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el smartphone testing platform for
the development of colorimetric sensor receptors
for food spoilage

Tinkara Mastnak, a Gerhard J. Mohr b and Matjaž Finšgar *a

This work presents a novel smartphone testing platform for the validation of colorimetric sensor receptors

(CSRs) in the form of layers that enables reliable and straightforward determination of their color change in

a closed system using a commercially available color sensor. The food-compatible model CSR used for the

method development was made of black carrot extract and ethyl cellulose. The colorimetric responses

were studied in detail for NH3, dimethylamine (DMA), and trimethylamine (TMA) by analyzing changes in

the value of the total color difference (DE) with the increasing logarithm of the mass concentration (log

g) of the analytes. The method was partially validated for the detection limit (LOD), the limit of

quantification, sensitivity, and linear g range. The fastest reaction times were obtained for the NH3

analyte, while the calculated LOD values were quite similar (1.48 mg L−1 for NH3, 1.55 mg L−1 for DMA,

and 1.58 mg L−1 for TMA). The applicability of CSRs was shown for different types of muscle food.

Frozen (boneless and skinless) hake fillets were used for additional experimental work in which the color

changes of the CSRs were correlated with the values of the total volatile basic nitrogen (TVB-N) and the

total counts of aerobic and anaerobic microorganisms. The developed testing platform shows great

promise for the development of CSRs that define the quality of a broad variety of muscle food.
1. Introduction

The predicted growth of the global population will drastically
increase the pressure on the climate and the expenditure of
natural resources. One of the essential actions that will enable
food security for all, without further compromising delicate
ecosystems, is to increase the efficiency of the entire food supply
chain and reduce the amount of wasted food.1,2

The quantication of food waste along the food supply chain
in the EU showed that 14.2 Mt of meat and 4.2 Mt of sh end up
in waste annually.3 Calculated to percentages, this means that
23% of the total meat available and 51% of the total sh
available are wasted each year.

The safety systems currently used in the food processing
industry rely on preventative actions in the entire life cycle of
food products, including production, distribution, and post-
purchase processing.4,5 The most common solution is the
simultaneous use of modied atmosphere packaging (MAP)
and product refrigeration.6 While proven to extend shelf life,
these solutions do not provide information on the real state of
packaged products. Their quality is usually established on the
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basis of safety and organoleptic properties due to a lack of
objective data.7

Volatile amines, such as NH3, dimethylamine (DMA), and
trimethylamine (TMA) are typical representatives of one of the
most frequently used parameters for monitoring muscle food
quality and food safety – the total volatile basic nitrogen (TVB-
N).8 Since the TVB-N concentration increases due to microbial
activity and causes an increase in the pH of the environment,9

the development of colorimetric sensor receptors (CSRs) for
muscle food is primarily based on sensing the pH inside the
packaging.10

A sensor receptor consists of an indicator and a matrix, oen
a polymer. It transforms the concentration of the analyte into
a quantiable analytical signal by changing the optical prop-
erties of the indicator.11 As the name suggests, CSRs employ
visible color changes of indicators. If successfully integrated
into smart food packaging, CSRs might represent a dual solu-
tion to the food waste issue by enabling prolonged shelf life and
providing accurate knowledge of the points in the food supply
chain where food waste is generated.

While a plethora of sensors for NH3 and biogenic amines
that might be employed for monitoring food quality have been
presented, their major limitation is that some of the chemicals
used for the preparation may be toxic. Even if all components
are covalently linked to the sensor layer, the cleavage of covalent
bonds or the breakdown of dyes during spoilage cannot be ruled
out completely and contamination of food may occur. An
This journal is © The Royal Society of Chemistry 2023
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approach that promises to provide one of the most applicable
products for food applications are pH-responsive CSRs made of
natural extracts and bio-based polymers. Examples from the
literature include the following: alizarin and starch–cellulose
paper;12 alizarin, cellulose, and chitosan;13 red cabbage extract
mixed with chitosan and corn starch;14 red cabbage extract and
pectin;15 mulberry extract, gelatin, and PVA;16 curcumin and
tara gum blended with PVA;17 red radish anthocyanins in
combination with gelatin and gellan gum;18 and natural dyes
extracted from the ower of Bauhinia blakeana Dunn immobi-
lized in chitosan.19

Black or purple carrots (Daucus carota ssp. sativus var.
atrorubens Alef.) are rich in anthocyanins and various phenolic
compounds.20 Their extracts are used as natural food colorants
due to their high heat, light, and pH-stability.21 Environmental
friendliness, biodegradability, and biocompatibility make
cellulose polymers sustainable substrates for the preparation of
CSRs. Some examples include hydroxypropyl methylcellulose,22

cellulose nanobers,23 lter paper,24 carboxymethyl cellulose,25

bacterial cellulose,26 and ethyl cellulose.27

Straightforward and reliable determination of color changes
in a closed system is of paramount importance for the devel-
opment process of CSRs for food packaging applications. In
preliminary studies, analysis of correlations between DE values
and concentrations of the volatile amine analytes (NH3, DMA,
and TMA) helps us predict the applicability of CSRs. Moreover,
since the composition of TVB-N is food- and spoilage-
dependent, there is a need for a versatile testing platform that
allows testing different food types in different environments
with easily accessible and cost-effective equipment.

