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One of the most common diseases globally which takes numerous
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chain aldehydes. The conventional methods for detecting aldehyde are highly
complex, expensive, and time-consuming. To overcome this drawback,
alternative detection techniques such as fluorescence techniques are needed
for the quick, easy, and affordable identification of aldehydes. Aldehyde
molecules and their derivatives are often used as biomarkers to aid in the
diagnosis and treatment of lung cancer patients. This property has been
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media.
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CHAPTER |
INTRODUCTION AND LITERITURE REVIEWS

1.1 Introduction

1.1.1 Supramolecular chemistry

A growing area of science called supramolecular chemistry concentrates on a small
group of molecules which are connected together through relatively feeble chemical
interactions, including electrostatic charges, hydrogen bonds, and Van der Waals
forces. Hydrophobic forces, and n-n interactions are a few more interactions that can
be presented in a supramolecular system. The enzyme-substrate mechanism Emil
Fischer developed in 1894 using a key and lock mechanism. The discovery of
supramolecular chemistry began with the finding of two (2) key mechanisms,
molecular recognition and supramolecular function. Complex chemical systems are
built using noncovalent interactions in supramolecular chemistry. Molecular folding,
host-guest interactions, and molecule self-assembly and recognition are some of the
most notable characteristics of supramolecular chemistry. As Jean-Marie Lehn
pointed out, the creation of a supramolecular system is characterized by three distinct
characteristics that are vitally important even though they do not have to be present
simultaneously. In light of the fact that all life on Earth has evolved through self-
organization or self-assembly, it is essential for self-assembled components. The
following categories were used to group the topics in supramolecular chemistry such
as molecular interactions as in Figure 1.1, complexation, self-assembly, and a
molecular recognition. This covers a variety of subjects, comprising biologically
produced units, template-directed synthesis, and synthetic recognition motifs 12,

Guest molecule

) ‘S
C- @

Signaling unit  binding site

Figure 1.1 Schematic representation of supramolecular interaction.



Futhermore, supramolecular chemistry encompasses the Inorganic and organic
chemistry in which both of them fall within the broad realm of chemistry; The
creation of sensory molecules with specialised recognition sites, investigations into
the ways that host-guest molecules self-assemble, and use of common components.
The supramolecular approach has currently been widely adopted in a range of sectors,

including catalysis, medicinal therapies, and intelligent material technologies.

1.1.2 Fluorescence

When an electronic system moves from an excited state to the ground state, it emits
light, which is known as luminescence. Crystallization, mechanical action on
substances, chemical reactions, and living creatures are all potential sources of
luminescence. Fluorescence and phosphorescence are conceptually two different
forms of luminescence that can be divided based on their excited states and ground
states 1416, The absorption, fluorescence, and phosphorescence processes are depicted
in the Jablonski diagram (Figure 1.2). In the fluorescence an electron at the ground
state So is excited to a higher singlet state (Si1, So,...Sn) upon photon absorption (hv).
After that, a vibrational relaxation (or internal conversion, IC) occurs from higher
vibrational state to lower vibration state and go back to the ground state. The energy
decayed from S; to So during the process is referred to as fluorescence as in Figure
1.2. Moreover, in phosphorescence the excited state electron went to excited state
without changing the spin, intersystem crossing to a triplet state (radiation-less) which
causes the spin of electron to invert. Hence, orientation of the electrons in the ground
state and the triplet state is the same. Radiative decay to SO then follows vibrational
relaxation. According to quantum physics, such a decay process involves a forbidden
transition, making phosphorescence less likely to occur than fluorescence. For

phosphorescence, the decay constants are greater 1.
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Figure 1.2 Jablonski diagram describing the fluorescence process 8.

The fluorescent approach offers numerous benefits over conventional sensors,
including non-destructiveness, excellent biocompatibility, high sensitivity, and
simplicity of usage *°. Numerous aldehyde detection probes have been created over

the past few decades.

