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Use of plastic-based analytical device, smartphone
and chemometric tools to discriminate amines¥

Ligia Bueno,® Gabriel N. Meloni,? Subrayal M. Reddy® and Thiago R. L. C. Paixd0*?

Amine-based volatile compounds released by microorganisms offer an alternative diagnostic approach for the
identification of foodborne pathogens. Our objective has been to solvent cast cellulose acetate membranes to
immobilise dyes and to use the resultant membranes as a plastic device to discriminate between different
types of amines (triethylamine, isobutylamine, isopentylamine). The plastic device consisted of an array of
membranes with five pH indicators (namely alizarin, bromophenol blue, chlorophenol red, methyl red and
thymol blue). To analyse the data using a portable instrument, we used an iPhone® to obtain images and
to extract red, green and blue colours (RGB) using in-house software before and after contact with each
individual amine. All the RGB values extracted for each analyte allowed us to generate a unique colour
pattern, which was used as input for non-supervised pattern recognition methods. Based on this analysis, it
was possible to clearly discriminate between the amines studied without any misclassification,
demonstrating that the device is well-suited for large-scale applications such as non-destructive methods
to discriminate amines and, in future, for smart packaging applications in order to give early warning of
rotting food that may lead to food poisoning. Additionally, a semi-quantitative analysis was performed and
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Introduction

A large number of micro-organisms are responsible for either
accidental or deliberate contamination of food, potentially
causing food poisoning and foodborne diseases like salmonel-
losis, listeriosis, botulism, E. coli infection. Some of them can be
life-threatening, since they can produce toxins and release
colonization products, leading to nausea or vomiting, and some
more serious as abdominal pain, organ failure, abdominal pain,
intoxication and even death. Examples of such organisms
include Escherichia coli, Clostridium botulinum, Listeria mono-
cytogenes, Salmonella spp., among others."*

According to the World Health Organization (WHO), food-
borne diseases are those transmitted by water or food that is
contaminated with physical, chemical, or biological agents and
these are classified as a hazard.>* Biological agents are the
major causes of ill-health because of their ability to multiply
and spread. This category is represented by bacteria, fungi,
parasites and viruses. These microorganisms are often present
naturally in foods or environments in which they find them-
selves, but they may be liable to the same hazards resulting
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we have demonstrated that it is possible to quantify concentrations of amines down to 1 ppm.

from poor storage and handling or even poor hygiene and
temperature control.

During the colonization process, bacteria and other organ-
isms have the ability to produce compounds that are volatile
and can be released into the environment. These volatile
organic compounds (VOC), or sets of them, are unique for each
genus or species of microorganisms, producing a chemical
fingerprint for each of these microorganisms. As an example,
volatile amines (trimethylamine, ammonia and dimethylamine)
are responsible for the ‘fishy’ odour and flavour exhibited by
rotting fish suggesting the food has gone past it's use-by date.?
The development of cheap analytical methods that allows real-
time and non-destructive detection to quickly discriminate
between different types of contamination avoiding consump-
tion of contaminated food is of great interest to the consumer
and retailer alike in order to protect the consumers from
foodborne illness and to protect the reputation of retailers
respectively. One solution that meets with these requirements is
the development of spotted colour indicators integrated within
the food packaging itself, as a form of smart packaging tech-
nology.® The resulting real-time changes in colour of the spots
in the presence of the VOCs of interest or other by-products
responsible for microbial growth will be informative to stake-
holders throughout the food chain. Diamond et al.®> proposed
the use of a polymer matrix using a single pH sensitive dye (a
single colorimetric spot) for monitoring fish spoilage. It is
possible to use a matrix of colour indicators to better discrim-
inate the microorganism responsible for food spoilage.

This journal is © The Royal Society of Chemistry 2015
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Odours are recognized by pattern combinations captured by
olfactory cells; these patterns are carried to the brain where
olfactory information is decoded. Recognition systems
(receptor/transducer) have been mimicked using synthetic
materials integrated with sensors and have been reported in the
literature as electronic nose technologies.” Likewise, there are
other systems that mimic the taste, referred to as electronic
tongues® as well as vision (electronic eye).”'® These electronic
devices work the same way as human analogues, capturing
information by patterns, using the concept of global selectivity,
a system that does not identify particular substances but
extracts the information into patterns that can be decoded by
the brain. The brain, in the case of synthetic devices, is an
unsupervised pattern recognition tool, which is able to trans-
form these sets of signals into useful information for recogni-
tion." In contrast to a single colorimetric spot, or colorimetric
sensor, an array of colorimetric sensors as reported by Suslick
et al.*>* and our group for explosives using a paper device,’ with
pattern recognition, one can easily discriminate between more
than a single compound or the total volatile basic nitrogen
(TVB-N) species. These devices can qualitatively discriminate
the compound released discerning the types of microorganism
found based on the volatile chemical fingerprint produced.