In order to function as laboratory-grade equipment for
colorimetric detection and thus become a viable option for food
monitoring applications, smartphones require accessories that
enable accurate color readouts by blocking all ambient light.
Furthermore, a smartphone can be paired with an external
optical device (e.g., a low-cost miniaturized color sensor) that
enables amore accurate determination of color, generating data
that can be used for decision-making.28

The aim of this work was to develop a novel smartphone
testing platform for the validation of CSRs in the form of layers
that would enable quantitative determination of their color
change in a closed system using a commercially available color
sensor. The CSRs used for the method development were made
from black carrot extract (BCE) and ethyl cellulose, which is
a hydrophobic food-compatible, chemically stable, lm-
forming polymer with excellent mechanical properties.29 Due
to its ability to separate gases, ethyl cellulose is partially
employed for the fabrication of membranes for O2/N2 separa-
tions.30 The testing platform was employed to study the colori-
metric responses of CSRs to the vapors of three analytes (NH3,
DMA, and TMA). The reaction time, limit of detection (LOD),
limit of quantication (LOQ), sensitivity, and linear mass
concentration (g) range were determined for each of the ana-
lytes. CSRs were further employed for the detection of the
spoilage of different muscle food. The food spoilage was studied
in more detail for frozen hake llets, where colorimetric
responses obtained during spoilage were correlated with the
This journal is © The Royal Society of Chemistry 2023
values of TVB-N, pH, and aerobic and anaerobic microbial
counts.

2. Materials and methods
2.1. Chemicals and starting materials

Ammonia solution (25 wt% in H2O), TMA solution (45 wt% in
H2O), DMA solution (40 wt% in H2O), diethylamine ($99.5%),
triethylamine ($99.5%), spermidine ($99.5%), isopentylamine
(99%), ethanolamine ($98%), and ethyl cellulose were supplied
by Sigma Aldrich (St. Louis, Missouri, United States of America).
1,4-Diaminobutane dihydrochloride (99%) was obtained from
Alfa Aesar (Ward Hill, Massachusetts, United States of America),
and ethyl acetate (ACS reagent grade) from Carlo Erba (Milan,
Italy). The BCE was supplied byMAWI Chemiedistribution OHG
(Limburgerhof, Germany).

Frozen South African hake (Merluccius capensis) llets were
purchased from a local supermarket in Maribor, Slovenia, and
supplied by Seafood Connection, Urk, the Netherlands.

2.2. Preparation of the colorimetric sensor receptors

Colorimetric sensor receptors were prepared in two steps. First,
0.50 g of black carrot extract (BCE), 3.50 g of ethyl cellulose, and
70.0 mL of ethyl acetate were stirred for 24 h at 300 rpm. Second,
the as prepared mixture was spread evenly onto MELINEX® ST
506 polyethylene terephthalate (PET) foil (DuPont Teijin Films,
Dumfries, United Kingdom) using a double bar lm applicator
(BYK-Chemie GmbH, Wesel, Germany) and 380 mm PET
spacers. The CSRs were le to dry under a fume hood overnight
and stored in plastic containers until used in the experiments.

2.3. Experimental setup for colorimetric measurements

In order to measure the color changes of the CSRs, these were
cut into circles with a 22 mm diameter and inserted under
a polypropylene cap with a 15 mm center hole, suitable for
a 40 mL EPA vial (Lab Logistics Group GmbH, Meckenheim,
Germany). The insertion of the CSR was followed by the inser-
tion of a 45 mm Durapore® membrane lter (PVDF membrane)
of equal size and shape. Lastly, a circular hole with a diameter of
15 mm was cut into the center of the PTFE/silicone septum and
the septum was inserted into the polypropylene cap (Fig. 1).

Colorimetric responses to different analytes were investi-
gated by pipetting 10 mL of freshly prepared water solution of
the respective analyte into the EPA vial and tightly screwing the
previously prepared polypropylene cap (containing the CSR and
the PVDF membrane). All vials were additionally sealed with
paralm and stored in a plastic container at 22 ± 1 °C.

