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Optimization of a silver-nanoprism conjugated
with 3,3',5,5'-tetramethylbenzidine towards easy-
to-make colorimetric analysis of acetaldehyde:

a new platform towards rapid analysis of
carcinogenic agents and environmental
technologyf
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Acetaldehyde acts as an important mediator in the metabolism of plants and animals; however, its abnormal
level can cause problems in biological processes. Although acetaldehyde is found naturally in many
organisms, exposure to high concentrations can have effects on the eyes, respiratory system, etc. Due to
the importance of detecting acetaldehyde in environmental samples and biofluids, determination of its
concentration is highly demanded. There are some reports showing exposure to high concentrations of
acetaldehyde for a long time can increase the risk of cancer by reacting with DNA. In this work, we
presented a novel colorimetric method for rapid and sensitive detection of acetaldehyde with high
reproducibility using different AQNPs with various morphologies. The redox reaction between AgNPs,
3,3',5,5'-tetramethylbenzidine (TMB) solution, and analytes endows a color change in 15 minutes that is
detectable by the naked eye. UV spectrophotometry was further used for quantitative analysis. An iron
mold with a hexagonal pattern and liquid paraffin were also used to prepare the paper-based
microfluidic substrate, as a low cost, accessible, and rapid detection tool. Different types of AgNPs
showed different lower limits of quantification (LLOQ). The AgNPs-Cit and AgNPrs could identify
acetaldehyde with linear range of 1077 to 10 M and an LLOQ of 107 M. The AgNWs showed the best
color change activity with a linear range 107> to 10 M and the lowest diagnostic limit is 107> M. Finally,
analysis of human biofluids as real samples were successfully performed using this system.

health of living organisms.” Acetaldehyde is a flammable liquid
and its pungent odor is naturally present in various plants,
mature fruits, vegetables, cigarette smoke, and smoke from

Nowadays one of the main concerns related to human life safety
is environmental pollution." Contaminants in food and air can
endanger the health of humans and all living organisms, so the
rapid identification and detection of these toxic and carcino-
genic compounds can be effective factors in protecting the
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gasoline and diesel fuel.>* This compound acts as a mediator in
the metabolism of plants and animals and its amount is not
visibly detectable.® A high amount is involved in biological
processes. Due to its role in alcohol fermentation processes, it is
found in small amounts in all alcoholic beverages.® Although
acetaldehyde is found naturally in many organisms, exposure to
high concentrations can have effects on the eyes, respiratory
system, and etc.”® While there is no exact information about the
relationship between this substance and cancer, there are some
reports that exposure to high concentrations of acetaldehyde for
a long time can increase the risk of cancer by reacting with
DNA.>™ High Performance Liquid Chromatography (HPLC)
based methods have been used for detection of acetaldehyde.™
Also, gas chromatography (GC) and high-performance liquid
chromatography (HPLC) can provide suitable sensitivities.'
Although these methods have good diagnostic ability, they are
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complex and time-consuming processes. In this way, Ghica
et al., developed an electrochemical biosensor for detection of
acetaldehyde using acetaldehyde dehydrogenase.'* In this
study, acetaldehyde is converted to acetate oxide using the
enzyme which has low accuracy.

Colorimetric sensors based on using nanoparticles have
been widely studied for this purpose.***” These methods are
very simple compared to other techniques and do not require
complex and high-costs tools.® Nanoparticles lead to increase
the accuracy and sensitivity of these sensors. Nanoparticles
show very good properties depending on their level of aggre-
gation, which is mostly determined by specific surface plasmon
resonance (SPR) profiles.”* Due to their small size, metal
nanoparticles can limit their electrons and cause a quantum
effect.”*> Reducing the particle size also increases the catalytic
properties and increases the surface-to-volume ratio.?® This is
an important principle for using metal nanoparticles in color-
imetric sensors that can compete with analytical techniques
such as fluorescence or absorption.** These nanoparticles can
be easily used to identify proteins, enzymes, metal ions, small
molecules, and DNA.*®

