorimetric test, samples with diﬀerential absorbance
between 0 and 0.05 were deemed uncertain or within the transition point and samples with higher than 0.05 diﬀerential
absorbance were classied as positive for oﬀ-avour maple
syrup samples (Fig. 6). The samples were classied as green
from the analysis of the scans of the 96-well plates by two
independent researchers.
The maple syrup samples from the 2018 harvest were rst
classied by the mandated agency for maple syrup classication
in Québec. Barrels were then sampled and the maple syrup
samples were then sent to Université de Montréal for analysis
with the colorimetric test. Out of the 1818 maple syrup samples
sampled, only 2% (n ¼ 21) of the oﬀ-avour maple syrup
samples with the buddy taste tested negative, while 83% tested
positive (n ¼ 878). 530 normal avor maple syrup samples
tested negative with the test, while 129 tested positive. A
number of samples tested as uncertain or as green for both the
normal and oﬀ-avour maple syrup samples. Further investigations will be conducted to better understand these samples.

(Top) Photograph of the diﬀerent test results (negative: red;
uncertain: purple; positive: blue; green: greyish green). (Bottom)
Photograph showing a test carried out in a maple sugar shack during
the 2018 harvest.

Fig. 6

during production of maple syrups. The test was run by
a series of producers and non-technical staﬀ with success, but
it was rapidly noted that the visual reading of colours, especially near the transition point, could be subjective and can
induce false interpretations of the test's result (Fig. 6). Hence,
a portable (UV-Vis) spectrophotometer was used, on some
samples, by a trained user to read the absorbance spectra
between 400 nm and 800 nm for more accurate results. In the
near future, maple syrup producers could be equipped with
a similar spectrophotometer with a user-friendly soware
program for data interpretation. Thus, producers could
perform the colorimetric test with a quality similar to those
performed in a laboratory. This constitutes one of the few
examples where plasmonic tests were deployed to the eld for
the analysis of real samples.35–38

Preliminary tests on site at maple sugar shacks

Conclusions

The colorimetric test was deployed to a number of maple sugar
shacks to evaluate the potential of using the colorimetric test

A colorimetric test was successfully developed using the principles of nonspecic interactions of the low abundance organic
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molecules in maple syrup samples with AuNPs. The test leads to
a colour change of the AuNP suspension, which could be
observed with the naked eye, with a portable UV-Vis spectrophotometer or with a 96-well plate reader. Hence, the test can be
deployed to the eld or be performed in high-throughput in
centralized laboratories. A molecular study revealed that the test
was sensitive to thiol-containing and amine-containing amino
acids and to aromatic amines at concentrations on the order of
micromolar concentrations. These molecules induced the
aggregation of the AuNPs. Then, other molecules such as
sugars, oxygen-containing organic molecules or other amino
acids did not react in the test. Finally, 1818 maple syrup
samples were analyzed from the 2018 harvest. This article
provides evidence for the use of nonspecic interactions in the
analysis of food products with plasmonic sensors.
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