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Noninvasive Colorimetric Detection of Acetic Acid in Human Breath
Based on an Alginate/Ni—Al-LDH/Dye Composite Film

S. Amirabbas Zakaria, M. Hassan Amini,* and S. Hamid Ahmadi*

I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2023, 8, 23613-23621

ACCESS | [l Metrics & More | @ Supporting Information

Repeatability diagram

Test Chamber »

Breath VOC »
(Acetic acid)

12

In put o

—_ )
lmage processing :\:

> — ';, 8

( X J 6

— 4

Sensor array Output 2

0

0 1 2 3 4 5 6 7 8
Sensors

Bromocresol purple . .
3.5 ppm, 60 min
—

Bromocresol green . .

ABSTRACT: Alginate/Ni—Al-layered double hydroxide/dye (Alg/Ni—Al-LDH/dye) composite films were fabricated using the
solution casting method. The dyes used included methyl red, phenol red, thymol blue, bromothymol blue, m-cresol purple, methyl
orange, bromocresol purple (BP), and bromocresol green (BG) in the overall pH range of 3.8 to 9.6. The chemical composition and
morphology of the Alg/Ni—Al-LDH/dye composite film structure were investigated by Fourier transform infrared spectroscopy,
FESEM, atomic force microscopy, and X-ray diffraction. The Alg/Ni—Al-LDH/dye composite films were semitransparent and
mechanically flexible. Acetic acid was investigated as a respiratory biomarker related to gastrointestinal diseases. The parameters
studied included color volume, response time, Ni—Al-LDH nanosheet volume, reusability, and drawing of the calibration curve along
with statistical features including standard deviation, relative standard deviation, limit of detection, and limit of quantitation.
Colorimetric indicators BP and BG in the presence of acetic acid produce color changes that are almost visible to the naked eye.
However, other used indicators have shown almost no change. Therefore, it can be reported that the sensors made in the presence of
BP and BG act selectively in relation to acetic acid.

1. INTRODUCTION spectrometry-based methods [such as gas chromatography

(GC), GC—mass spectrometry, and proton transfer reaction—

Noninvasive disease diagnosis is a rapidly developing strategy
based on the analysis of volatile organic compounds (VOCs)
emitted from various body sources (such as breath, skin, urine,
and blood)." ™ In 1971, Pauling et al.* identified more than 250
different VOCs in human breath. Therefore, human breath is a
complex volatile mixture. However, the main VOCs of human
breath in healthy individuals include methanol (160—2000
ppb), ethanol (13—1000 ppb), acetone (1.2—900 ppb),
isoprene (12—580 ppb), and ammonia.® Jalal et al.’ have
reported that internal conditions, environmental exposure, diet,
and lifestyle of individuals affect the concentration ratio of
VOC:s of a person, so the concentration ratio of VOCs can be
different from person to person. A higher than average VOC
concentration, without considering individual characteristics,
indicates disease in the body. Therefore, the increase in VOC
concentration is considered as a breath biomarker in disease
diagnosis.”

Various techniques and methods are used to detect and
measure the VOCs, including chromatography and mass
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mass spectrometry (PTR-MS)].*"'" Laboratory methods have
appropriate sensitivity and reproducibility. However, from the
point of view of the application, they require a professional
operator and operating space and are undesirable for real-time
and field use.” Colorimetric methods have attracted the
attention of researchers as an alternative approach.'’ The
main problem of colorimetric methods is the environmental
influence on the quality of the results."> For example, breath
colorimetric sensors may report an incorrect response when
affected by humidity. Therefore, it is necessary to create a
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structure with the least influence and higher selectivity for
important breath markers.

It is well known that ambient humidity has little effect on gas
sensors based on layered double hydroxide (LDH) struc-
tures."”'* This phenomenon can be related to the presence of
interlayer water molecules in the LDH structure.'® Therefore, an
efficient sensor can be provided by using this inherent property
in the measurement of breath markers. On the other hand, LDH
nanosheets, as a protective layer, keep the pH indicators safe
from environmental changes,m'17 thus increasing the lifetime of
the sensor. It should be noted that in addition to the protective
role, LDH nanosheets can act as a barrier to prevent the rapid
and timely penetration of the analyte into the inner layers.'*~*°
Therefore, it is of particular importance to create a structure with
proper permeability, stability, repeatability, and reproducibility.