Different substrates have been proposed for colorimetric
testing of volatile compounds in solution and in the gaseous
phase.”** Colorimetric tests have become common for a
multitude of samples as food,'® beverages,'””'®* explosives,’
bacteria,"*® pathogenic fungi'> among others. Furthermore,
different matrices have been proposed such as various types of
papers,”>** polymers in general,"*>** in order for satisfactory
results to be obtained. Synthetic polymeric membranes have
been used in a variety of sensor applications, for example, ion
selective electrodes** and amperometric sensors*?® to
enhance the selective permeability of ions and small mole-
cules.”””® They are easy to prepare from polymer powders
using solvent-casting techniques and permselectivity is typi-
cally conferred by the inclusion of a plasticiser/modifying
agent® and can therefore be designed to be compatible with
packaging materials for facile sensor integrations, while
simultaneously observing food industry regulations for
synthetic materials being in contact with food.** Some
previous works were also used some colour mechanism to
discriminate amine®****»*'** and other works shown food
spoilage sensors to detect amine using different techniques
like electrochemical devices.****

In the literature, most of the works about amine discrimi-
nation and detection focus on biogenic amines*****>* or total
volatile basic nitrogen (TVBN).*** In this work, we will
combine membrane technology, dyes, chemometric tools and
smartphone technology as a detector to develop new smart
devices (electronic nose or eye) for the determination of food
spoilage profiling by three volatile amines (triethylamine,
isobutylamine, isopentylamine), the latter being released by
microorganisms in the food spoilage process. These three
amines were chosen since many food spoilage processes
include the production of amines from amino acid degrada-
tion in protein-based foods.** As examples, isopentyl and
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isobutylamine are commonly found from microbial degrada-
tion products of Enterobacteriaceae family.*”*® This group of
bacteria include the genus Klebsiella, which is responsible for
causing pneumonia and is involved in food contamination
cases.*® Additionally, isobutylamine is produced from r-valine
degradation by Proteus vulgaris and Pseudomonas cocovenans.*®
Triethylamine is present in several kinds of foods, is an envi-
ronmental pollutant and is exposed to people that ingest food
contaminated with this amine.>® Additionally, an application
in a real sample of meat adulterated with triethylamine, iso-
butylamine, isopentylamine and a detection of biogenic
amines was performed to demonstrate the applicability of the
device.

Experimental

Chemicals, materials and instrumentation

See ESL.{

Membrane fabrication and colorimetric tests

Cellulose acetate membranes were obtained as follows. Cellu-
lose acetate polymer was dissolved in acetone (0.1 g per 5 ml) in
glass vials and the mixture shaken using a vortex until complete
dissolution. In order to colour them, the dyes (methyl red,
alizarin, bromophenol blue, thymol blue, chlorophenol red)
were used individually at 1 mg per ml of solution. After
complete solubilization of the dye, 150 ul of plasticizer Tween®
20 was added and the solution further agitated. The resulting
solution was poured into a Petri dish, and the solution swirled
to produce full surface coverage by solution. The Petri dish was
then placed on a flat surface and left under a fume hood at room
temperature overnight until complete evaporation of the
solvent and formation of the membrane structure. The
membranes were cut with a cork-borer (11 mm diameter) and
the cutting placed on a separate Petri dish, and stored in the
close chamber to avoid exposition to other chemical
compounds found in the laboratory. Membranes were exposed
to volatile amines for different intervals of duration in a 2 litre
desiccator chamber. Additionally, for each replicate experiment
a fresh membrane was used. Due to the fast volatilization of the
amines studied, the gaseous phase of amine was generated
adding 10 pl of each amine in a beaker inside the desiccator
chamber.

Real sample application

To evaluate the device for a real application, minced meat
samples (2 g each one) were contaminated with gas phase
containing one of each amine (isobutylamine, isopentylamine
or triethylamine) per experiment. To do this, 10 pL of each
amine was placed in a pre-chamber and the volatile phase was
placed in contact with the non-contaminated meat sample in a
second chamber. After this process, the meat contaminated
with each volatile was placed in a 400 ml desiccator chamber
with the membranes. An experiment without contamination of
the meat was performed too.

