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In this work, we developed a cost-effective and environmentally friendly anthocyanin-based paper sensor
with high sensitivity and optical visibility for the rapid detection of ammonia in aqueous solutions. The
detection principle is based on a color change upon ammonia exposure to an anthocyanin-containing
paper, which can be recorded simply via a smartphone. The paper sensors were fabricated by extracting
anthocyanin from different sources (i.e., red cabbage, blueberry, and blackberry) and immersing pre-cut
paper in anthocyanin extracts. Anthocyanin was extracted from different sources into water and aqueous
ethanolic solution (80%) using solid—liquid extraction (SLE) and sonication assisted extraction (SAE)
methods. The sensor sensitivity and optical visibility were improved by selecting a suitable combination
of anthocyanin source, extraction technique, and solvent and controlling the ammonia release from the
samples via alkalinization using a suitable base. Sensors fabricated with anthocyanin extracted from red
cabbage (Red-C) into water using the SLE method and samples alkalinized with NaOH showed higher
sensor sensitivity and better optical visibility. The Red-C anthocyanin sensors also exhibited a visible
color change from dark to light blue for ammonia samples with concentrations as low as 2 mg NHz—N/
L. Moreover, the spike recovery results of the sensors (101.9-109.4%) were in good agreement with
those of the standard spectrophotometry method (105.4-112.2%), which suggest that these biosensors
are a promising analytical tool as a replacement for time-consuming and environmentally unfriendly
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Introduction

The widespread use of ammonia and its derivatives in fertil-
izers, explosives, refrigeration systems, corrosion inhibitors,
and wastewater treatment contributes significantly to the
increase of ammonia concentration in the environment.*”® The
surplus release of nitrogen-containing nutrients (e.g,
ammonia) into the environment triggers a potential risk for
aquatic-biota, water qualities, and human health.* The use of
anhydrous ammonia as a fertilizer can cause serious health
effects such as skin burns, pulmonary congestion, blindness,
and death.* The continual upsurge of ammonia concentration
in the aquatic environment encourages the growth of plankton
communities, leading to the production of algal bloom and
eutrophication and consequently poses a potential risk for
marine life.>* Moreover, ammonia can be converted to nitrate
and nitrite via the nitrification process, and these products also
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standard spectrophotometry methods for the on-site screening of ammonia.

have a toxic effect on human and aquatic life.”** Therefore, it is
essential to detect and monitor ammonia concentration for
sustainable water sources, survival of aquatic and human life,
and developing emergency management plans.

The most widely used and investigated methods for
ammonia detection are nesslerization and phenate methods. In
the nesslerization method, ammonia reacts with mercury(u)
iodide in an alkaline media to form a yellow product.*>** In the
phenate method, ammonia reacts with hypochlorite and phenol
in an alkaline media in the presence of sodium nitroprusside to
form indophenol blue.*** These products can be detected with
a simple spectrophotometry approach. However, these methods
suffer from issues such as the use of toxic or unstable reactants
(e.g., mercury, phenol, hypochlorite, sodium nitroprusside),
sample pretreatment, catalyst requirement, long reaction time,
and toxic byproducts (e.g., o-chloro-phenol).>*>!*'” Sequential
injection gas diffusion device,"”® microfluidic paper-based
analytical device (WPAD)," fluorescence detection,* and paper-
based sensors fabricated with solid Berthelot reagents,* are
examples of other ammonia detection methods. Sensitivity to
the temperature and pH change, wetting and clogging of the
membrane, low sensor sensitivity, the use of toxic chemicals,
and complicated sensor fabrication process are some limita-
tions associated with these methods.>'” Therefore, there is still
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a requirement to develop a rapid, sensitive, environmentally
friendly, straightforward, and cost-effective ammonia detection
method.