In this study, alginate polysaccharide was used as a substrate
with an egg-box structure and LDH as a polymer filler along with
pH indicators by the solvent casting method. The performance
of the sensor was evaluated by the colorimetric technique.

LDH nanosheets have been used as a key component of the
composite structure to control the H- or J-arrangement of dye
molecules.'”'” Alginate has created a clear substrate and traps
dye molecules within its chain—chain junction zones. Therefore,
it can be ensured that the dye molecules have spread almost
uniformly on the entire surface. In the next step, acetic acid as an
important breath biomarker was investigated to evaluate the
possibility of using a sensor array based on the Alg/Ni—Al-
LDH/dye composite film in medical breath analyzers. The
functional characteristics of sensors investigated by digital
colorimetric and image processing techniques can be mentioned
as sensitivity, response time, relative humidity (% RH) effect,
repeatability, and reproducibility. Other investigated parameters
include the limit of detection (LOD), limit of quantitation
(LOQ), standard deviation (s), and relative standard deviation
(RSD).

2. RESULTS AND DISCUSSION

It is well known that LDH nanosheets can act as a protective
layer against light radiation. In this regard, Zhang et al.'’
mentioned that the structure of LDH nanosheets acts as a
protection against the photoisomerization of azobenzene against
light radiation. In general, dye molecules or ions on an adsorbent
substrate can adopt two spatial structures. Wang et als'®
arrangement of aggregates can be considered as H- (parallel
arrangement and face-to-face arrangement) and J- (axial head-
to-tail arrangement) form states. They have also reported that
the interaction between dye molecules is relatively fragile and
changes under the influence of the surrounding environment.
Therefore, they have proposed the use of the LDH structure by
the LB method as a self-assembly unit to produce an LDH/dye
composite structure in a stable and regular manner. In this
structure, natural red and rhodamine B were used to investigate
hydrochloric acid and ammonia. In this way, by using the
characteristic of binding and interaction of dye molecules with
each other, in this present research, we have manufactured an
Alg/Ni—Al-LDH/dye composite film structure with the
approach of identifying breath volatile cancer markers. A
composite film based on biological biopolymers (such as
polysaccharides) provides flexibility and high efficiency. There-
fore, it is necessary to consider the characteristics of the final
composite film structure. The dye used was bromocresol purple
(BP), which has a yellow-to-purple color change at a pH of 5.2—
6.8. Therefore, it is necessary to design the structure of the

composite film in such a way that the final film is placed in the
basic range (purple range, pH higher than 6.8). Next, the quality
of the produced composite film structure was examined.

2.1. Characterization of the Composites. Alginate
polysaccharide-based films are used with glycerol as a plasticizer
and calcium ions as the cross-linker.”" It should be noted that
LDH nanosheets can be used as polymer fillers and at the same
time cross-linkers, and they further strengthen the final
structure.”””® So, the effects of the proximity of these
components together on the quality of the film were
investigated. Ca®" ions were used in amounts of 0 to S wt %
by weight of alginate. According to the results, with the increase
in the amount of added Ca®* ions, the film turns yellow and
becomes denser (Figure S3a, 1 to S wt %). Also, Ca** ions in
amounts higher than 2 wt % lead to the turbidity of the film. The
Ca’" ion-free film (Figure S3a, 0 wt %) is purple, and it has lower
strength, higher flexibility, and transparency than Ca®" ion-
containing samples. Therefore, Ca** ions were removed in the
continuation of the work.