RSC Adv., 2015, 5, 20148-20154 | 20149
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Chemometric analysis

A traditional colour difference map®'> was obtained from the
values of red, green and blue (RGB) after exposure minus the
RGB values before the exposure. The RGB values were extracted
using an i0S application developed for the sole purpose of
measuring the RGB values of each coloured membrane.® The
RGB values for each spot were collect from the centre of the spot
(260 x 260 pixels region) and the standard deviation for each
RGB components were measured too. Each difference map is
represented by 15 values (each difference map contains 5 dyes
and each dye yields 3 values). The colour difference maps were
used as input data for unsupervised chemometric tools, namely
PCA (Principal Component Analysis) and HCA (Hierarchical
Cluster Analysis).

In order to evaluate the quantitative performance of the
plastic-based device, we used an approach based on the color-
imetric response of the spots expressed using the Euclidian
distance (ED)*** versus the concentration of each amine used,
which could be expressed by the eqn (1):
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Results and discussion

Amines discrimination using cellulose acetate membranes
with pH indicators

The pH indicators are Brgnsted-Lowry acids or bases and,
therefore, have different colours in their protonated (HInd) and
deprotonated (Ind™) forms. The colour change resulting from
the conversion of the acid form and the basic form is due to the
modification of the molecular structure of the indicator, which
is caused by the entry or exit of proton (H'). Consequently, the
structure modification of the indicator means that light is
absorbed at a different wavelength, which leads to different
colours for each of the forms. The balance between the acid
form (HInd) and its conjugate base (Ind ") is dictated by the pK,
and is given by eqn (2).

HInd < HY + Ind~ (2)

where HInd and Ind~ indicate the acid and conjugate base
forms of the indicator. Based on the ratio between these species
the colour of the solution will change making it a useful tool to
estimate the pH of the medium.

Based on this idea we fabricated a plastic-based colorimetric
device made by cellulose acetate polymers with five different pH
indicators (alizarin, bromophenol blue, chlorophenol red,
methyl red and thymol blue) immobilised on the membrane
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1 - Alizarin

2 - Bromophenol Blue
3 - Chlorophenol Red
4 - Methyl Red

5 - Thymol Blue

Before

Difference Map

Fig. 1 Schematic representation of the position of each pH indicator
on the device and the colour changes profile of the sensor array as
function of the amine exposed: isobutyl (A), triethyl (B) and isopentyl
(C), as well, the difference map obtained by the subtraction of the RGB
values after and before. Time of exposure 10 minutes. Concentration
of amine in the experiment: 5 ppm.

structure, as reported in the Fig. 1. After the fabrication, the
device was exposed to a single amine in order to evaluate the
changes in the pattern colour before and after exposure of the
amines (Fig. 1A-C).

In Fig. 1A-C, each analyte is distinguished from others by the
difference maps obtained but also by the naked eye, and
although there are family resemblances among chemically
similar species, any two primary amines (e.g. isopentylamine
and isobutylamine) can be discriminated. The explanation for
this discrimination is based on the fact that amines are weak
proton donors and therefore the colour changes in presence of
the pH indicators is sometimes more subtle, not reaching the
extreme colour for the full acidic and full basic forms, and
therefore exhibiting a mixture of the HInd/Ind™ colours. Addi-
tionally, another aspect that explain the colour changes of the
membranes is based on the different amine polarities, since we
are using primary and tertiary amines (solubility normally
decreases with the increase in the number of carbon atoms).
Hence, the mechanism of colour change will be controlled by
the amines' solubility and their acidity constants. According to
the literature,* the membrane permeability could be increased
with addition of surfactant, such as Tween® 20; this incorpo-
ration may alter physical chemical properties of the membrane
and increase the amount of amine solubilized.

This journal is © The Royal Society of Chemistry 2015
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From the difference maps obtained in Fig. 1, the discrimi-
nation between difference map in Fig. 1A and C could not be
easily achieved by the naked eye and could be an issue for users
who may be colour blind. The changes in RGB values of the
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Fig. 2 (A) PCA scores plot obtained from the RGB values extracted

from the coloured membranes with 5 pH indicators in contact with
three different amines (@ — isobutylamine; ® — triethylamine and A —
isopentylamine) at a concentration of 5 ppm. (B) HCA plot. (C) PCA
loading plot. Values of 1 to 5 indicate the R, G and B values of the spots
represented in Fig. 1.
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spots 1, 3, 4 and 5 are subtle. However, it is possible to
circumvent this limitation by using the RGB values to discrim-
inate the difference maps. We extracted RGB values using a
smartphone and an in-house software as input of the non-
supervised pattern recognition methods (PCA and HCA).
Fig. 2 shows a PCA scores plot using the RGB values extracted
from the difference maps obtained for five replicates.