Paper-based sensing techniques recently received attention
and have been used for ammonia analysis in water and air
samples.”>** Cost-effectiveness, convenience, and versatility are
some advantages of these paper-based sensing methods.'”**
Anthocyanins extracted from plants, vegetables, or fruits are
natural pH indicators that can be used as active material in
paper sensors as a substitute for synthetic indicators. Although
this material is non-toxic and water-soluble, there are only few
reports in which anthocyanin-based papers, fibers, and polymer
films were used to detect ammonia in aqueous or gaseous
forms.'*%® Early studies only focused on anthocyanin extrac-
tion from one anthocyanin source and sensor fabrication to
detect ammonia in aqueous or gaseous samples. However, the
effect of different anthocyanin sources on the sensor perfor-
mance is not investigated. Moreover, there is no systematic
study on the anthocyanin extraction process and the effect of
different parameters (e.g., extraction technique, extracting
solvent) on the sensor sensitivity and optical visibility.

In this work, we extracted anthocyanin from three different
sources (i.e., red cabbage, blueberry, and blackberry) into the
water (Aqip0) and 80% aqueous ethanolic solution (Aq,oEtso)
using solid-liquid extraction (SLE) and sonication assisted
extraction (SAE) methods. We then fabricated anthocyanin-
based paper sensors and investigated the effect of different
parameters (ie., anthocyanin source, extraction method,
solvent) on biosensor sensitivity and optical visibility. Alkalin-
ization also has a substantial effect on the sensor sensitivity by
facilitating ammonia release from aqueous samples, which has
been investigated here to improve the sensor performance.

Results and discussion

The overall procedure for ammonia detection using
anthocyanin-based paper sensors is represented in Fig. 1.
Anthocyanin extracted from different sources (i.e., red cabbage,
blueberry, and blackberry) was used to fabricate sensors by
immobilization of anthocyanin on a filter paper by simple
immersion. The wet anthocyanin-immobilized paper sensor
was then exposed to an alkaline ammonium solution, and
a color change was observed upon exposure to released
ammonia gas. The sensor reaction zone was imaged with
a smartphone camera and analyzed using Image] software for
RGB quantification to correlate ammonia concentration with

red intensity absorbance.

Anthocyanin Extraction Sensor Fabrication

Pasn’ |0

Paper

The mechanism involves the conversion of ammonium ion
(NH,") in an aqueous solution to ammonia gas (NH;) by alka-
linization. Total ammonia nitrogen (TAN) is the equilibrium
combination of ionized ammonia (NH,") and unionized
ammonia (NH;) in water, which is temperature and pH
dependent. Following alkalinization, ionized ammonia (NH,")
converts to unionized ammonia (NHj3) represented by the
following equation:

NH,CI + MOH — NH; + MCI + H,0 (1)

The generated NH; gas diffuses freely through the reaction
unit headspace and leads to a color change in the wet
anthocyanin-based paper sensor placed at the top of the reac-
tion unit due to the pH change of anthocyanin.” The intensity
of the blue color is proportional to ammonia concentration,
which is quantified using Image] software in terms of red
intensities absorbance.

Anthocyanin extraction

Anthocyanin is a natural pigment belonging to the polyphenol
family; therefore, it is soluble and extractable in most polar
solvents such as water or alcohols. However, the extent of
solubility might depend on the solvent type or the extraction
technique as investigated here. In this work, we selected three
anthocyanin commodities (i.e., red cabbage, blueberry, and
blackberry) based on their fraction purity, content, cost, and
availability.** Anthocyanin was then extracted from red cabbage
(Red-C), blueberry (Blue-B), and blackberry (Black-B) via solid-
liquid extraction (SLE) or sonication assisted extraction (SAE)
methods into the water (Agigo) or 80% aqueous ethanolic
solution (Aq,oEtgo)-