The integration of new and advanced sensors on micro-
fluidic substrates promises new and advanced systems that can
be commercialized as diagnostic kits.”* This system consists of
channels that can work well in analytics detection.?® It can also
be engineered on the surface of the paper.””?® These types of
sensors allow the simultaneous detection of several analytes at
the same time.**** One of the popular and famous methods is
using a printer to make a particular pattern on the wax screen
and PDMS (polydimethylsiloxane).”” The use of these tech-
niques is costly and requires advanced devices and equipment.
Among these, the simplest method is to use paraffin and iron
pattern, which have high flexibility and easy construction.*
These papers are also disposable and can be commercialized
due to their production at a very low price.*

In this work, we designed a novel paper-based microfluidic
substrate toward identification of acetaldehyde. This system
works based on color change, which can easily detect the target
molecule by naked eye. UV spectrophotometers were also used
for quantitative analysis of acetaldehyde. This spectroscopic
method using AgNPs was very efficient and effective to increase
the accuracy and sensitivity of the system. AgNPs have high
catalytic activity and high electron density.>** AgNPs are low
toxic nanoparticles and stable and they are not sensitive to
light.*® This system is innovative and biocompatible.

3,3',5,5-Tetramethylbenzidine (TMB) is a chromogenic
substrate used in staining procedures in immunohistochem-
istry as well as a visualization reagent used in enzyme immu-
noassays (ELISA).*” The mechanism of TMB oxidation by HRP/
H,0, is a well-known process described by Josephy et al.®®
Oxidation of TMB by H,0, first gives a complex product with
blue color, which is changed to another color after adding the
probe (AgNPs) and analyte (acetaldehyde) to the reaction
medium. The TMB solution has an absorbance peak at 450 nm
and it is also electrically active thus allowing electrochemical
detection.® Silver nanoparticles due to their peroxidase prop-
erties in combination with TMB cause better color change and
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increased sensitivity.” Silver nanoparticles also have great
stability and surface area.* Acetaldehyde changes colors of
optical probes (AgNPs) due to the accumulation of nano-
particles based on binding of analytes with probe. Liquid
paraffin was used to prepare microfluidic papers. Based on our
previous experiment papers were the best choice.**** The hot
iron pattern was pushed on the paraffin-immersed paper,
paraffin-free paper, and a strong magnet, with this technique,
hydrophilic channels, and hydrophobic areas were created on
the surface of the paper. This technique is low-cost, easy,
portable, and fast (takes around 3 minutes). Based on the ob-
tained results, the proposed colorimetric paper-based micro-
fluidic sensor is innovative and has a good response to
acetaldehyde in human urine samples.

2. Experimental

2.1. Chemicals and materials

Ethylene glycol (EG), silver chloride (AgCl), polyvinyl pyrroli-
done (PVP K-30), hydrogen peroxide (H,0,), triethylamine,
3,3,5,5-tetramethylbenzidine (TMB), sodium borohydride
(NaBH,), sodium hydroxide (NaOH), acetic acid (CH;COOH),
potassium iodide (KI), hydrogen tetrachlorocuprate(u) hydrate
(HAuCl,-3H,0), silver nitrate (AgNOs;), tri-sodium citrate
(NazC¢H505), formaldehyde and acetaldehyde were bought
from Sigma Aldrich (Ontario, Canada).

2.2. Synthesis of nanoparticles

All of the AgNPs were synthesized according to our previous
reports.®*3*

2.3. Procurement of colorimetric sensor for detection of
acetaldehyde

For this purpose, various types of AgNPs with different
morphologies were used as a probe and mixed with the bluish-
green combination of TMB and H,0, (in a volume ratio of 1:1)
solution. The TMB solution in the presence of H,0, oxidizes to
bluish-green. On the other hand, AgNPs works as peroxide and
change the NPs color. Also, a saturated solution of acetaldehyde
was mixed with the bluish-green solution at room temperature
and because of oxidation, the color was changed. Different
concentration of acetaldehyde was also organized using DW for
more examination. The color changes were confirmed by UV-vis
spectrophotometry as  quantitatively regime
(Scheme 1).