A novel fluorescent probe that depends on the covalent post-synthetic
modification (PSM) of University Institute of Oslo-66-NH2 (UiO-66-NH2) by
naphthalimide (NI) was created and developed by Li et al in 2023 . Due to the
covalent PSM and metal-organic frameworks (MOFs) combination, the probe has a
considerable amount of exposed hydrazine group, which results in remarkable
formaldehyde (FA) sensing capability with a low detection limit. When the covalent
bonds are present, strong interactions can lock the fluorophore and stop it from
exhibiting aggregation-induced emission (AIE). The probe can also be utilized in
investigations with real samples. Additionally, Forster resonance energy transfer
(FRET) is suggested as the main mechanism of fluorescence quenching by
experimental findings. As seen in Figure 1.3 The quenching mechanism for the
reaction of the probe with FA is as described on the left, and the unique properties of
UiO-66-HN, such as its high sensitivity and AIE traits, are described on the right.



However, this sensor is unable to distinguish between long-chain, aromatic, and low

molecular mass aldehydes.

D)

Figure 1.3 Probe mechanism for formaldehyde detection.

For the visual detection and on-site monitoring of formaldehyde (FA) in foods
and living cells, a novel pyrene-based ratiometric fluorescence sensor (PN) was
created by Hu in 2023 2%. As shown in Figure 1.4, the sensor encountered a particular
2-aza-Cope rearrangement towards FA and produced a considerable monomer to
excimer conversion in a ratiometric way. High sensitivity, quick response, and
successful FA assessment in actual food samples were all characteristics of this sensor
PN. Notably, FA in liquid and gaseous states were detected visually using portable
devices which were built using paper-based and alginate gel-based materials. The
recovery ranges from 100.01% to 100.06% and 99.93% to 99.98%, respectively.
Different concentrations of FA in liquid and vapour could be precisely determined
using the devices. These findings suggested that the sensing approach may produce a
precise and concurrent quantitative study of FA. Unfortunately, this sensor cannot
discriminate long-chain aldehydes.
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Figure 1.4 Conceptual illustration of the sensor for formaldehyde sensing 2L,

In 2020, a turn-on fluorescent probe was created using BODIPY molecule by
Wang and co-workers ?2. The photo-induced electron transfer (PET) process of the
BODIPY is inhibited by the reaction of BODIPY with fatty aldehyde which resulted
in turn on process as shown in Figure 1.5. This concept is utilized to detect long-
chain aldehydes present in six edible vegetable oils. The probe responded quickly and
sensitively to saturated fatty aldehydes in acetonitrile, producing a dramatic "turn-on"
fluorescence. Pre-column derivation fluorescence by high-performance liquid
chromatography was used to build a very sensitive detection technique for long-chain
fatty aldehydes. The established chromatographic technique offered adequate
precision, a low detection limit, good linearity, and satisfactory precision. The probe
may be utilized in regular analysis to determine the kind of vegetable oil for excellent

reliability. However, this method is complicated.



Figure 1.5 The probe fluorescence turn-on mechanism towards long-chain
aldehydes?.

In 2019, Carlos and co-workers 2® synthesized an easy formaldehyde sensor
made of an aqueous dispersion of gold nanoparticles functionalized with resorcinol.
The probe was employed to direct detect formaldehyde in aqueous media and gas
phases. The terminal resorcinol and formaldehyde moieties condense in the reaction
which provides the detection process. As a result, the scattered nanoparticles start to
aggregate resulting in colour change from red to blue (Figure 1.6). The probe can be
used to detect formaldehyde emissions coming from wood composite boards with low

detection limit. However, the probe cannot discriminate long-chain aldehydes.
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Figure 1.6 Resorcinol functionalised nanoparticle for FA detection.