The UV-Vis spectra of anthocyanin extracted from Red-C,
Blue-B, and Black-B into water (Aqi90) and 80% aqueous etha-
nolic solution (Aq,¢Etg) via SAE and SLE techniques are pre-
sented in Fig. 2 (see Fig. S17 for the full spectra). Photos of vials
containing anthocyanin extracts are shown as insets in Fig. 2.
Fig. 2a and b demonstrate the UV-Vis spectra of anthocyanin
extracted from different commodities via the SAE method into
Aq100 and Aq,Etg, respectively. In these figures, Black-B shows
maximum absorbance at 512 and 545 nm in Aq;0 and Aq,oEtso,
respectively. Blue-B indicates maximum absorbance at 530 and
547 nm in Aqqo and Aq,oEtg, respectively. Red-C demonstrates
maximum absorbance at 537 and 550 nm in Aqgo and AqyoEtso,
respectively. These anthocyanin extracts show maximum
absorbance in the range of 500-550 nm, which slightly shifts to
a higher wavelength (i.e., redshift) when extracted into Aq,oEtgo.
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Fig. 1 Schematic representation of the analytical method developed for ammonia detection using anthocyanin-based paper sensors.
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Fig.2 UV-Vis spectra of anthocyanin extracted from blackberry (Black-B), blueberry (Blue-B), and red cabbage (Red-C). (a) and (b) via sonication
assisted extraction (SAE) in deionized water (Aqioo) and 80% aqueous ethanolic solution (AgxoEtge), respectively. (c) and (d) via solid-liquid
extraction (SLE) in deionized water (Agi00) and 80% aqueous ethanolic solution (AgxoEtsg), respectively. The photos of vials containing antho-

cyanin extracts are shown as insets.
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Fig. 3 Red intensity absorbance of Black-B anthocyanin-based paper sensors at different ammonium concentrations fabricated from Black-B
extracts via SAE (a) and SLE (b) methods. (c) Photos of sensors obtained from Black-B/SAE/AqgsoEtgg after exposure to different ammonia

concentrations (0 represents the blank sample).
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Fig. 4 Red intensity absorbance of Blue-B anthocyanin-based paper sensors at different ammonium concentrations fabricated from Blue-B
extracts via SAE (a) and SLE (b) methods. (c) Photos of sensors obtained from Blue-B/SAE/AqsoEtgo after exposure to different ammonia

concentrations (0 represents the blank sample).

We also observed that the color of anthocyanin solutions
extracted from different commodities are different (see Fig. 2
insets), which might be because of the difference in anthocy-
anin pH or concentration in different extracts. Since it has been
shown that the protonated form of anthocyanin results in a red
color, while the deprotonated form of anthocyanin produces
a purple color.**

Fig. 2c and d show the UV-Vis spectra of anthocyanin
extracted from different commodities via the SLE method into
Aq100 and Aq,oEtgo, respectively. In these figures, Black-B shows
maximum absorbance at 510 and 540 nm in Aq;go and AqyoEtgo,
respectively. Blue-B exhibits maximum absorbance at 520 and
547 nm in Aq;oo and AqyoEtge, respectively. Red-C indicates
maximum absorbance at 570 and 547 nm in Aq4o and AqyoEtgo,
respectively. As seen in Fig. 2, there is a spectral shift for
anthocyanin extracted from different commodities into
different solvents using different methods. Moreover, the

amount of anthocyanin extraction might vary depending on the
method or the solvent, which is consistent with the color
observed for the extracts (Fig. 2 insets). For example, Red-C
anthocyanin shows both spectral shift and different extraction
amount when extracted with different methods (SAE or SLE)
into different solvents (Aqigo Or AqyoEtgy). Among different
method-solvent combinations, Red-C anthocyanin extracted
into Aqioo via the SLE method offers the highest wavelength at
maximum absorbance (i.e., 570 nm) and the highest absor-
bance, consequently the highest concentration among all
anthocyanin extracts.