analysis

2.4. Production of microfluidic paper-based sensor

The proposed pattern containing 8 hydrophilic circular zones
was designed using CorelDRAW software. Circular diagnostic
zones (diameter 5 mm) are connected to microfluidic channels
(length 10 mm and width 30 mm) and the central zone (diam-
eter 10 mm) to the input sample. In this way, the papers have
immersed in molten paraffin for 30 s. Then take them out and
let the paraffin dry on paper for 1 minute. In the next step, the
paraffin-free paper was put under the paraffin paper on the
surface of a very strong magnet. Then, a hot 8-pronged iron

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the preparation of paper-based microfluidic sensor for the identification of acetaldehyde by using AQNWs.
(A) Described the AgNWs synthesis process, (B) UV-vis detection of acetaldehyde by using AgNWs, (C) detection of acetaldehyde on the surface

of the prepared paper-based microfluidic sensor.

pattern (¢ = 150 °C) was used as a stamp on the papers. The
absorption between the magnet and the iron pattern helps to
create hydrophilic channels and hydrophobic areas on the
paraffin-free paper easily. The steps for the substrate prepara-
tion are shown in Fig. 1.

2.5. Apparatus

Colorimetric detection was investigated with the smart phone
camera (iPhone 12 ProMax,12 megapixels). The images were
recorded under natural light sources. UV-vis spectrophotometer
Shimadzu UV-1800 with a resolution of 1 nm was employed to
study the optical examination. AFM (atomic force microscope)
was attained by Nano surf (AG Graubernstrasse 124 410 Liestal
Switzerland) system. Field emission scanning electron micro-
scope (FE-SEM) Hitachi SU8020, Czech with a 3 kV powerful
voltage and high resolution was used to study the morphology
of synthesized nanoparticles. Energy scattering spectroscopy
(EDS) was used to study the chemical elements. Dynamic light
scattering (DLS) (Zetasizer Ver. 7.11, MAL1032660, England)
was employed to measurement the size distribution and zeta
potential of prepared nanoparticles.

2.6. Identification of acetaldehyde using the optical method

To study the performance of AgNPs along with TMB toward
interaction with acetaldehyde and in the mixture of bluish-
green TMB and acetaldehyde, a UV-vis spectrophotometer
was used. In this way, AgNPs, TMB and acetaldehyde were
mixed in a 1:1:1 volume ratio at room temperature and were

© 2023 The Author(s). Published by the Royal Society of Chemistry

immediately examined and evaluated on the UV-vis

spectrophotometer.

3. Results and discussion

In this study, the efficiency of AgNPs based colorimetric che-
mosensors and paper-based microfluidic arrays for acetalde-
hyde detection were evaluated. Because these types of
nanoparticles show the absorption peak in the visible wave-
length range, they are suitable for optical identification analytes
like acetaldehyde.

3.1. UV-vis spectroscopic

Anisotropic noble metal nanoparticles have the extraordinary
structural, surface, and photonic properties that have attracted
much attention in optical chemosensors today.***° Nano-
materials, such as metal nanoparticles, are identified by their
different physical and chemical properties.>® These character-
istics are directly proportional to the surface/volume ratio. The
surface-to-volume ratio increases as the particle size decreases
and the surface area increases. Therefore, surface atoms and
molecules play an important role in nanoparticles and influ-
ence the properties of nanoparticles.*»** Among the physical
and chemical qualities, optical properties are of particular
importance and are often used in simple and rapid measure-
ment methods.* The interaction of light with nano systems
leads to certain events such as transmission, absorption,
reflection, light scattering, transmission, and fluorescence.>®

RSC Adv, 2023, 13, 6225-6238 | 6227
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Fig. 1 The fabrication process of microfluidic paper-based sensor, (A) involvement of paper in molten paraffin, (B) drying step of paraffin on
paper, (C) put paraffin-free and paraffin-free paper on the magnet (D) place the hot iron pattern on the paper and the magnet, (E) place the hot
iron pattern on the paper and the magnet, (F) prepared microfluidic substrate **3*