As mentioned earlier, BP dye was used in the manufacturing
of the composite. In this structure, dye molecules can be
considered as surface active sites for pollutant adsorption and
recognition agent. Therefore, the optimal amount of dye that
can be used in making the composites was investigated. Figure
S3b shows the films obtained as a result of adding the dye
solution in quantities of 0 up to 2 mL. According to observations,
the darkness of the film increased with the increase in the volume
of the dye solution, which indicates the increase of surface active
sites and probably the higher ability to change color in the
presence of pollutants. As can be seen in Figure S3b, the color in
the volume of 2 mL was more chromatic than the other samples,
but this volume of color in the film led to a decrease in strength
and the film became unusable to some extent. On the other
hand, the amounts of 0.5 and 1.5 mL of color have led to an
increase in the turbidity of the final film. Therefore, color was
used in the volume of 1 mL.

It is possible to say that the amount of added LDH is a key
component for the formation and achievement of the highest
performance of the composite. The structure of LDH leads to
the orientation of dye molecules and creates a desired structure.
Thus, LDH was examined in amounts of 4 to 9 mL. The results
are shown in Figure S3c. The color of the composite films was
not suitable for amounts lower than 6 mL of the LDH
suspension. Also, the obtained films were turbid in amounts
higher than 6 mL of the LDH suspension, while in the amount of
9 mL, the film changed color. Therefore, the volume of 6 mL of
the LDH suspension was used in the continuation of the work.

Figure S3d shows the fundamental mechanical properties of
the composite films. The pure Alg film has the lowest Ts (tensile
strength). The addition of Ca®" ions increased T's and decreased
elongation at break (EAB) compared to pure Alg. With the
addition of Ni—Al-LDH, the tensile strength decreased to 118 +
S MPa, while the EAB increased to 32%. It can be considered
that although the LDH structure does not increase the strength
to the level of Ca®" ions, it leads to the creation of a film with
greater tensile strength. Also, the addition of dye [BP and
bromocresol green (BG)] causes a decrease in Ts by about 10
MPa, which can be related to the creation of covalent bonds of
the LDH structure with the dye molecules.”

The characteristic of the LDH colloidal suspension was
investigated by the Tyndall effect.”” In this method, the laser
beam is irradiated transversely into the solution (section “LDH
Nanosheets Preparation”), and when the laser beam passes
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through the LDH colloidal suspension, a recognizable path is
observed as a result of light scattering (Figure 1). According to

Water Side view

Top view

P

i

Figure 1. (a) Tyndall effect of the Ni—AI-LDH colloidal suspension
(section “LDH Nanosheet Preparation”) and (b) FESEM images of
Ni—Al-LDH powder.

the obtained results, the LDH colloidal suspension has good
stability, which is consistent with the results obtained by
Rahman et al.*° Also, the FESEM images of the LDH colloidal
suspension are given in Figure 1b. According to the figure, it is
possible to see LDH nanosheets separated from each other,
which have a thickness of less than 100 nm.

FESEM images were used to investigate the microstructure
and morphology of the composite film (Figure S4). According
to Figure S4a, the structure of the pure Alg film has a thickness of
about 27 nm with a distinct grain boundary (Figure S4a(I1)). In
the next step, with the addition of Ca®" ions, despite the increase

in the thickness of the film, its texture becomes more dense,
which can be related to the formation of the egg-box structure.
Also, the formation of a compact and dense structure is a
characteristic of calcium alginate films, which indicates the
involvement of Ca®* ions in the alginate polymer chain.”” By
adding Ni—AIl-LDH, the composite film becomes denser and it
has a smoother surface than the previous samples. However,
according to the visual results that were mentioned earlier, the
presence of Ca®" ions was a destructive factor in the preparation
of the final composite. In the next step, the Alg/Ni—Al-LDH
composite is investigated (Figure S4d). LDH-shaped crystalline
nanosheets can be seen in Figure S4d(II). In the final step of the
composite manufacturing, by adding BP and BG dyes (Figure
S4e,f, respectively), the films are obtained with a more uniform
structure than the previous samples. As can be seen, the Alg/
Ni—AI-LDH/BP composite has a thickness of 40 nm and the
thickness of the Alg/Ni—AI-LDH/BG composite film is similar
to that of the pure Alg film (Figure S4a(I)), and it maintains its
dense and uniform texture.