The values of the total color difference, i.e., DE (CIE2000),31

were measured with a Nix QC Color Sensor (Nix Sensor Ltd.,
Ontario, Canada) using the default scan settings. The device
was paired with a Samsung Galaxy S9 android phone (Samsung,
Seoul, South Korea) via Bluetooth. The Nix QC Color Sensor was
calibrated before each measurement according to the manu-
facturer's instructions. The original CSRs exposed to 10 mL of
water (for an equal amount of time as the measured samples)
were used as a blank. The Nix QC Color Sensor was placed on
Anal. Methods, 2023, 15, 1700–1712 | 1701

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ay02082c


Fig. 1 A schematic presentation of the experimental setup.
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the polypropylene cap ush with the surface to block out
ambient light (see Fig. 2). The scanning was performed on three
different places within the surface area, which permitted the
proper scanning technique.
2.4. Muscle food spoilage experiments

For the preliminary muscle food spoilage experiments, 25.0 g of
muscle food was weighed in a 40 mL EPA vial, which was sealed
with a polypropylene cap containing the CSR. Chicken breasts
and fresh trout llets were cut into smaller pieces prior to
weighing.

The frozen sh llets used for additional spoilage experi-
ments were defrosted overnight at 8 °C ± 1 °C and cut into thin
ribbons, suitable for insertion into the 40 mL EPA vial. An equal
Fig. 2 A schematic illustration of the colour measurement technique.

1702 | Anal. Methods, 2023, 15, 1700–1712
weight (i.e., 25.0 g) of the food sample was weighed into the vial
and covered with a polypropylene cap containing the CSR.

Each vial was additionally sealed with paralm and stored in
a plastic container at 22 ± 1 °C for 2, 4, 6, 8, or 10 days.
Colorimetric measurements were performed as described in the
previous section.
2.5. The total volatile basic nitrogen (TVB-N) determination

A sh sample (2.0 g) from the EPA vial was mixed with 100.0 mL
of deionized water using a Philips Avent 4-in-1 Healthy Baby
Food Maker. Then, the mixture was quantitatively transferred
into a 1000 mL beaker with 900.0 mL of deionized water. Steam
distillation was performed with 50.0mL of themixture prepared
in such manner using the K12 Kjeldahl Block Digestion System
(Behr Labor-Technik GmbH, Düsseldorf, Germany) until
200.0 mL of the distillate was obtained. 50.0 or 25.0 mL of the
distillate was titrated with 0.02 M hydrochloric acid, and the
TVB-N content was calculated according to eqn (1):

TVB-N ¼ ðV1 � V2Þ$14:01$c
m

(1)

where V1 is the volume of the 0.02 M hydrochloric acid in mL, V2
is the volume in mL of the 0.02 M hydrochloric acid used for the
titration of the blank sample, c is the concentration of hydro-
chloric acid used for titration (mol L−1), 14.01 is the relative
atomic mass of nitrogen, and m is the weight of the sh sample
(g). The analyses were performed in triplicates.
2.6. Microbiological analysis

The number of aerobic bacteria in the sh samples was deter-
mined according to ISO 4833-1:2013: the horizontal method for
the enumeration of microorganisms that are able to grow and
form colonies in a solid medium aer aerobic incubation at 30 °
C, while the number of anaerobic bacteria was determined
according to the horizontal method for enumeration of anaer-
obic bacteria – the colony count at 30 °C by the pour plate
technique. The analyses were performed by the SIST EN ISO/IEC
17025-accredited laboratory of the Faculty of Veterinary Medi-
cine, Ljubljana, Slovenia (accreditation number LP-021).
2.7. Determination of the pH of the sh llets

To determine the pH values of the hake llets, 2.0 g of the sh
sample was homogenized in 100.0 mL of deionized water and
ltered. The pH of the ltrate was measured using a Fish-
erbrand™ Accumet™ Research AR25 pH Meter (Fischer
Scientic, Waltham, Massachusetts, United States of America).
2.8. Materials characterization

The attenuated total reectance-Fourier transform infrared
(ATR-FTIR) spectra were recorded on a Shimadzu IRAffinity-1
ATR-FTIR device (Shimadzu Corporation, Kyoto, Japan).

The BCE samples for the ATR-FTIR measurements were
exposed to water vapors or saturated vapors of NH3, DMA, and
TMA in the followingmanner: the BCE (0.10 g) was weighed into
a 5.0 mL vial, and 1.0 mL of the solution was put into another
This journal is © The Royal Society of Chemistry 2023
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5.0 mL vial. Both vials were carefully placed into a 100 mL
borosilicate reagent glass bottle (BRAND GMBH + CO KG,
Wertheim, Germany), tightly sealed, and le in the dark at room
temperature for 24 hours. Then, the vial with the BCE sample
was taken out of the bottle and the ATR-FTIR spectra were
measured.