For example, AgNPs detected by specific absorption bands have
a certain intensity, but the binding properties change due to
changes in the external environment or exposure to the ana-
lyte.>® This sensitivity to the external environment can be used
in the field of optical chemical detection of specific analytes.
When the light beam hits the solution, surface plasmons
occur, which indicates the presence of nanoparticles and leads
to a sharp peak in the visible region.”” Localized surface plas-
mon resonance is a phenomenon specific to metal nano-
particles, especially silver nanoparticles, and depends on the
dielectric constant of its surroundings. Because of their free
electrons, AgNPs produce a luminous effect known as surface
plasmon absorption banding, which is the result of the
composite oscillations of the electron nanoparticles in the
resonance of the wave light in a water suspension.*®*°
Increasing the size of the nanoparticles causes the plasmon
absorption to shift to a lower energy wavelength and appear
red.® In addition, the absorption peak becomes wider indi-
cating suspension growth and agglomeration formation. The
presence of the analyte results in a constant dielectric change,
appearing as a color change and a change in the position and
intensity of absorption.®® In this study, the colorless TMB

6228 | RSC Adv, 2023, 13, 6225-6238

solution was oxidized in the presence of H,0, and then
reduced in the presence of the analyte, which leads to the
identification and discoloration of the analyte. The AgNPs in
this section act as a strong catalyst and increase the oxidation
rate of TMB. Indeed, the nanoparticles have a function similar
to peroxidase, and H,0, decomposes into OH radicals, and the
resulting radicals increase the oxidation of TMB. So, optical
performance of AgNPs with various morphologies towards
identification of acetaldehyde was studied by UV-vis. Since the
smaller colloidal particles can absorb visible light through the
movement of the SPR, capping or stabilizing agents can be
used to prevent the nanoparticles from binding or accumu-
lating with other particle components probe.®> Coating the
nanoparticles with additives leads to electrostatic repulsion
between them.® Silver atoms are closely associated with
electron-rich sites because they are among the most efficient
atoms. These accumulated negative charges carried across the
domain of the nanoparticles have a distinct nature and
increase the stability of the nanoparticles.** Acetaldehyde can
interact strongly with the negative charge of oxygen (OH) in the
additive detection probe system and lead to the agglomeration
required for colorimetric target identification.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.1.1 AgNPrs. In this work, silver nanoparticles with
different morphologies and TMB as a redox reagent were used
for detection of acetaldehyde. The resulting deformation is
also seen visually in the color of the solution, allowing acet-
aldehyde analysis in both the solution and leading to a change
of UV-vis spectrum wavelengths. Morphological changes lead
to a change in the color of nanoparticles from blue to green,
which can be detected by the naked eye.® In fact, at the
beginning of the AgNPrs interaction with TMB and acetalde-
hyde, AgNO; is reduced to Ag atoms deposited on the surface
of AgNPrs, converting the AgNPrs to AgNPs. With the addition
of acetaldehyde to solution number 3, the adsorption of the
solution changes to 450 nm, and the adsorption intensity is
constant in the same range of 1000, which indicates the
stability of the nanoparticle accumulation. Over time, the
redox reaction between the acetaldehyde and silver ions was
completed, and the newly formed silver atoms changed the
color of the solution to yellow. Electrostatic interactions
between the acetaldehyde and the surface of modified detec-
tion probes can lead to the accumulation of AgNPs in the
solution. After one hour, no change in the color of the AgNPrs
probe was observed, while the peak intensity of adsorption not
changed too. In the second solution (probe + TMB) and (probe
+ TMB + analyte), a discoloration was observed in the solution
after one hour. Despite discoloration of the detection probe
solutions after one hour in the presence of the analyte, no
significant changes in the absorption peak intensity of AgNPrs
were observed at the 550 nm wavelength.