1.1.3 Aldehyde compounds and their sensing

Aldehydes are a subclass of organic materials whereby a carbon atom make
double bonds with oxygen and single bond with hydrogen with respect to additional
atoms or groups of atoms (marked R in chemical structures as in Figure 1.7). All
aldehydes have what is known as a carbon-oxygen double bond is formed referred to
as carbonyl group. Many aldehydes have odours that are pleasing, and in theory, they
are form through dehydrogenating (removal of hydrogen) from alcohols, which is the
origin of the word "aldehyde". In most basic aldehyde family (formaldehyde), the
carbonyl group is joined to a pair of hydrogen atoms. In condensed structural
formulae, the carbonyl group of an aldehyde is commonly represented as -CHO as in
Figure 1.7. Aldehyde carbon atoms may be connected to aromatic, alkyl groups
(saturated or unsaturated), and heterocyclic rings. Otherwise, they may be free-
floating carbon atoms 4. Aldehydes are present everywhere in the natural world.
Examples of aldehydes that are found in smoke from cigarettes include formaldehyde,
acetaldehyde, and acrolein %. These compounds are produced during burning.
Moreover, a variety of aliphatic and aldehydes can be found in various foods,
particularly in fruits and vegetables such as formaldehyde, benzaldehyde, nonanal,
malondialdehyde,  acrolein,  4-Hydroxynonenal,  glyoxal,  crotonaldehyde,
methylglyoxal, citral and so on. Aldehydes are categorized as human carcinogens,
which can cause a variety of illnesses, including cancer and Alzheimer's disease.
Long-chain aldehydes have been recognized as long-term cancer indicators due to

their lengthy alkyl chains 2631,

O
)J\ R=Alkyl or aryl group
R H

Figure 1.7 General chemical structure of aldehyde compounds.
Numerous analytical studies have been conducted to identify aldehyde

molecules and their derivatives. Gas chromatography (GC) %2*, high-performance

liquid chromatography (HPLC) %! mass spectrometry (MS) 52 %% Raman



spectroscopy *4, and electrochemical techniques have traditionally been used to study
these substances °°%. However, these techniques show excellent sensitivity,

selectivity, and determination that is exact and accurate.

Toxic formaldehyde is illegally added as a preservative to grooming items to
increase shelf life. In order to identify formaldehyde in grooming products, Nie et al.
2023 5! proposed a Surface-Enhanced Raman Spectroscopy (SERS) method with
substrates made of modified trisodium citrate for reduction-produced gold (Au)
nanoparticles for the detection of formaldehyde in cosmetics. Formaldehyde has been
transformed into an azine molecule which have an excellent surface-enhanced raman
spectroscopy activity using a derivatization reagent. The difficulty in the detection of
formaldehyde poses a challenge due to its limited Raman scattering cross-section,
might be overcome by this. The finding shows that the grooming products contain
formaldehyde by employing this method. From 0.4 to 80 mg/kg, more formaldehyde
was added to the samples which enhance the intensity of the SERS signals as in
Figure 1.8. The method shows a good correlation coefficient and an there exists a
strong linear correlation for the formaldehyde sensing in toothpaste and shampoo with
low detection limits. Due to SERS methodology drawbacks such time-consuming
material preparation, high cost, and environmental harm, this technology was unable
to reach the optimal position for biosensing fields.

Figure 1.8 SERS spectra of the grooming product under enhancing substrate using

Au nanoparticles for formaldehyde detection 5.