Sensor fabrication

Anthocyanin extracts were used to fabricate paper sensors by
dipping pre-cut filter papers in anthocyanin-containing solu-
tions. Anthocyanin-based paper sensors were then exposed to
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Fig. 5 Red intensity absorbance of Red-C anthocyanin-based paper sensors at different ammonium concentrations fabricated from Red-C

extracts via SAE (a) and SLE (b) methods.
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Fig. 6 The photos of Red-C anthocyanin-based paper sensors after exposure to different ammonia concentrations (0 represents the blank

sample).

alkaline ammonium solutions with concentrations of 2-15 mg
NH;-N/L and used for ammonia detection based on the color
change of the sensor reaction zone. The color change was
imaged with a smartphone camera and analyzed using Image]J
software.

Fig. 3a and b demonstrate the red intensity absorbance of
sensors fabricated from Black-B anthocyanin extracts via SAE
and SLE methods, respectively. The reported red intensity
values show the average of measurements on three paper
sensors. Sensors fabricated from all Black-B extracts (except
Black-B/SAE/Aq,Etg,) show maximum red intensity at 10 mg
NH;-N/L. The sensor fabricated from Black-B/SAE/Aq,¢Etso
exhibits maximum red intensity at 15 mg NH;-N/L. Comparing
red intensity results for Black-B anthocyanin sensors also reveal
that the sensor fabricated from Black-B/SLE/Aqq, offers the
highest red intensity, and consequently, the highest sensor
sensitivity. This might be because of the high amount of
anthocyanin extracted from Black-B using SLE-Aqio (see
Fig. 2c). The photos of Black-B anthocyanin-based paper
sensors after exposure to different ammonia concentrations are
shown in Fig. S2.1 A more visible color change from red to blue
at ammonium concentrations above 5 mg NH;-N/L was
observed for paper sensors fabricated from Black-B/SAE/
AqyoEtso, probably due to their lighter background colors (see
Fig. 3c).

The red intensity absorbance of sensors fabricated from
Blue-B anthocyanin extracts via SAE and SLE methods is shown
in Fig. 4a and b. The reported red intensity values show the
average of measurements on three paper sensors. Comparing
red intensity results for Blue-B anthocyanin sensors indicate
that the sensors fabricated from Blue-B/SLE/Aq,oEtg, and Blue-
B/SLE/Aq;¢o offer higher red intensities and consequently
higher sensor sensitivity. Since the SLE method results in high

© 2021 The Author(s). Published by the Royal Society of Chemistry

anthocyanin concentration in Blue-B extracts in both solvents
(see Fig. 2), sensors fabricated with both extracts show higher
sensitivity. The photos of Blue-B anthocyanin-based paper
sensors after exposure to different ammonia concentrations are
shown in Fig. S3.7 All sensors show a color change from pink or
purple to blue at ammonium concentrations above 5 mg NH;-
N/L. A more visible color change from purple to blue was
observed for paper sensors fabricated from Blue-B/SAE/AqoEtgo
(see Fig. 4c).

Fig. 5a and b show the red intensity absorbance of sensors
fabricated from Red-C anthocyanin extracts via SAE and SLE
methods, respectively. The reported red intensity values show
the average of measurements on three paper sensors. Interest-
ingly, sensors fabricated from Red-C anthocyanin extracts show
higher red intensities and more reproducible results at all
ammonium concentrations compared to Black-B and Blue-B
anthocyanin sensors. Among Red-C extracts, Red-C/SLE/Aq¢
offers the highest red intensity absorbance and consequently
higher sensor sensitivity. This is consistent with the UV-Vis
spectroscopy data on anthocyanin extracts since Red-C/SLE/
Aq190 resulted in the extract with the highest absorbance, and
consequently, the highest anthocyanin concentration. The
photos of Red-C anthocyanin sensors after exposure to different
ammonia concentrations are shown in Fig. 6. All Red-C antho-
cyanin sensors show a visible color change from purple or dark
blue to light blue at ammonium concentrations =3 mg NH;-N/
L. Sensors fabricated from Red-C/SAE/Aqi00, and Red-C/SLE/
Aq¢0 extracts also exhibit a visible color change at 2 mg NH;-N/
L, which is the lowest reported value for ammonia detection by
a visual screening of anthocyanin-based paper sensors. This is
a significant achievement for visual ammonia sensing since it
has been reported that the triggering value of ammonia in
freshwater is 0.32 to 2.3 mg NH;-N/L, and we can visually detect