X-ray photoelectron spectroscopy (XPS) measurements were
performed using an AXIS Supra+ device (Kratos, Manchester,
UK) equipped with an Al Ka excitation source. During the XPS
measurements, the charge neutralizer was turned on. The
spectra were corrected using the C–C/C–H peak at 284.8 eV in
the high-resolution (HR) C 1s spectra. The spectra were
acquired at a 90° take-off angle. The data were acquired and
processed using ESCApe 1.5 soware (Kratos, Manchester, UK).
HR and survey spectra were obtained at a pass energy of 20 eV
and 160 eV, respectively. A Shirley background correction was
performed before performing the quantitative analysis.32

The surface topography was determined by atomic force
microscopy (AFM) and 3D-prolometry. The AFM measure-
ments were performed in tapping mode using a MFP 3D Origin
Plus instrument (Asylum/Oxford Instruments, Santa Barbara,
CA, USA) with AC160TS-R3 silicon cantilevers (Asylum Research
Probes, Santa Barbara, CA, USA). In order to analyze larger areas
on the surface of the CSRs, a DektakXT stylus prolometer
(Bruker, Karlsruhe, Germany) was used. The 3D-proles were
determined by measurements in parallel directions with
a spacing of 3 mm.

3. Results and discussion
3.1 Effect of pH on the black carrot extract (BCE) in solution

The content of anthocyanins in extracts of black carrots
depends on the extraction process and differs from batch to
batch.33 Since a commercial extract with an undened compo-
sition was employed for the preparation of CSRs, we rst wanted
to evaluate its color changes in solutions with different pH
values (Fig. 3). The observed color changes suggest the trans-
formation of the red avylium cation at acidic pH to a purple
quinoidal anhydrobase and a blue ionized anhydrobase at pH
11.13 At pH 13, the solution turned completely yellow, corre-
sponding to the formation of chalcone.34

3.2 Colorimetric response to NH3, DMA, TMA, and partial
method validation

NH3, DMA, and TMA are among the most characteristic volatile
compounds associated with TVB-N.35 For this reason, the
colorimetric responses of the developed CSRs to the three
Fig. 3 Colour changes of the BCE in solutions with increasing pH.

This journal is © The Royal Society of Chemistry 2023
analytes were quantied by analyzing changes in the value of
the total color difference (DE) with the increasing logarithm of
the mass concentration (log g) thereof. Prior to that, changes in
the DE values at different g were monitored for at least 8 days
for each analyte in order to determine the times at which the
colorimetric responses became constant (the reaction times).

Each analyzed data set was tested for the presence of outliers
by Dixon's and Grubbs's statistical tests at 95% condence.36 If
an outlier was detected, it was discarded and not used for the
calculation. The LOD and the LOQ were determined as 3s/b1
and 10s/b1 respectively, where b1 is the calibration curve slope
and s is the standard deviation determined as the residual
standard deviation (se) or as the standard deviation of the
intercept (sb0) according to eqn (2) and (3):37

se ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
j¼1

�
yj � ŷj

�
2

n� 2

vuuut
(2)

sb0 ¼ se

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
j¼1

xj
2

n

0
@Pn

j¼1

xj
2 � 1

n

 Xn
j¼1

xj

!2
1
A

vuuuuuuut
(3)

where n is the number of calibration points, yj is the average
absorbance (measured) for a particular calibration point, ŷj is
the absorbance of the model (which corresponds to the linear
calibration curve at xj), and xj is the g of a particular calibration
point. The reported LOD and LOQ values are the highest
calculated values calculated according to eqn (1) and (2).

The condence limits around the linear calibration curves
were determined according to eqn (4):

y�confidence limit ¼ b0 þ b1x0 � tða; n� 2Þ$ se

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n
þ

�
x0 � x

�2
Pn
j¼1

�
xj � x

�2
vuuuuut

(4)

where y±condence limit stands for the condence interval value,
b0 is the intercept of the linear calibration curve, t(a, n − 2) is
the Student's t-test at condence level a, n − 2 represents the
degrees of freedom, x0 is the g of the analyte, and x is the
average of g calculated based on the g of the calibration points
used for the linear calibration curve determination.

Prior to the determination of the linear g ranges for NH3,
DMA, and TMA analytes, the homogeneity of the variances was
Anal. Methods, 2023, 15, 1700–1712 | 1703
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statistically conrmed using Bartlett's and Cochran's tests. At
least six calibration points were employed for each linear g

range determination and the square of the correlation coeffi-
cient (R2) needed to be higher than 0.99. Moreover, the quality
coefficient (QC) needed to be equal to or lower than 5.00% to
accept the linearity. The sensitivity was evaluated from the
calibration curve slopes.38 The results are presented in Fig. 4–6
and Table 1.