Atomic force microscopy (AFM) analysis (30 X 30 ym) was
performed to obtain quantitative and qualitative (morphology)
information, including the average roughness (R,: average of the
absolute value of the height deviations from a mean surface) and
root-mean-square roughness (Ry: root-mean-square average of
height deviations taken from the mean data plane) as
quantitative and qualitative parameters, respectively. The
calculated values of the quantitative parameters are shown in
Figure S4. As shown in Figure S4, differences in morphology and
average roughness can be observed, which can be attributed to
the formation of a biopolymer network within the film in the
presence of different dyes. Since R, and R, follow a consistent
trend in the fabrication of composite films, R, was investigated.
According to the results, the pure Alg film has a R equal to 192
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Figure 2. Color changes of the Alg/Ni—Al-LDH/dye composite films under (a) visible and (b) UV light (purple 4 BP, green M BG) {the sensor
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Figure 3. (a) Time optimization diagram [at con. 3.5 ppm, time 10—70 min and ambient temperature (green 4 BP and red M BG)], (b) relative
humidity diagram (inset: image) [at con. 3.5 ppm, time 60 min, and ambient temperature (purple 4 BP and green M BG)], (c) calibration curve {at
con. 0.5—S ppm, time 60 min, and ambient temperature [(purple 4) Alg/Ni—Al-LDH/BP and (green M) Alg/Ni—Al-LDH/BG]}, and (d)
repeatability diagram (inset: image) colorimetric sensor-based Alg/Ni—Al-LDH/dye composite films [at con. 3.5 ppm, time 60 min, and ambient
temperature (purple 4 BP and green M BG)] {the sensor response [Sggs (%) = S (%)]}.

nm. With the addition of Ca®* ions and LDH nanosheets, the Ry
increased to 296 and 267 nm, respectively (both compared to
the pure Alg film). It can be considered that the presence of Ca**
ions and LDH nanosheets separately or together in the Alg film
significantly increases R, (according to FESEM results, the
thickness of the film also increases in both cases). However, after
the addition of dye, the R; compared to that of the pure Alg film
decreases by about 50%, which is also consistent with the
FESEM results.

Figure SS shows the X-ray diffraction (XRD) pattern of the
compounds. The pure sodium alginate presented two weak and
broad peaks around 14 and 23°, indicating a rather amorphous
structure.”® All diffraction peaks in Figure S5b can be attributed
to the Ni—Al-NO; LDH hydrotalcite phase.”” The sharp peaks
situated at around 26 = 11.08, 22.79, 34.61, 39.53, 46.37, 60.59,
and 61.52° may correspond to the (003), (006), (012), (015),
(018), (110), and (113) planes of Ni—Al LDH, respectively. By
comparing the XRD pattern of the LDH structure and
composites, it can be seen that the peaks corresponding to the
(012), (018), and (113) planes have shifted to the left. Possible
reasons include the creation of covalent and van der Waals
bonds between the alginate and LDH nanosheet structure.

The Fourier transform infrared (FTIR) spectrum was used to
investigate surface hydrogen bonding and electrostatic inter-
action between composite components in the range of 400—
4000 cm™' (Figure SS). The spectra of Ni—Al-NO; LDH
powder and the alginate film are shown in Figure SSe. The broad
absorption band in the range of 3100 to 3600 cm ™" indicates the
stretching vibration of O—H (in the LDH structure, it can be
assigned to the stretching mode of hydroxyl groups of brucite-
like layers and interlayer water molecules). The sharp band in
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1383 cm™! and the small absorption band in 1637 cm™" in the
Ni—Al-NO; LDH spectrum are attributed to the stretching
vibration of interlayer nitrate ions and the bending vibration of
water molecules, respectively.”” By comparing the pure LDH
spectrum and the Alg/Ni—Al-NO; LDH composite film
(Figure SSf), it can be stated that the stretching vibration of
the O—H has been somewhat suppressed and shifted due to the
formation of the hydrogen bond network between the LDH and
Alg.**7** Also, the high intensity indicates a large number of
hydroxyl groups and interlayer water molecules in the structure
of the composite film. The bands at 2925, 1624, 1424, and 1039
cm™! are assigned to asymmetric stretching vibrations,
asymmetric and symmetric stretching vibrations of the
carboxylate group, and C—O—C stretching groups, respec-
tively.”**