RSC Adv, 2021, N, 24387-24397 | 24391
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ammonia at any concentrations above the triggering point (i.e.,
2.3 mg NH;-N/L).*

Effect of anthocyanin source on sensor sensitivity

In this work, we extracted anthocyanin from different sources
(i.e., Black-B, Blue-B, and Red-C) to fabricate paper sensors and
observed that Red-C anthocyanin sensors provide higher sensor
sensitivity and better optical visibility. As seen in Fig. 2,
anthocyanin extracts from different sources show different
absorbance, which implies that the anthocyanin concentration
in these extracts might be different. Since the difference in
anthocyanin concentration might have an impact on sensor
sensitivity and optical visibility, anthocyanin concentrations
were made equal by diluting the concentrated extracts, and the
extracts with equal anthocyanin concentrations were used to
fabricate sensors. For this study, anthocyanin was extracted
from different sources in Aqoo via the SLE method, and the
analysis was performed on ammonium samples containing 10
and 20 mg NH;-N/L.

Fig. 7a shows UV-Vis spectra of anthocyanin extracted from
Black-B, Blue-B, and Red-C in Aq;qo via SLE after concentration
equalization. Fig. 7b demonstrates the red intensities for the
sensors fabricated from the extracts having equal anthocyanin
concentrations. The results indicate that Red-C anthocyanin
sensors have higher red intensities, and consequently higher
sensitivity, compared to Blue-B and Black-B anthocyanin
sensors even at equal anthocyanin concentrations. The color
change of the sensor reaction zone is also more visible for Red-C
anthocyanin sensors in comparison with Blue-B and Black-B

24392 | RSC Adv, 2021, N, 24387-24397

anthocyanin sensors (see Fig. 7c). According to the literature,
Blue-B shows higher anthocyanin fraction purity (99.9%), fol-
lowed by Red-C (99.4%) and Black-B (97.7%).*' Anthocyanin
content of Blue-B (163.5 mg/100 g) is also higher compared to
Black-B (90.46 mg/100 g) and Red-C (72.98% mg/100 g).*!
Therefore, we expected that Blue-B anthocyanin might provide
higher sensor sensitivity and better optical visibility, while Red-
C anthocyanin offered better sensor performance and more
visible color change.

Effect of alkalinization on sensor sensitivity

The ammonium ion (NH,') in the sample converts to ammonia
gas (NH;) via alkalinization. A rapid alkalinization could reduce
the reaction time and improve the sensor sensitivity through
the efficient release of ammonia. Although all bases can alka-
linize the ammonium solution, the rate of alkalinization
depends on the type of base and its dissociation constant in the
aqueous media. Therefore, we selected three bases (i.e., NaOH,
KOH, Ca(OH),) and investigated their effect on the alkaliniza-
tion process and sensor sensitivity. The NaOH, KOH, and
Ca(OH), solutions (2 M) were prepared and used to convert
NH," to NH; in the samples. The anthocyanin extracted from
different sources in Aqioo via the SLE method was used to
fabricate sensors, and the sensor sensitivity was investigated for
ammonia concentrations of 5, 10, and 20 mg NH;-N/L.

Fig. 8 shows red intensities of the sensors fabricated from
anthocyanin extracted from different sources (Black-B, Blue-B,
and Red-C) after exposure to ammonia, where ammonium
containing sample is alkalinized by NaOH (Fig. 8a), KOH

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Calibration curve of Red-C anthocyanin-based paper sensor.
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samples with concentrations of 1-10 mg NHs—N/L are shown as
insets.