The results in Table 1 show similar LOD values for all three
analytes, ranging from 1.48 mg L−1 for NH3 to 1.55 mg L−1 for
DMA and 1.58 mg L−1 for TMA. The calculated LOQ values for
DMA and TMA were identical (4.47 mg L−1), while the LOQ
value for NH3 was calculated as 3.36 mg L−1. The similarity
between the DMA and TMA analytes was also reected in the
determined linear g ranges, which span from 4.45 mg L−1 to
89.00 mg L−1 for DMA and from 2.48 mg L−1 to 90.00 mg L−1 for
TMA. The linear response was narrower for the NH3 analyte
(0.95–56.88 mg L−1). The DE analysis showed a comparable
sensitivity to NH3 and DMA (10.62 log(mg L−1)–1 vs. 9.87 log(mg
L−1)–1) but signicantly lower sensitivity (i.e., 5.87 log(mg L−1)–
1) to the TMA analyte. It was reported previously that smaller
molecules diffuse more easily across ethyl cellulose-based
membranes,39 which might explain the fastest reaction times
(see the inserts in Fig. 4–6) and the lowest LOD and LOQ values
for NH3 (Table 1).

The bacterial decarboxylation of amino acids or the trans-
amination of aldehydes and ketones leads to the formation of
nitrogenous organic bases of low molecular weight, which are
called biogenic amines (BAs).40 BAs can be found in any type of
food produced by fermentation or exposed to microbial
contamination during processing or storage.41 Therefore,
various analytes can inuence the pH value of the environment
inside a food package. For this reason, the colorimetric
Fig. 4 The calibration curve with 90% and 95% confidence intervals for
the value of DE at different g with increasing time (insert). Error bars rep

1704 | Anal. Methods, 2023, 15, 1700–1712
responses of CSRs to an array of amine analytes were evaluated:
triethylamine (Et3N), spermidine (SPD), isopentylamine (IPA),
diethylamine (DEA), ethanolamine (EA), and putrescine (PUT)
(Fig. 7).

The DE values were the lowest for Et3N and SPD. The expo-
sure of the CSRs to IPA and DEA caused the color to change to
violet and violet-gray, respectively. In the measurements with
EA, the color changed from pink to dark grey, while the expo-
sure of CSR to PUT caused the most signicant color change,
i.e., from pink to dark green, and thus the highest DE value.
Since CSRs need to provide summative information on the total
amount of amines formed during muscle food spoilage, their
lack of selectivity is not problematic.42
3.3. Surface characterization

Fig. 8a shows the ATR-FTIR spectra of the BCE, the ethyl
cellulose solution of BCE (SOL), and the CSR. The spectrum of
SOL shows a peak at 1738 cm−1 and a peak at 1250 cm−1, which
correspond to the C]O and C–O in the ester group, respec-
tively, while the peak at 1371 cm−1 represents C–H bending.43

Moreover, the peak at 1045 cm−1 originates from a cellulose
polymer44 corresponding to C–O–C.45 The low intensity peak at
2984 cm−1 for the SOL and from 2974 cm−1 to 2870 cm−1 for the
CSR were attributed to the C–H stretching vibration.46

The anthocyanins present in black carrots mainly consist of
derivatives of cyanidins, which differ in the number of sugar
moieties and their degree of acylation.47 The number of
anthocyanin molecules with an increased number of sugar
moieties and a high degree of acylation contribute to a intra-
molecular co-pigmentation effect, which is the reason for the
increased heat- and light-stability and extended shelf-life of the
BCE.33 The anthocyanins in BCE in Fig. 8b are characterized by
the peak at 1035 cm–1, which corresponds to the C–H
the NH3 analyte with the corresponding color changes and changes in
resent standard deviations.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The calibration curve with 90% and 95% confidence intervals for the DMA analyte with the corresponding color changes and changes in
the value of DE at different g with increasing time (insert). The error bars represent standard deviations.

Fig. 6 The calibration curve with 90% and 95% confidence intervals for the TMA analyte with corresponding color changes and changes in the
value of DE at different g with increasing time (insert). The error bars represent standard deviations.