In this study, the effect of visible and UV light on the quality of
the composite film was tested. Figure 2 shows the color changes
in the films during a period of 12 days (Figure 2a) and 20 h
(Figure 2b) under visible and UV light, respectively. According
to the results, the composite film has good color stability against
UV light for up to S h, and after that, the intensity of color
degradation increases. Under visible light, the composite has
good color stability for up to 15 days. Color stability in both
cases can be related to the effect of the presence of LDH
nanosheets in the composite film structure. In general, LDH has
a good performance as a barrier to UV and visible light and it
reduces the intensity of vulnerability to UV—visible light.””

According to the obtained results, the pure alginate film does
not have good transparency (about 4%). The addition of Ca**
ions increases the transparency of the film at 400 nm to about
14%. However, as explained earlier, it was not used due to
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Figure 4. UV—vis spectra of (a) Alg/Ni—Al LDH (red W), Alg/BP (purple M) and Alg/BG (green W), (b) Alg/Ni—Al LDH/BP (purple W) and Alg/
Ni—Al LDH/BG (green W), (c) Alg/BP + acetic acid (purple M) and Alg/BG + acetic acid (green M), and (d) Alg/Ni—Al LDH/BP + acetic acid

(purple M) and Alg/Ni—Al LDH/BG + acetic acid (green H).

incompatibility with other components. In the next step, the
effect of increasing the color on the transparency of the film was
investigated. According to Figure S3b, the film containing 1 mL
of BP has the highest transparency of about 21% at 400 nm.
Finally, the effect of the presence of LDH nanosheets in amounts
of 5 to 8 mL was investigated. In general, the increase of LDH
nanosheets caused a decrease in transparency; however, the film
containing 6 mL of the LDH suspension has a transparency of
about 5%, which was higher than that of other samples of the
same category. LDH nanosheets are expected to increase
transparency due to their placement to the wavelength of visible
light.”” However, this effect has not been observed, probably due
to the accumulation (or agglomeration) of LDH nanosheets on
each other and the formation of bonded phases inside the LDH
and alginate networks.

2.2. Color Response. The optimization of time was
investigated in the period of 10 to 70 min. Among the dyes
used, only two samples BP and BG were sensitive to acetic acid,
and the other dyes did not show any change in the presence of
the analyte. Therefore, the results related to two dyes BP and BG
were presented. The test results of Alg/Ni—Al LDH/BP
composite films are shown in Figure 3a. The time of 60 min
was used as the optimum for other steps. The long duration of
the test can be related to the slow penetration of gas into the
intermediate layers of the composite. As reported by Yu et al.,'®
inorganic LDH nanosheets effectively block the transport of
small molecules. By making a composite based on polymers/
inorganic nanosheets, the gas molecules are forced to rotate
around the LDH nanosheets to diffuse through the film. This
leads to a very tortuous and therefore a longer pathway. In this
way, by controlling the arrangement of LDH nanosheets as a
filler of alginate-based polymer films, the intensity and extent of
pollutant penetration can be controlled over time. The results of
Alg/Ni—Al LDH/BG composite films are shown in Figure 3a.
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As can be seen, both composites have similar behavior, which
can be related to the presence of LDH nanosheets.

Figure 3b shows the effect of % RH on the sensitivity of the
colorimetric sensor. According to the results obtained in the
previous step, the measurement was done in 60 min and 3.5
ppm. As can be seen from the graph, the sensitivity was almost
independent of the % RH level. In other words, the sensor has
good resistance to humidity, which is consistent with the results
obtained for chemiresistive gas sensors.'* This can be attributed
to the presence of interlayer water molecules in the LDH
structure. It is possible to say that the construction of the sensor
using a simple casting method along with the controlled
arrangement of the dye molecules has enabled us to make a
stable sensor against humidity in order to detect the breath
volatile cancer marker. So, at higher % RH values, BP and BG
have shown a maximum sensitivity change of one unit. This lack
of influence of % RH on the sensitivity can be very useful for
measuring acetic acid as a breath volatile cancer marker because
in this case, the response of the sensor will be independent of %
RH. Also, Figure 3b shows images of sensors before (I) and after
(11) acetic acid exposure with MATLAB program output.