Regarding free requirement of sample pre-treatment or concentration, Luong et
al. in 2018 © effectively create a gas chromatographic (GC) technique whereby
formaldehyde and acetaldehyde were successfully detected and quantified in gaseous
environments without requiring for any additional equipment, conversion of
aldehydes to alkanes using catalytic hydrogenolysis is carried out in the flame
ionisation detector's steel jet assembly which was 3D-printed. This method quantified
formaldehyde and acetaldehyde in parts-per-million (ppm) levels. It took less than 10
minutes to complete the analysis. Here, the performance of a standard flame
ionization detection (FID) jet and a 3D-printed FID jet with catalyst was compared.
Similar gas chromatographic and detector conditions applied to both jet operations.
As a baseline, formaldehyde and acetaldehyde in nitrogen standards were employed to
measure their levels. An increase for formaldehyde count of more than 35 times was
observed in the area. The result illustrated the benefit of using the 3D-printed jet for
formaldehyde detection. As expected, the influence of catalytic hydrogenolysis in FID
response lessened as the aldehyde's carbon chain length increased, leading to an
increase in the production of formaldehyde (CHO+) ions. Nevertheless, acetaldehyde
showed an increase in response time of more than 1.6 times. There was not a
noticeable difference in the methanol reaction. This demonstrates the catalyst's high
level of selectivity, which was used to increase the analytes' overall sensitivity by FID
as seen in Figure 1.9. In contrast, this approach is complex, expensive, and requires a

significant amount of time.
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Figure 1.9 Responses of formaldehyde and acetaldehyde from flame ionization

detection approach.

To measure hexanal and heptanal levels in urine, a liquid chromatography-mass
spectrometry (LC-MS) approach was employed was created by Chen et al in 2017 53
The procedure involved combination of liquid chromatography (LC) elute and
hydroxylamine hydrochloride (HAHC) solution to achieve post-column derivatization
(PCD). Subsequently, long-chain aldehydes (hexanal and heptanal) levels in urine
samples were determined using this method that had been designed. In order to test
the method's accuracy in measuring endogenous aldehydes, it was then used to
analyse 10 urine samples from lung cancer patients. Six samples yielded successful
hexanal and heptanal detections. These outcomes demonstrated the viability of fully
automated analysis of urine sample aldehydes (Figure 1.10). On the other hand, the

drawback of this approach is complex, expensive, and time-consuming.
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Figure 1.10 Chromatogram of long-chain aldehydes from urine of lung cancer

patient.

In summary, these analytical detection techniques have several shortcomings,
such as being extremely difficult, costly, and tedious. The fluorescence approach, in
contrast, is a remarkably effective analytical technique that has drawn a lot of study
interest because of its comparative advantages including excellent selectivity,
sensitivity, intrinsic precision, real-time monitoring, and quick response *°.
Consequently, There is a substantial and noteworthy interest in the detection of

aldehydes utilising fluorescence technique.

1.1.4 Amine functionalised sensors for aldehydes detection
Chemical mechanisms frequently employ the aldehyde's carbonyl group and an
external amino group shown in Figure 1.11 to form the imine bond for responsive

aldehydes fluorescence probes with respect to host-guest interaction &4 .
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Figure 1.11 Mechanism of hydrazone bond formation °°.

Li et al. in 2018 ', presented chitosan (HN-Chitosan) polymer functionalized-
hydrazino-naphthalimide as a probe for fluorescence in formaldehyde (HCHO)
detection. The probe is a reliable hydrophilic polymeric probe that enables rapid
formaldehyde detection present in pure water sample measured in parts-per-million
(ppm). Formaldehyde (HCHO) and the reactive site of the hydrazino group interact
chemically to provide the "turn-on"™ fluorescence response of naphthalimide
fluorophores of the probe as shown in Figure 1.12. HN-Chitosan, the chitosan
contained small-molecule-based analogues with a hydrazine group as aldehyde
reactive site together with high density of hydroxyl groups as in Figure 1.12. This
probe features significantly speeds up the reaction between hydrazine group of the
probe and HCHO. As a result, a quick fluorescence response with great sensitivity are
achieved. Additionally, HN-Chitosan has a sizable linear detection range and decent
photostability. Unfortunately, this method cannot detect long-chain aldehydes.