Table 1 Summary of the statistical tests and analytical characteristics
of the CSRs for the detection of NH3, DMA, and TMA

Analyte NH3 DMA TMA

Reaction time (days) 5 7 8
Grubbs's and Dixon's outlier tests Passed Passed Passed
LOD (mg L−1) 1.48 1.55 1.58
LOQ (mg L−1) 3.36 4.47 4.47
Bartlett's and Cochran's tests Passed Passed Passed
Linear g range (mg L−1) 0.95–56.88 4.45–89.00 2.48–90.00
R2 0.99 0.99 0.99
Sensitivity (log(mg L−1)–1) 10.62 9.87 5.87

This journal is © The Royal Society of Chemistry 2023
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deformation of the aromatic ring,48 and the C]O stretching at
1632 cm–1 for the BCE exposed to water vapors (BCE–H2O), and
at 1565 cm–1 for the BCE exposed to the saturated vapors of
different amine analytes (BCE–NH3, BCE–DMA, and BCE–
TMA).49 The peaks at around 1260 cm−1 were attributed to the
C–C vibrations,50 while the peaks at around 1400 cm–1 corre-
spond to the stretching vibrations of the aromatic ring.48 The
broad band from 3000 cm–1 to 3700 cm–1 indicates the presence
of O–H vibrations and the formation of hydrogen bonds51 and is
much more pronounced in the spectra of the BCE samples
exposed to the (water-based) solutions.
Anal. Methods, 2023, 15, 1700–1712 | 1705

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ay02082c


Fig. 7 The colorimetric responses of the CSRs after 24 h to different amines. The error bars represent standard deviations.
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Since there are no signicant variations in the intensity or
position of the signals in the ATR-FTIR spectra aer the expo-
sure of the BCE to the amine analytes, this indicates that no
chemical reaction occurred and that the exposure to the satu-
rated vapors of amines had no inuence on the molecular
structure of the BCE.

To further conrm the surface species suggested by the ATR-
FTIR measurements, an XPS surface analysis was performed.
Fig. 9 shows the HR spectra, survey spectra, and the quantitative
results for the C-containing species for the CSR that was
exposed to water vapors (BLANK), the CSR before exposure to
water vapors (DRY), the CSR that was exposed to saturated
vapors of ammonia (NH3), and the CSR exposed to daylight for
10 months (UV). For all four samples, the C 1s signal was
detected originating from organic compounds as suggested by
the ATR-FTIR analysis explained above. The C 1s spectra were
deconvoluted into four peaks at different binding energies: C–
Fig. 8 (a) The ATR-FTIR spectra of the BCE, the SOL, and the CSR; (b) the
saturated vapors of NH3, DMA, and TMA.

1706 | Anal. Methods, 2023, 15, 1700–1712
C/C–H at 284.8 eV, C–O at 286.3 eV, C]O at 287.7 eV, and COO/
COOH at 289.1 eV (Fig. 9a–d). Based on the deconvoluted peaks,
the surface atomic concentration of these species was deter-
mined (Fig. 9e). The slight differences in their contents were
most probably caused by changes in the composition of the pH-
dependent anthocyanins in the BCE.52

Since all four samples contain oxidized organic species on
the surface (which was also conrmed by ATR-FTIR measure-
ments), the O 1s signal corresponding to the C–O, C]O, and
COO/COOH species on the surface was obtained (Fig. 9f). In
addition, the N signal with low intensity was also detected on
the surface of NH3 samples, probably due to the residue of the
NH3 analyte (Fig. 9g). Besides C- and O-containing species, Si
was also detected (the Si 2p and Si 2s peaks in Fig. 9h), possibly
originating from the manufacturing process of the PET foil or
from the residues of the carbon tape used for the attachment of
samples.
ATR-FTIR spectra of the BCE, the BCE–H2O, and the BCE exposed to

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Deconvoluted HR C 1s spectra of the (a) BLANK, (b) DRY, (c) NH3, and (d) UV samples, and (e) the surface atomic concentration of the C-
containing species, (f) the HR O 1s spectra, (g) the HR N 1s spectrum of the NH3 sample, and (h) the survey spectra.

Fig. 10 AFM 3D images of the BLANK, DRY, NH3, and UV samples measured on (a) 20 by 20 mm (three spots) and (b) 100 by 100 mm (one spot)
areas on the surface.

This journal is © The Royal Society of Chemistry 2023 Anal. Methods, 2023, 15, 1700–1712 | 1707
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To conclude, the XPS surface analysis showed no signicant
differences between the DRY and UV samples, which suggests
that the developed CSRs are UV-stable and have a shelf life of at
least 10 months.

The topography of the samples studied by means of XPS was
additionally evaluated by AFM (Fig. 10) and 3D-prolometry
(Fig. 11). The surface proles in Fig. 10 and 11 provide infor-
mation on the mean surface roughness (Sa), which is based on
the general surface roughness. The higher the Sa value, the
rougher the surface is. The AFMmeasurements were performed
on three different 20 by 20 mm spots (Fig. 10a) and on one spot
with an area of 100 by 100 mm (Fig. 10b), while the surface
topography using 3D-prolometry was obtained on a signi-
cantly larger scale, i.e., on an area 2 by 2 mm. The differences in
the surface features of the samples are not signicant. However,
some variations exist since the CSRs were prepared manually.
However, these differences do not affect the performance
characteristics of the presented CSRs.