(Fig. 8b), and Ca(OH), (Fig. 8c). Higher red intensity values were
observed for the sensors when NaOH was used for alkaliniza-
tion, followed by KOH and Ca(OH),. NaOH and KOH are both
strong bases containing alkali metal cations (i.e., Na*, K') and

Table 1 The analytical data of Red-C anthocyanin-based paper sensors

dissociate completely in the aqueous media, so we expected
similar sensor sensitivity from these bases, but we observed
different responses. Ca(OH), is also a strong base but less
soluble in water and settles down slightly at the bottom of the
reaction unit, resulting in lower sensor sensitivity compared to
NaOH and KOH because of less ammonia release. These results
reflect the importance of base selection and the effect of base
type on the sensor sensitivity. Photographs of the sensors
fabricated from Red-C, Blue-B and Black-B anthocyanin extracts
and alkalinized by NaOH, KOH, and Ca(OH), are shown in
Fig. S4.1 These photos qualitatively indicate that alkalinization
with NaOH offers a more visible color change in the sensor
reaction zone compared to alkalinization with KOH or Ca(OH),,
consistent with red intensity results.

Sensor validation and analytical performance

Analytical features of anthocyanin-based paper sensors were
calculated based on the optimum results obtained in previous
sections. Sensors were fabricated from Red-C anthocyanin
extracted into Aqioo via the SLE method, and ammonium
samples were alkalinized with NaOH. The analytical features
such as the linear working range, limit of detection (LOD), limit
of quantification (LOQ), reproducibility, and the spike recovery
were analyzed under optimum conditions. The linear working
range of the sensor was obtained from the calibration curve
established by measuring the red intensity absorbance at
different ammonium concentrations. Fig. 9 shows the calibra-
tion curve of Red-C anthocyanin sensors with a coefficient of
determination (R®) of 0.9835. The developed analytical method
demonstrated a linear working range of 1-10 mg NH;-N/L. The

Parameters

Our results Literature results®”

Limit of detection (LOD), mg NH;-N/L
Limit of quantification (LOQ), mg NH;-N/L
Linear working range, mg NH;-N/L
Reproducibility (% RSD)

Recovery (%)

© 2021 The Author(s). Published by the Royal Society of Chemistry

0.29 0.29

0.97 0.98
1-10 1-25
3.57 4.2
101.9-109.4 89.6-110
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0.0

T

0.5 1.0 1.5 2.0 25

NH,CI Concentration (mg NH,-N/L)

0.0

Fig. 10 Calibration curve of the spectrophotometry method. Photos
of cuvettes containing ammonium samples with concentrations of
0.01-2.5 mg NHs—N/L after exposure to phenate method reagents are
shown as insets.

limit of detection (LOD) and limit of quantification (LOQ) were
calculated from the calibration curve using the following
equations:

30,

Limit of detection(LOD) = (2)

C

100,
me

Limit of quantification(LOQ) = (3)
where o, refers to the standard deviation of the blank sample
and m, represents the slope of the linear range of the calibration
curve. The calculated values of the limit of detection (LOD) and
limit of quantification (LOQ) were 0.29 mg NH;-N/L and
0.97 mg NH;-N/L, respectively. The reproducibility of the
method was examined for ammonia samples at 10 mg NH;-N/L
with four replicate analyses and reported in terms of percentage

Table 2 Sensor performance validation and spike recovery results

Paper

relative standard deviation (RSD = 3.57%). The analytical
features of Red-C anthocyanin paper sensors are shown in Table
1, and these results are in agreement with the values reported in
the literature.”

The accuracy of anthocyanin-based paper sensors was vali-
dated by the standard spectrophotometry method. The stan-
dard phenate method (4500-NH; F) was used for ammonia
determination, in which indophenol blue forms following the
reaction of ammonia with hypochlorite and phenol in an alka-
line media in the presence of sodium nitroprusside.*® The
concentration of NH; is determined by Beer-Lambert law,
which correlates the NH; concentration with the absorbance of
light passing through the blue color product. Fig. 10 shows the
calibration curve obtained via the spectrophotometry method,
which exhibits the linear working range of 0.01-2.5 mg NH;-N/
L with the coefficient of determination (R?) of 0.9919.