3.1.2 AgNWs. AgNWs have an anisotropic shape and
produce two plasmon bands including a longitudinal plasmon
band and a transverse plasmon band (corresponding to the
electronic shift along the short axis of the rod). This feature
sets them apart for use in a wide range of spectroscopic
studies.® The performance of AgNWs for optical identification
of acetaldehyde was studied using the UV-vis technique.
AgNWs show suitable color changes as well as adsorption
intensity. Furthermore, the peak of the in-plane dipole reso-
nance is very shape-dependent, which is used to design
sensors based on wavelength variation. As shown in Fig. 2(C)
and (D), after the addition of TMB, the adsorption intensity
decreased due to oxidation. Also, the spectrum shows that the
combination of TMB and AgNWs prepared here has three
absorption bands located at 650, 450 and 350 nm, respectively.
After the addition of acetaldehyde due to reduction, the
adsorption intensity increased to 2 nm and the location of the
peak was occurred at 450 nm. Finally, it can be said that the
prepared solutions have a good ability to detect acetaldehyde.
The stability of these nanoparticles and solutions combined
with TMB and acetaldehyde was also evaluated after one hour.

3.1.3 AgNPs-Cit. The synthesized solution is light yellow
(Fig. 2(E) and (F)), which has a lower absorption intensity due to
its low color. The prepared AgNPs-Cit have UV-vis absorption at
wavelengths of 400 nm. AgNPs-Cit does not show a good color
change and after blending with TMB, it becomes almost
colorless. The absorption intensity is also almost zero. After 1
hour, the stability of the nanoparticles also decreases, but the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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final composition (AgNPs-Cit + TMB + acetaldehyde), although
they had low adsorption intensity, had good stability, and the
color change was more pronounced after one hour.

3.2. Analytical study

In this study, the colorimetric method was performed to iden-
tify acetaldehyde using the peroxidation activity of AgNPs. UV-
vis technique was used to investigate apportion of proposed
optical probes toward determination of acetaldehyde (10~ to 10
M) in the presence of silver nanoparticles and TMB solution.
The absorption spectrum in the 400-800 nm range is along with
the adsorption/concentration ratio are shown in Fig. S1-S3 (see
ESI{). Next, important analytical parameters such as linear
band properties and lower limit of quantification (LLOQ) ob-
tained from standard curves plotted by the change in absor-
bance in the 600 nm band at different concentrations of
acetaldehyde. According to the obtained results, at high
concentrations of acetaldehyde a sharp peak of in-plane dipolar
resonance (650 nm) is also observed in the LSPR spectrum,
which is accompanied by a change in solution color. This
phenomenon can be attributed to changes in the morphology of
AgNPrs and the tendency of silver atoms to deposit on their
surface.®” According to the obtained results, using AgNPs-Cit
and AgNWs as optical probes, the adsorption intensity
decreases with decreasing concentration which can be related
to the size of nanoparticles, and in AgNPrs, the adsorption
intensity increases with decreasing concentration. Using
AgNPrs, by decreasing the concentration of acetaldehyde its
performance decreases, and the catalytic activity of nano-
particles with TMB increases. These color changes can also be
seen with the naked eye. The linear relationship and regression
equation for each type of nanoparticles are plotted and the
results are listed in Table 1.

According to Table 1, although all types of investigated
AgNPs have great detection limit and LLOQ for the determina-
tion of acetaldehyde, for preparing a suitable diagnostic kit,
AgNWs is the best choice. This nanoparticle has very clear color
changes which can be detected by naked eye. As shown in the
above results, using AgNWs the adsorption peaks also decrease
with decreasing concentration of acetaldehyde. In summary,
AgNWs are the excellent nanoparticles for the optical moni-
toring of acetaldehyde.

As it is shown in Table 2, we prepared an optical and
colorimetric biosensor for acetaldehyde detection. Colori-
metric and optical biosensor strategies have great potential for
the development of aldehydes like acetaldehyde detection
platform technologies. Chemo sensor platforms are attractive
for future acetaldehyde detection due to factors such as rapid
readout, cost-effectiveness, sensitivity, selectivity, and porta-
bility. To the best of our knowledge, there is no report on the
detection of acetaldehyde based on the sensing probes intro-
duced in this study, which is one of the benefits of this work.
The ability of proposed probes for acetaldehyde examination
was evaluated using UV-vis spectroscopic technique. A
comparison of the analytical performance of the presented
sensor with previous studies shows that this sensor is more