By analysing the data presented in Fig. 2A, a clear distinction
can be made between the three amines studied using two first
principal components with 82.7% of the total information
collected by the RGB values extracted. This, therefore, circum-
vents any necessity for human intervention or interpretation to
discriminate between the colours of the difference maps. Such
discrimination can be confirmed with a HCA graph (or dendro-
gram), Fig. 2B, where three different groups are seen without any
misclassification. A loading plot (Fig. 2C), was made to under-
stand which variables were responsible for the discrimination
reported in Fig. 2A. This plot shows that the blue component in
the chlorophenol red is the most important variable to keep
isopentylamine samples in the first quadrant. The dyes alizarin
and bromophenol blue (with red and green components) prevail
to discriminate triethylamine. In the discrimination process of
the isobutylamine, the most predominant variables are R, G and
B values of the spots with methyl red and thymol blue. This first
discrimination was performed using a concentration of amines
equal to 5 ppm. The amount of amine detected is already low
when compared with the necessities to detect amine in the
literature,*** which can exceed 250 ppm. However, new experi-
ments were conducted in order to evaluate the minimum
concentration that the device can show a good discrimination
for the three amines. The membranes with different dyes were
tested at different times, following the same procedure. After
achieving good discrimination of amines with a vapour
concentration of 5 ppm, we decided to reduce this concentration
to 2.5 and 1 ppm (Fig. S1A and S2A, ESIt).

In Fig. S1A and S2A,T we can see an even better discrimina-
tion between the amines, which can be confirmed not only by
the PCA, having approximately 70% of the original information
in the first two components, but also by the HCA data (Fig. S1A
and S2Aft), since there is no misclassification. The HCA in
Fig. S2At shows that a lower concentration provides better
relationship between samples of the same group, since the
clusters of samples are much better defined and without any
misclassification. In all cases, the membranes were responding
to the vapours in less than five minutes with some of the dyes.
The optimum exposure time was found to be 10 minutes in
order to have a recognisable pattern and also to ensure that the
membrane had sufficient time to interact with the volatile
exposure For exposure times in excess of 10 minutes, no further
changes in the PCA score plots were observed (data not shown).
It is interesting to highlight that the discrimination of three
amine at concentration lower than 5 ppm were only achieved
using all five dyes. For concentration higher than 5 ppm it was
possible to discriminate the amines using a system contain four
dyes (alizarin, chlorophenol blue, methyl red and thymol blue)
(data not shown). However, larger distance between the amines
cluster at the score plot were always achieved using five dyes.

RSC Adv., 2015, 5, 20148-20154 | 20151
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The membranes were tested the way mentioned in the
Materials and Methods section and also in the absence of the
plasticizer (results not shown). In the absence of the plasticizer,
not all the membranes showed a colour change, since the
polymer has formed a dense film with reduced polymer
segmental motion resulting in very low permeability, to vola-
tiles, bacteria, and water. However, the main aim is to create a
permeable membrane capable of absorbing species such as
amines, which have the ability to change the colour of the dye
arrangement individually, thus creating a fingerprint for each
species tested and allowing discrimination in real food
samples. Hence, membranes composed of cellulose acetate and
the surfactant Tween® 20 are more flexible and stable with
homogeneous porosity that allows entry of volatile compounds
such as amines, making it possible to change colour. Further-
more, the addition of dyes makes possible an array of detectors
that may have applications in real food and biological samples.

In the case of food samples, the system may be useful in the
future to monitor pathogenic or non-pathogenic microorgan-
isms alike, since these both release volatiles to colonize food.
These compounds can form patterns for each group of micro-
organisms and thus may be considered fingerprints thereof.
The system proposed here could be applied to real samples such
as fish and meat, since a comparison with what is reported in
the literature shows that our detection limits are lower (1-
5 ppm), than for biogenically produced amines such as hista-
mine, putrescine, cadaverine, among others, for which values
can reach 600 ppm.****

In order to demonstrate that our method was semi-
quantitative, calibration curves were constructed using the
Euclidean distance (ED) as previously proposed.®** Fig. S3 (ESIt)
shows the calibration curve obtained for each amine, indicating
that some quantitative information could be extracted using the
proposed device with a small linear range (from 2 to 10 ppm for
triethylamine, from 2 to 8 ppm for isobutylamine and from 1 to
4 for isopentylamine).