The accuracy of the anthocyanin-based paper sensor was
evaluated with the spike recovery, and the results were
compared with the spectrophotometry results. For the spike
recovery, four ammonium samples with different concentra-
tions in the range of 5-20 mg NH,;-N/L were analyzed. The
concentrated samples were diluted with water to keep the
concentration within the linear working range in both methods.
As seen in Table 2, the spike recovery results of the sensors
(101.9-109.4%) are in good agreement with the results of the
standard spectrophotometry method (105.4-112.2%). More-
over, we calculated the ¢-value for the statistical comparison of
the results obtained by the two methods. The calculated ¢-value
is 0.62, which is less than the critical ¢-value (2.13) at a 95%
confidence level. This suggests that the developed sensing
method is suitable for ammonia determination as a replace-
ment for the standard spectrophotometry method. Overall, the
proposed anthocyanin-based paper sensor is applicable for
ammonia detection in real samples; however, one should
consider the effect of interferants and other contaminants
present in real samples such as volatile organic compounds,
counterions, and pH of the sample.

Conclusions

We have developed an inexpensive, environmentally friendly,
and sensitive anthocyanin-based paper sensor as a promising
screening tool for instantaneous detection of ammonia in
aqueous samples at a micro-level concentration. The high
sensitivity and optical visibility of sensors were achieved by
selecting the suitable combination of anthocyanin source,

NH; recovered
Ammonium conc. (mg

NH; recovered

Recovery (%)

NH;-N/L) Spectrophotometer Biosensor Spectrophotometer Biosensor
5 5.4117 %+ 0.0292 8.3033 4 2.8329 107.6 109.4
10 10.9978 £ 0.0422 14.2482 + 3.5284 109.5 107.2
15 16.9823 £ 0.1540 17.4612 + 1.6618 112.2 105.3
20 21.1595 £ 0.0717 24.5881 £ 4.2042 105.4 101.9
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extraction technique, and solvent for extracting anthocyanin to
fabricate sensors. The alkalinization rate was also optimized by
choosing a suitable base to improve the sensor sensitivity. The
SLE-Aqi00 Was the best method-solvent combination for
anthocyanin extraction to maximize the sensor sensitivity, and
red cabbage offered the highest sensor sensitivity and the best
optical visibility of the sensor reaction zone. NaOH also resulted
in an efficient ammonia release and improved the sensitivity
quantitively and qualitatively. These modifications resulted in
anthocyanin-based paper sensors with a visual color change in
ammonia samples with concentrations as low as 2 mg NH;-N/L,
making them suitable for on-site applications. Overall, we
believe that the use of non-toxic reagents, inexpensive reactants
and fabrication methods, and simple and fast detection method
makes these sensors appealing for rapid ammonia detection in
widespread applications.

Experimental section
Materials

All reagents were used as received unless otherwise stated.
Ammonium chloride was purchased from VWR Life Science.
Phenol (liquefied, =88.0%) and sodium hydroxide were ob-
tained from EMD Millipore Corporation. Potassium hydroxide
and sodium hypochlorite solution (5%) were purchased from
Ward's Science. Calcium hydroxide (95%) and sodium nitro-
prusside dihydrate (99-102%) were obtained from Alfa Aesar.
Sodium citrate dihydrate was purchased from Macron Fine
Chemicals. Red cabbage, blueberry, and blackberry were
purchased from a local supermarket. Deionized water was used
to prepare all solutions.