RSC Adv, 2023, 13, 6225-6238 | 6229
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(A)=(F) UV-vis absorption response of prepared AgNPs in the mixture of acetaldehyde and colorless solution and differential UV-vis

absorption response after an hour and photographic image of prepared solutions. Histogram of UV-vis absorption response of synthesized
AgNPs and after reaction with acetaldehyde immediately (G) and (H) after an hour (n = 3, SD = 2.06).
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Table 1 Analytical figure of merits
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Type of AgNPs Linear range (M) Regression equation R? LLOQ (M)
AgNPrs 1077 to 10 M Abs (2.u) = —0.0347Cycetaldenyde + 05391 0.9953 1077
AgNPs-Cit 107 to 10 M Abs (a.u) = 0.014C,cetaldehyde + 0.0344 0.9017 1077
AgNWs 107 to 10 M Abs (a.u) = 0.0244 Cycetatdehyde + 0.7515 0.9465 107°
Table 2 Study the presentation of the engineered biosensor for the identification of acetaldehyde
Method Reaction system Linear range LOD/LLOQ References
Fluorescence spectrometry  Optical fiber probe/ADH 225 to 0.45 uM 0.45 pM 68
Ultraviolet spectrophotometry AIdDH surface displayed whole-cell 1 to 300 M 0.33 M 69
Electrochemical Biofuel cell/alcohol dehydrogenase (ADH) 5 to 200 pM 1M 70

Carbon film electrode/AldDH/NADH 0 to 60 pM 2.6 uM 71

oxidase

Copper electrode in alkaline solution 5.21 to 50 mM 50 mM 12

Screen-printed biosensor — 1 uM by amperometry 72

6 uM by chronoamperometry

Screen-printed graphite electrodes 5 to 500 pmol L™ 1 pmol L™* 73

Colorimetric/UV-vis AgNPr/TMB-H,0, 1x 107 to 10 M (SD = 2.11) 10”7 M (SD = 1.76) This work

AgCit/TMB-H,0,
AgNWs/TMB-H,0,

sensitive to them and can detect acetaldehyde in a wider linear
range. In addition, colorimetric studies were performed using
paper-based microfluidics, which indicates the potential
performance of these microfluidics in the development of
acetaldehyde diagnostic kits. On the other hand, the prepared
system is very simple, sensitive, low-cost, affordable, selective,
and is not time-consuming. This system is small and portable.
Integrating current biosensor platforms into routine clinical
use still requires significant advances in future research. To
build a universal sensing strategy, we need to integrate elec-
trochemical and optical transmission mechanisms with the
merits of different biosensor strategies. We believe that
establishing clinical procedures for sample handling is
essential for extensive sample analysis. In addition, the inte-
gration of detection systems is limited and will require addi-
tional developments. Therefore, the study of integrating
sensors, recognition factors, and transducers into a storage
biosensor product requires more scientific and technological
efforts to achieve a system universally applicable mobile point
of care. In addition, advances in vivo multichannel biosensor
strategies are still limited. Once engineering challenges, such
as advances in biocompatible materials and in vivo multi-
signaling, are resolved, next-generation biosensor platforms
could become the norm widely used for point-of-care
screening and detection systems. In summary, we can say
that this optical system is a new way for feature analytical
studies.

3.3. UV-vis spectroscopic measurements in real samples

To study the performance of acetaldehyde in the real samples,
human urine samples were taken from healthy individuals
without any pretreatment. In this way, urine samples were
mixed with different concentrations of acetaldehyde (1 x 107~

© 2023 The Author(s). Published by the Royal Society of Chemistry

1 x 107" to 10 M (SD = 2.55) 10> M (SD = 2.33)
1 x 1077 to 10 M (SD = 2.40) 10”7 M (SD = 2.01)

17.35 M) with a volume ratio of 1:1 V:V. The UV-vis spectro-
photometry Fig. S4-S6 (see ESIf) was used to study the
adsorption. In the case of AgNWs and AgNPs-Cit adsorption
intensity decreases with decreasing the concentration but in
AgNPrs it's quite the opposite.