Figure 3c shows the calibration curves obtained for Alg/Ni—
Al-LDH/dye composite films. In both cases, sensitivity
increased linearly with the acetic acid concentration. The BP-
based sensor has a slowly increasing slope in the range of 0.5—2
ppm, while the BG-based sensor has an increasing slope in the
entire concentration range. In order to investigate the response
behavior more precisely, the line equation and the R? of the
sensors made with different LDH values for the two dyes (BP
and BG) are shown in Table S1. The results related to BP and
BG have a R* between 0.92—0.98 and 0.79—0.92, respectively. It
was found that the Alg/Ni—Al-LDH/BP composite at the value
of LDH equal to 6 mL has a higher sensitivity and a lower R*
than other samples. However, because it has a higher quality in
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Figure S. (a) Selectivity of Alg/Ni—Al-LDH/dye composite films [at 40% RH, time 60 min, and ambient temperature (purple ll BP and green W
BG)], (b) real sample test of the colorimetric sensor based on Alg/Ni—Al-LDH/dye composite films [at 90% RH, time 60 min, and ambient
temperature (purple M BP and green @ BG)], and (c) extrapolated analyte concentration [N.D.: no detection] {the sensor response [Sggp (%) = S

(%)1}.

terms of mechanical and appearance properties, it was used for
other steps.

Repeatability and reproducibility in fabrication and sensitivity
to the analyte were examined as one of the functional
characteristics of the sensors and were measured under optimal
conditions (Figure 3d). Table S2 shows the order sensors’
sensitivity along with the calculated numerical values including
mean (X), standard deviation (s), RSD, LOD, and LOQ. Figure
3d shows images of sensors before (I) and after (II) acetic acid
exposure with the MATLAB program output. As can be seen,
the sensors have good response stability. The sensors have a
closed error bar range, in addition to good reproducibility in
manufacturing and measurement (Figure 3d). This case shows
the usability of sensors in practical applications.

Figure 4 shows the UV—vis absorption spectrum of dye
solutions and Ni—Al-LDH, individually and together. Dye
solutions were prepared with a concentration of 3 X 107> M in
ethanol. The Ni—Al-LDH suspension was the product of
refluxing for 24 h at 120 °C and ultrasonication (50 kHz) for S h.
The UV—vis spectrum of Ni—AI-LDH has a strong absorption in
the range below 300 nm, which is a characteristic of Ni—Al-LDH
nanosheets.'® After that, the absorption in the range of 320 nm
decreased with a gentle slope, which was consistent with the
results presented by Jiao et al.'® and Zhang et al.'” BP and BG
solutions have three and four characteristic peaks at wavelengths
of about “285, 400, and 445 nm” and “290, 340, 415, and 440
nm”, respectively. The mixture of the dye solution with the Ni—
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Al-LDH suspension causes the shift and quenching of the
absorption peak (transmittance increase), so the peaks below
350 nm are affected by the Ni—AI-LDH nanosheets. Figure 4b
shows two peaks in the range of 395 and 605 nm for BP and two
peaks in the range of 405 and 620 nm for BG. Taking a closer
look at Figure 4a, dye solutions have a broad peak in the range of
360 to 480 nm (the peak widths at half-height). A red shift and a
blue shift occur after the addition of Ni—Al-LDH nanosheets
(Figure 4b).