3.4. The application of the CSRs for the detection of muscle
food spoilage

The applicability of the developed CSRs was rst tested in
preliminary experiments with different types of muscle food
(Fig. 12). Minced beef, minced poultry, chicken breast, and
fresh trout samples were spoiled at 22 ± 1 °C for 5 and 10 days.
The results aer 5 days showed very subtle color changes in the
CSRs in contact with the minced beef samples, while the most
signicant color changes occurred in the CSRs that were in
Fig. 11 3D-profiles measured on 2 by 2 mm spot sizes for BLANK, DRY

Fig. 12 The color changes and corresponding DE values of the CSRs du
values are presented with standard deviations.

1708 | Anal. Methods, 2023, 15, 1700–1712
contact with the sh samples. Aer 10 days, all color differences
became much more pronounced, which was reected in the
changes in the corresponding DE values. The increase in the DE
values ranged from 75% for the minced beef and up to 270% for
the trout samples. The results are not surprising, since sh is
known to have a particularly heavy microbial load.53

While the process of muscle food spoilage is diverse and
depends on the food type, microorganisms present, and envi-
ronment (temperature, the presence of air), common chemicals
(BAs; see above) are produced in high levels as a consequence of
intensive microbial activity.38 However, there is a lack of
consistency in the data as to the presence of BAs due to their
challenging identication and quantication. One of the
underlying reasons is that their concentration depends on the
intrinsic properties of foodstuffs, such as moisture content, fat,
protein, and pH value. These provide a rich milieu for the
development of microorganisms and biochemical reactions,
making the food perishable during processing and storage.40

Since the size of samples used for the spoilage experiments was
rather small, it was particularly important that the muscle food
samples had as much constant composition as possible. For
this reason, frozen (boneless and skinless) hake llets were
used for additional experimental work.

The color changes detected during the more detailed
spoilage experiments are presented in Fig. 13.

A comparison between the results obtained in preliminary
experiments with fresh trout (Fig. 12) shows that the color
changes of the CSRs obtained on day 10 in Fig. 13 are much less
, NH3, and UV samples.

ring spoilage experiments with different types of muscle food. The DE

This journal is © The Royal Society of Chemistry 2023
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pronounced. The reason for this lies in the fact that there are
considerable variations in the formation of volatile amines
between species and types of products.54 However, the aim of
this work was to establish a testing platform for the colorimetric
evaluation of muscle food spoilage in a closed system, not
a study of muscle food spoilage per se. As mentioned above, the
choice of the sh product was based on the desire to ensure
a constant composition of the food samples during the method
development process.

3.3.1. The determination of the total volatile basic nitrogen
(TVB-N) in sh samples. The TVB-N determined in the esh of
sh is a potential freshness indicator due to the presence of
volatile amines, such as TMA, DMA, and NH3, which are respon-
sible for the characteristic ‘shy’ odor typical of spoiled sh.55 The
degradation of proteins during storage results in the accumula-
tion of TVB-N, causing an increase in the pH value, which provides
better growth conditions for such microorganisms.56 Therefore,
there is generally a strong positive correlation between an
Fig. 13 Spoilage experiments conducted with frozen hake fillets (Merluc
values. The error bars represent standard deviations.

Fig. 14 The TVB-N (turquoise) and pH values (orange) of spoiled fish sam
CSRs. The error bars represent standard deviations.

This journal is © The Royal Society of Chemistry 2023
increasing pH value and the concentration of TVB-N. Such a trend
can also be observed in Fig. 14, which shows the TVB-N and pH
values of spoiled hake samples during the 10 day period.

The results show a general increase in the content of TVB-N
throughout the duration of the spoilage experiments. The value
of TVB-N from day 0 to day 2 increased only for 0.11 mg/100 g of
the sh sample (from 12.99 mg/100 g to 13.10 mg/100 g). A
similar trend can be observed when comparing the results from
day 6 (16.08 mg/100 g) and day 8 (16.25 mg/100 g). On the last
(10th) day of the experiment, the sh samples had an incredibly
foul odor and were visibly spoiled, but the amount of TVB-N
reached only 17.24 mg/100 g, which is well below the legal
maximum allowed by the European Commission (i.e., 35 mg/
100 g of the sample).57 This shows that the TVB-N values need to
be considered with caution and viewed in the context of other
spoilage parameters. Moreover, the relevant TVB-N thresholds
for food safety need to be established for each muscle food type
and for each storage condition.
cius capensis) showing photos of the CSRs and the corresponding DE