3.4. Selectivity

Selectivity is an important factor in designing a sensor system.
To evaluate the selectivity of the prepared chemo sensor, we
first combined various interfering agents such as acetone,
ethanol, glucose, and formaldehyde separately with the dye
and silver solution and examined them. As shown in Fig. 3-6,
the best color change and adsorption intensity occurred in the
presence of acetaldehyde, which indicates a successful reac-
tion between AgNPrs and detected analyte. In the cases of
interfering investigation in the presence of some interferers
a shift at the peak of the adsorption band is observed. Changes
in the absorption band in different optical probes are
different. As can be seen, the prepared AgNPs containing TMB
have UV-Agabsorption at wavelengths of 350, 450, and 650 nm.
The first two absorption bands (350 and 450 nm) correspond
to out-of-plane and in-plane quadrupole resonance of AgNPs,
respectively. The 650 nm band is attributed to the AgNPs in-
plane dipole resonance. The peak of in-plane bipolar reso-
nance is strongly dependent on the AgNPs shape. This
phenomenon, which is used in the design of sensors based on
wavelength changes, can be attributed to changes in the
morphology of AgNPs and the tendency of newly produced Ag
atoms to deposit at the AgNPs surface. In the mixture of
AgNPrs with TMB and interferers (GLU/ethanol/acetone and
formaldehyde), the adsorption decreases in the 350 nm band
and increases in the 650 nm band. In the other AgNPs the
adsorption increases in the 350 nm band and decreases in the
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(A)—(C) UV-vis spectra and colorimetric sensing of the interaction between AgNPs, in the presence of prepared TMB solution and various

analytes. Histogram of (D) the intensity of absorption and (E) the wavelength of absorption (n = 3, SD = 1.89).

650 nm, these changes can be attributed to the fact that the
morphology of sensing probes. Also, acetaldehyde adsorption
peak in the presence of AgNPrs with good color change is
visible in the range of 450 nm, while in the presence of
glucose, ethanol, and acetone, no effective color change can be
observed, and most of the appearance of the peaks were due to
the effective presence of the dye solution. The same can be
seen and discussed in the presence of other silver

6232 | RSC Adv, 2023, 13, 6225-6238

nanoparticles, the best performance of which can be attrib-
uted to AgNWs and AgNPrs. To further investigate this selec-
tivity in the real urine sample, acetaldehyde in the presence of
all three AgNPs had better results than the other analytes. Fig.
3-6 shows the complete histogram related to the change in the
location of the peaks, which is also observed in the presence of
the target analyte, acetaldehyde, and this is related to the
successful redox oxidation reaction.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A)—(C) UV-vis spectra and colorimetric sensing of the interaction between acetaldehyde and AgNPs, in the presence of prepared TMB
solution and various interfering species analytes in real sample.
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4. Colorimetric detection of
acetaldehyde on the surface of
engineered papers

In addition to the promising results of UV-vis spectrophotom-
etry, we used paper-based microfluidic as a diagnostic kit for
easier examination that can be used outside the laboratory
toward real time analysis of chemical, pollutants, markers, and
etc. In recent studies, paper-based sensors have attracted a lot of
attention due to their ease of use and affordable price, and it can
be said that they have made great progress.”*”> This system has
a high potential to low-cost detection of some analytes, and, in
the future, they will be applied for rapid analysis of different
targets.'®”® In this study, we used fiberglass paper, which has less
friction due to a better flow intensity compared to other existing
papers such as TLC or filter papers. These patterns designed on
paper have microchannels and, due to the capillary flow, the
liquid easily passes through it, which helps to identify the ana-
lyte easily. To observe the color change, first 10 puL the synthe-
sized NPs were placed in the sensing area, then, the TMB
solution and analyte were added, respectively. As shown in the
Fig. 7-9, the color change is easily visible and detectable in less
than 2 minutes. The images recorded after one hour also have
shown the successful construction of hydrophilic channels.
According to the UV-vis results, AgNWs had better performance
and detection activity in different concentrations of analyte, so
they were also selected for further investigation on uPADs. To
investigate the effect of acetaldehyde concentration in the real
sample, the synthesized AgNWs, first, have dropped on the
sensing zone. Then, the different concentration of analyte and