Regeneration and re-use of membranes

After the analytical application of the membranes, experiments
were performed in order to show the ability for membranes to
be regenerated post-exposure and to study the reversibility of
the amine permeation process. After the exposure of the
membranes for 10 minutes of an amine concentration, all used
membranes were isolated from the amine headspace in a fume
hood for some hours to guarantee complete removal of vola-
tiles. Close to six hours after the exposure, alizarin and chlor-
ophenol red membranes fully returned to their original colour
(by eye); the methyl red modified membrane required more
time to return to the original colour (approximately 20 hours).
We again determined the R, G and B values for the spot number
1 (alizarin dye) with time (Fig. 3). In addition to the re-use tests,
the regeneration process was also monitored by taking snap-
shots at different times (Fig. 3A). It is possible to see in Fig. 3B,
that all the RGB values return to the original value after 365
minutes (6 hours). Bromophenol blue and thymol blue did not
return to their original state and needed to be replaced with new
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Fig. 3 Regeneration test monitoring: images obtained for each
experiment time (A) and the R, G and B values for the spot number 1
Fig. 1 (alizarin) (B). Number of replicates = 3.

membranes for replicate experiments. Additionally, we evalu-
ated the number of loadings and regeneration cycles that a
single membrane could undergo without affecting the RGB
values and we achieved a value of 14 cycles of use without
significant changes of these values (95% confidence). Therefore,
while some membrane-dye systems exhibit reversibility in
colour, others do not. The irreversible nature of the device could
have interesting uses in tamper-resistance food packaging
preventing the re-use of the plastic membrane.

Application in a real sample

In order to evaluate the possibility to discriminate each
compound individually, meat samples were contaminated with
each compound in order to simulate samples contaminated
with microorganism that produce such volatiles. Fig. 4 shows
the possibility to discriminate meat samples contaminated with
each of the amines. There are 3 clear clusters in the plot,
following the standard of the early tests (without the real
sample, Fig. 2). It is important to highlight that the sensor array
did not change colour in the presence of meat without
contamination, and for this reason, experimental data for non-
contaminated meat sample was not included in the score plot
since there were not standard deviation between each
measurement (n = 4).

Detection of biogenic amines

Additionally, we performed experiments to demonstrate the
possibility to detect biogenic amines with this proposed
method in order to show the possibility to discriminate other

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 PCA scores plot obtained from the RGB values extracted from
the coloured membranes with 5 pH indicators in contact with volatile
phase collected from a chamber containing meat contaminated with:
W — isobutylamine; ® — triethylamine and A — isopentylamine. High-
lighted images show the real images of the colour changes profile of
the sensor array for one of the experiments before and after the meat
is contaminated with each amine and respectively difference map for
each experiment.

amines released by other microorganisms. Since these amines
were in the solid form and had high boiling points, a solubili-
sation step (in water) was necessary. Thus, the biogenic amines
were used in the liquid form on the membranes, after recording
a “blank” using only water. The results of this experiment can
be seen in the Fig. 5, wherein each amine takes place in a
different quadrant in the plot, indicating that the proposed
device can be useful to discriminate biogenic amines too.
Additionally, we show in the ESI (Fig. S47T) the possibility to
discriminate all amines studied in this work at the same score
plot. Experiments in order to evaluate better limits of discrim-
ination for these biogenic amines will be performed in future.

PC2 (14.12%)

PC1 (71.38%)

Fig. 5 PCA scores plot obtained from the RGB values extracted from
the coloured membranes with 5 pH indicators in contact with three
different biogenic amines (B — tyramine; ® — putrescine and A —
cadaverine). Amount of amine added 65 pg tyramine, 3.6 mg putres-
cine and 87 pg cadaverine.
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Conclusions

In this study, we successfully applied a colorimetric plastic-
based device to discriminate three amines, demonstrating
that this technique is a good candidate for producing a fast
discrimination process and for potential use in food packaging.
The extracted information from the colorimetric plastic based-
device consisted of the RGB values of each spot containing
5 pH indicators dyes, evaluated using a smartphone and custom
software. These values were analyzed using chemometric
methods (PCA and HCA), and a distinct and unique pattern
could be obtained for each amine using this very simple and
inexpensive device for concentrations down to 1 ppm of amine.
Additionally, the semi-quantitative performance ability of the
device was investigated and demonstrated using a Euclidian
distance approach.
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