For Ni—Al-LDH/BP, it has been observed that the peak at
400 nm shifts to 395 nm (blue shift, H-type) and the peak at 445
nm shifts to 605 nm (red shift, J-type). This was also observed
for Ni—Al-LDH/BG and the displacements were almost similar
for both peaks. According to the explanation of Jiao et al.,' the
results observed can be related to the aggregation states of dye
molecules in composite films. In the next step, the effect of acetic
acid’s presence in the solution was investigated (Figure 4c,d).
Acetic acid did not affect the solution of BP and BG dyes (Figure
4c). However, on comparing Figure 4b,d, it can be seen that the
characteristic peaks shift to a significant level.

e Ni—AI-LDH/BP: the broad peak in the region of 550—
650 nm was completely quenched, and no other
absorption peak was observed in the region above 400 nm.

e Ni—Al-LDH/BG: the proximity of the composite with
acetic acid leads to the shift of the peaks in the regions of
405 and 620 to 475 and 650 nm, respectively (red shift).
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Figure 6. Schematic of the (a) Ni—Al LDH nanosheet and (b) Alg/Ni—Al-LDH/dye composite film synthesis method.

Selectivity and real sample tests were conducted as
supplementary tests to investigate the performance of the
sensors. As stated in the Introduction, mainly selected-ion flow-
tube mass spectrometry or PTR-MS methods are used for breath
testing."”*° These methods, in addition to being expensive and
requiring trained personnel, have a low LOD and excellent
detection selectivity. However, the development of noninvasive
methods is inevitable and vital. According to the literature,
human breath is a complex collection of different VOCs, each of
which expresses a specific characteristic.” For example, ammonia
in the breath can be associated with asthma, chronic renal
failure/uremia, gastrointestinal disease, halitosis, and pulmonary
arterial hypertension.' The pH indicators react with both acidic
and basic compounds, and their color changes. It should be
noted that the colors used include BP and BG, which have pH
ranges of the color change of 3.8—5.4 (yellow to blue) and 5.2—
6.8 (yellow to purple), respectively. According to the content
expressed, the color molecules in the prepared composite film
are in their higher pH range. In other words, BP and BG dye
molecules are located at pH 5.4 (blue) and 6.8 (purple),
respectively. Therefore, the presence of a strong base such as
ammonia will not be able to change the color of the film, which is
consistent with the experimental results obtained (results not
presented here).

Therefore, it can be said that the presence of ammonia in
breathing will be the main obstacle to measuring acetic acid as a
breath marker of gastrointestinal disease. To solve this problem,
a sensor array was used to measure the real sample (two test sets,
one for ammonia and the other for acetic acid). The experiment
was carried out under optimal conditions. The selectivity of the
sensors in the presence of ethanol, isoprene, and acetone gases
was investigated according to Pineau et al*® According to the
obtained results, the sensors did not provide any response to the
measured gases except for acetic acid (Figure Sa). In the
following, real sample testing was performed on people with
chronic gastrointestinal diseases. (Note: the ammonia sensor
used was the same BP- and BG-based composite without LDH
nanosheets.) Figure Sb shows the results. The analyte
concentration was obtained by the extrapolation of the

calibration curve (3.5 ppm of acetic acid). As shown in Figure
Sc, the Alg/Ni—Al-LDH/BG composite has a higher detection
capability than the Alg/Ni—Al-LDH/BP composite. This means
that among the three tested patients with acute conditions of
gastric reflux disease, the Alg/Ni—AI-LDH/BG composite was
able to detect acetic acid in the patient’s breath in all three cases,
while the Alg/Ni—AIl-LDH/BP composite only detected the
analyte in the third patient. It is necessary to point out that the
sensors made in the presence of other pH indicators mentioned
in Sections 2 and 4.1 Materials did not show any response to
acetic acid. Therefore, it can be stated that despite their
disadvantages, the constructed sensors have practical capabilities
in measuring breath volatile cancer markers in an array form.