Anthocyanin extraction

Red cabbage, blueberry, and blackberry commodities were used
to extract anthocyanin into deionized water (Aqioo) Or 80%
aqueous ethanolic solution (AqyEts,) via sonication assisted
extraction (SAE) or solid-liquid extraction (SLE) techniques.
Fresh anthocyanin commodities were washed with water and
dried at room temperature. The red cabbage was sliced into
small pieces. Blueberries and blackberries were smashed in
a beaker. 100 g of each commodity was mixed with 100 ml of
solvent in a 500 ml round bottom flask (solid to liquid ratio was
1:1), and the flask was sealed with parafilm. For the SAE
method, the flask containing the mixture was sonicated for
60 min at 40 °C using an ultrasonic bath (VWR Ultrasonic
Cleaner). For the SLE method, the flask was placed in an oil
bath and stirred for 60 min at 40 °C using a heater/stirrer. After
one hour, the mixture was transferred to a CellStar poly-
propylene centrifuge tube and centrifuged at 4000 rpm for
10 min. After centrifugation, the supernatant was transferred to
a screw-capped glass bottle, wrapped with aluminum foil, and
stored at 4 °C.

Sensor fabrication

Whatman filter paper (Grade 1) was used to fabricate paper
sensors. Filter papers were cut into circular shapes with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a diameter of 2.54 cm. Anthocyanin extracted from different
sources was added into a Petri dish, and the pre-cut filter paper
was dipped in it for 15 min for uniform immobilization of
anthocyanin on the paper. After 15 min, the paper was removed
and dried at room temperature. The fabricated paper sensors
were stored at room temperature under dark conditions and
away from any acid or alkaline sources.

Ammonia detection using anthocyanin-based paper sensors

Ammonia solutions with concentrations of 1 to 20 mg NH;-N/L
were prepared by dissolving NH,Cl powder in deionized water,
followed by serial dilution (see ESIf for ammonia solution
preparation). The ammonia solution (2 ml) was then added into
a glass vial (20 ml), followed by NaOH addition (2 ml, 2 M) for
alkalinization (Note: KOH and Ca(OH), were also added to
study the base effect on sensor sensitivity). The prefabricated
paper sensor was wetted with deionized water (50 pl) and put on
top of the glass vial or reaction unit. The glass vial was sealed
immediately with parafilm to prevent ammonia release and
placed under ambient condition for 30 min. After 30 min, the
sensor was removed from top of the glass vial and scanned by
a smartphone camera. The RGB quantification of sensor reac-
tion zone was performed by Image]J software to correlate the red
intensities absorbance with ammonia concentration using the
following equation:

Absorbance = —log(Ry/Ry) (4)

where R, represents the red intensity of sample solution and Ry,
red intensity of blank solution.

Ammonia detection using spectrophotometry

The analytical performance of the paper sensor was validated
with the standard spectrophotometry method (i.e., phenate
method).** Phenate method reagents used in this study were
prepared as described in ESI.f The standard ammonium solu-
tions in the range of 0.01 to 2.5 mg NH3;-N/L and one blank
solution were prepared to calibrate the spectrophotometer.
25 ml of the standard (or blank) solution was added into
a capped container wrapped with aluminum foil, and phenate
method reagents were added stepwise with thorough mixing
after each addition. 1 ml phenol solution, 1 ml sodium nitro-
prusside solution, and 2.5 ml oxidizing solution were added
step by step. The sequence of the reagent addition must be
followed for reproducible results. The reaction container was
placed in a subdued light area for four hours for the reaction
completion. After four hours, absorbance spectra were recorded
using a UV-1600PC spectrophotometer at 633 nm. Blank solu-
tion absorbance was subtracted from standard solution absor-
bance to obtain the accurate absorbance. A calibration curve
was obtained and used to validate the accuracy of anthocyanin-
based paper sensors.

Characterization

The UV-Vis spectra were recorded on a UV-1600PC spectro-
photometer. The photographs of paper sensors were captured
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with a smartphone (Redmi Note 4, Android). Red intensities of
paper sensors were analyzed using Image] software (v1.53e).
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