P .
=L S LS

View Article Online
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urine was added which the color change was re-detectable. So,
this system can be used as a diagnostic kit for clinical studies.
Another study performed in this section is related to the capillary
power of microchannels. First, 50 pL acetaldehyde was placed in
the center of the designed sensor, and the compounds con-
taining AgNWs (probe) and TMB were placed in the sensing area.
Over time, discoloration due to the redox reaction can be
observed. This color change indicates successful construction of
WPADs and paper-based chemo-sensing substrate with excellent
pumping ability, low friction, and high flow. In this study, the
stability of the prepared microfluidic papers was also tested.
According to the results, this system can detect analytes for up to
1 month, which is an excellent and important achievement in
the field of paper-based microfluidic biosensors. To this end, the
uPADs were functionalized by casting optical detection probe
drops for colorimetric analysis of the target ion. After drying at
room temperature, the Ag candidate NPs coalesced, and their
color turned into green. The drying and combining process take
about 10 minutes. Acetaldehyde interactions with the modified
uPADs were then assessed for 1 month. After acetaldehyde drop-
casting in the sensing zone, it takes about 5 minutes to react with
dried nanoparticles to change the color of the nanoparticles to
colorless. According to the results, the introduced pPADs were
able to detect acetaldehyde within 30 days. This could be the
beginning of the development of nanoparticle-modified nPADs
for rapid and accurate identification of acetaldehyde. Optical
interaction and optical properties between nanoparticles and
paper substrates are affected by the aggregation of nanoparticles
in cellulose fibers of the paper, the refractive index of paper, and
the nanoparticle's spatial location. The penetration and aggre-
gation of nanoparticles in the porous structure of the paper can

2=

\?

-

Fig. 7 Photographic images of the microfluidic paper-based calorimetric chemo sensor for reaction systems: (A) AQNWs (zone 1-3), AgNPrs
(zone 1'-3'), and (B) AgNPs-Cit (zone 1-3), (1) NPs, (2) NPs + TMB, (3) NPs + TMB + acetaldehyde.
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Fig. 8 Photographic images of the (A) different concentration of acetaldehyde and (B) different concentration of acetaldehyde in real sample on

the surface of the microfluidic paper-based calorimetric chemo sensor.

Fig. 9

Acetaldehyde

(A) Photographic images of the microfluidic paper-based calorimetric chemo sensor for evaluation of capillary: AgNPrs and colored TMB

solution and AgNPrs (zone 1-2), AgNWSs and colored TMB solution and AgNWs (zone 3-4), AgNPs-Cit and colored TMB solution and AgNPs-Cit

(zone 5-6). (B) Photographic images of prepared paper after an hour.

cause different light interactions compared to a nonporous flat
substrate. Indeed, during drying and aggregation, the global
state of the nanoparticles is maintained, which is important for
controlling their optical properties. However, the reproducibility
of the aggregation and adsorption mode of nanoparticles is
limited by the random fibrous structure of the paper substrate.””
In fact, in this study, acetaldehyde was identified with sufficient
accuracy for the first time using pPADs. This technique can be
further used to identify other analytes including amino acids.
These patterns are designed at a very low price and are simple
materials. They are very small in size which helps in easy
transportation. Complex laboratory systems are much more
expensive, and all tests require skilled operators.

5. Conclusion

In this study, we presented an innovated colorimetric method
integrated with UV-vis spectroscopic technique for identifying
acetaldehyde in real samples using various types of AgNPs. Also,
the paper-based microfluidic device was used in this work,
which had excellent stability and reproducibility toward real
time colorimetric detection of acetaldehyde in the presence of
different interfering agents. In this study, three types of silver

6236 | RSC Adv, 2023, 13, 6225-6238

nanoparticles were used. The silver nanowires showed the best
colorimetric performance of monitoring of acetaldehyde. This
is the first report that shows the specific and sensitive detection
of acetaldehyde in real samples using a colorimetric and
microfluidic paper-based sensing method. Additionally, due to
the outstanding features of this system, it is highly likely that
these devices will be commercially available in the near future
and will replace complex laboratory methods.
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