3. CONCLUSIONS

Colorimetric methods are simple and low-cost due to the use of
indicator dyes as the basic units of a colorimetric sensor array.
Here, the fabrication of colorimetric sensor films based on
alginate as a polysaccharide was studied by the solution casting
method. Alginate-based biopolymer films have provided
efficient sensors with high flexibility by forming an egg-box
structure and cross-linking Ni—AIl-LDH nanosheets with a pH
indicator. In composite films, LDH nanosheets can cause the
aggregation of different dye molecules in the form of J- and/or
H-arrangement. The obtained results indicate the construction
of a dedicated sensor array for the quantitative and qualitative
measurement of acetic acid as a breath volatile cancer marker.
High response time (60 min) was one of the most important
problems of the presented sensors. However, the presented
functional capabilities clear the way for the development of
noninvasive sensors. It is also expected to be used as a promising
chemical sensor.

4. MATERIALS AND METHODS

4.1. Materials. Sodium alginate [Alg, chemically pure,
viscosity (2%, 25 °C)] was purchased from Sigma-Aldrich.
Other materials include nickel(II) nitrate hexahydrate [Ni-
(NO;),-6H,0], aluminum nitrate nonahydrate [Al(NO;);-
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9H,0], sodium hydroxide (NaOH), glycerol (C;HzO;), BP
(Cy1H;6Br,05S), bromothymol blue (C,,H,¢Br,05S) (b-TB),
thymol blue (C,;H;005S) (TB), methyl red (C,sH;sN;0,)
(MR), phenol red (C;sH;,0sS) (PR), m-cresol purple
(C31H505S) (m-CP), methyl orange (C,,H;,N;NaO,S)
(MO), and BG (C,;H,,Br,0;S) were purchased from Merck.
All the chemicals were of analytical grade and were used without
purification. All aqueous solutions were prepared with high-
purity deionized water (nitrate slats) and absolute ethanol
(dyes).

4.2. LDH Nanosheet Preparation. In this method, 2.923 g
of Ni(NO,),-6H,0 with 1.704 g of A[(NO;);-9H,0 (with a
molar ratio of 2:1) were dissolved in 20 mL of distilled water. In
this case, the final concentrations were 8 and 4 mM,
respectively.'””" Then, a 4 M NaOH solution was added
dropwise to the above solution. The pH of the solution was
adjusted to 10 by adding a NaOH solution. The obtained
colloidal solution was sealed in a Teflon-lined stainless-steel
autoclave and kept at 180 °C for 12 h. The green sediment
obtained after separation by a centrifuge was washed with
distilled water and ethanol and placed at 70 °C for 4 h to dry. To
create LDH nanosheets, 1 g of the dry LDH sediment was added
to 100 mL of distilled water. After purging with N, gas, the
mixture was refluxed for 24 h at 120 °C. The mixture was
immediately treated with ultrasonic waves (50 kHz) for S h at 60
°C. The LDH nanosheets were separated by centrifugation
under conditions of 3000 rpm for 10 min.

4.3. Film Preparation. The films were prepared by the
solution casting method. 1 g of sodium alginate was added to
100 mL of distilled water containing 0.5 g of glycerol under
vigorous mixing. Glycerol was used as a plasticizer to increase
flexibility and reduce the brittleness of the final film. 60 mL of the
mixture obtained after filtration (by fustian fabric) was mixed
with 7 mL of a solution containing LDH nanosheets (obtained
from the previous step) and 1 mL of the homogeneous dye
solution for 3 h. The homogeneous suspension was poured onto
a Petri dish (10 X 10 cm?) and dried for 30 h at 55 °C in an oven.
The prepared films were placed on double-sided adhesive tape
with a white background. Figure 6a,b shows a schematic
representation of the synthesis process used in Ni—Al LDH
nanosheets and the Alg/Ni—Al-LDH/dye composite, respec-
tively. The LDH solution in amounts of 2 to 10 mL and an
alcoholic solution of BP dye in volumes of 0.5 to 2 mL were used
and optimized. Also, the response of MR, PR, TB, b-TB, m-CP,
MO, and BG was investigated. [ The schematic and description
of the Alg/Ca*"/Ni—Al LDH composite (Figure S1) synthesis
method are given in the Supporting Information. As can be seen,
the color of the final film was different in the presence and
absence of calcium ions.]

4.4. Characterization. The characterization section is
presented in the Supporting Information.
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