ples during the 10 day period, with corresponding color changes of the

Anal. Methods, 2023, 15, 1700–1712 | 1709
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Fig. 15 The aerobic and anaerobic counts of the fish samples during the 10 day spoilage experiment, with the corresponding color changes of
the CSRs. The error bars represent standard deviations.
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3.3.2. Microbiological analysis of sh. It has been well
established that the TVB-N content in muscle food increases
with storage time and that its accumulation pattern correlates
with the microbial count.58 Several microorganisms produce
Fig. 16 The correlation between TVB-N (turquoise) and the anaerobic b
shows the changes in the values of DE. The error bars represent standar

1710 | Anal. Methods, 2023, 15, 1700–1712
NH3 andmethylamines and thus contribute to the TVB-N levels.
The dynamics and growth of microbial species depend on the
availability of oxygen and the preferred substrate, moisture, and
pH of the environment.59
acterial count (red) with representative colors of the CSRs. The insert
d deviations.

This journal is © The Royal Society of Chemistry 2023
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Since the tightly sealed vials contained a limited amount of
oxygen, the sh samples were analyzed for the total number of
aerobic bacteria and the total number of anaerobic bacteria
(Fig. 15).

Compared to the anaerobic count, the aerobic count was
greater by an order of magnitude on each day of the analysis. An
insignicant change in the number of aerobic microorganisms
at day 2 was followed by a large increase on the following two
measuring dates, reaching approximately 4 × 109 CFU g−1 on
day 6. Aer that, a fall in the count in the aerobic microorgan-
isms was observed, most probably due to the depletion of
oxygen required for their growth. On the other hand, the
number of anaerobic microorganisms increased steadily
throughout the experiment, reaching approximately 4 × 108

CFU g−1 on day 10.
The total numbers of microorganisms in sh vary enor-

mously. Data published by the Food and Agriculture Organi-
zation (FAO) show that the total number of microorganisms in
the gills and intestines of fresh sh spans from 102 CFU g−1 up
to 109 CFU g−1.60 The level of microbial spoilage therefore
depends on the initial microbial composition of sh, the degree
of processing and preservation, together with chemical
composition and storage temperature.53

The functioning of spoilage microorganisms is oen asso-
ciated with a food product defect, such as the presence of TVB-N
(Fig. 16).

Fig. 16 shows a strongly positive correlation between the
values of TVB-N and the anaerobic count of microorganisms.
Many different species of microorganisms from very different
sources may cause food spoilage, even in a selective environment
based on a dened food formulation. The mechanism of BA
production through the decarboxylation of various amino acids
has been reported for several classes of microorganisms.61

However, one needs to keep inmind that not all microorganisms
are able to decarboxylate free amino acids, so low concentrations
of amines do not necessarily signal good microbiological
quality,40 which was also conrmed by our results.

4. Conclusion

Food-compatible CSRs enable the exible, robust, non-
destructive sensing, easy miniaturization, and fabrication of
low-cost, and sustainable systems. This work presents an
affordable and versatile testing platform for the validation
thereof in a closed system, using a commercial color sensor.
The method enables the systematic evaluation of color changes
in terms of DE values and their correlation with potential food
spoilage indicators (TVB-N and microbial prole).

The CSRs used for the development of the method described
herein were made from black carrot extract and ethyl cellulose.
Their colorimetric responses to increasing logarithms of mass
concentrations (log g) of the vapors of three analytes (NH3,
DMA, and TMA) were studied. The method was partially vali-
dated for the limit of detection (LOD), the limit of quantication
(LOQ), sensitivity, and linear g range. The LOD values ranged
from 1.48 mg L−1 for NH3, to 1.55 mg L−1 for DMA and
1.58 mg L−1 for TMA. The calculated LOQ values for DMA and
This journal is © The Royal Society of Chemistry 2023
TMA were identical (4.47 mg L−1), while the LOQ value for NH3

was calculated to be 3.36 mg L−1. Similarity between the DMA
and the TMA analytes was also reected in the determined
linear g ranges. The DE analysis showed comparable sensitivity
for NH3 and DMA but signicantly lower sensitivity for the TMA
analyte. Overall, the fastest reaction times and the best analyt-
ical characteristics were obtained for the NH3.

The presented novel smartphone testing platform shows great
promise andmight pave the way to the successful development of
colorimetric devices that dene the quality of a broad variety of
muscle food. This could result in solutions for smart food pack-
aging that enable monitoring of food quality and food safety,
while expanding nominal shelf life and reducing food waste.
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