HCHO ~.” \  Chitosan Chain 5

v

Hydroxyl
L 4

group

Figure 1.12 Probe detection mechanism for HCHO sensing.
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In 2022 ® a lipophilic naphthalimide fluorescence probe was created by
researchers to profile aldehydes during oxidation of lipids as in Figure 1.13. The
extraction and precipitation method were developed to purify the fluorescent probe.
Analysis of the probe's fluorescence characteristics and the Malondialdehyde (MDA)
and hexanal, common aldehydes that were condensed to produce these compounds
that inhibiting photo-induced electron transfer (PET) after condensation significantly
increased the fluorescence intensity. By emitting different fluorescence colours (green
for hexanal; blue for MDA), the probe could distinguish between the two compounds.
Numerous aldehyde products from oxidation were easily identified by the fluorescent
probe when typical unsaturated lipids were aerobically oxidised using high-
performance liquid chromatography- mass spectroscopy (HPLC-MS), illustrating the
versatility in addition to enormous potential of using this probe to profile aldehydes
during the oxidative process of lipids. However, this research is limited by the

drawback of complicated material preparation.
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Figure 1.13 Probe mechanism for aldehyde detection.

To enhance aldehyde compound detection abilities, Chen and co-workers in

2019 27 have successfully designed a biocompatible ratiometric fluorescence
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nanoprobe using carbon dots (CDs) modified with naphthalimide derivatives (ND) to
selectively detect formaldehyde (FA) using phosphate (PBS) buffer and live cells
(Figure 1.14). The nanoprobe is effective for detecting endogenous FA in real
systems and functions under normal pH levels. The nanoprobe has an excellent cell
penetration, little cytotoxicity, a high ratio of signals to noise, and most importantly,
an extremely low limit of detection. The downside of the nanoprobe is that it cannot

identify long chain aldehyde.

Lysosome .
COOH ]);COOH
.= Carbon dots Y: 0 N(rr = ON
ND
NH-NI, NaN

Figure 1.14 The ratiometric probe design for FA imaging.

In order to distinguish between 16 potential hazardous organic lung cancer
biomarkers and 9 different types of aldehydes in low concentration, A novel array of
colorimetric sensors was created by Li and coworkers (2014) ° with regard to an
approach that is cross-reactive To serve as specific sensing components, Sixteen from
twenty-seven colours of dye were chosen to be combined with 24-
dinitrophenylhydrazine (DNPH) in an optimised condition, and polyethylene glycol
was selected out of four different polyethylene glycols to serve as a stabiliser. The
resulting sensor array exhibits better responsiveness to aldehydes and very strong
selectivity in low concentrations between 40 ppb and 10 ppm. Both hierarchical
cluster analysis (HCA) and discriminant analysis (DA) are utilised to evaluate this

data, showing the sensor's exceptional capacity to distinguish between structurally
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similar lung cancer-related aldehydes. Additionally, samples of air that had been
tainted with formaldehyde were examined using this constructed sensor array,
showing a strong possibility of application to the evaluation of these hazardous
chemical component. The linear range was precise compared to the theoretical
quantification value. The sensor array can be improved in order to monitor
formaldehyde in both home and industrial substances settings as well as for the early
identification of lung cancer. As illustrated in Figure 1.15, H2SO4 functions as a
catalyst in the reaction between aldehyde and DNPH producing H2O as a by-product.
Changing pH in the H20 due to a protonation in the sensor dot. The colour shift
produced by the dyes will differ from one another because different types and
quantities of aldenyde molecules have varied affinities to DNPH and form distinct
volumes of H>O. The optimized dyes are affected to pH variation leading to a colour
variation in response. The sensor array's measurement of colour change allows for the
differentiation of various aldehydes and other potentially interfering equivalent. Even
yet, this sensor's inability to detect significantly long-chains exceeding seven carbon
atoms and heavy-weight aldehydes prevented it from distinguishing between a group
of aldehydes and other VOCs.
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Figure 1.15 Conceptual representation of the colorimetric sensor array.

Lin and coworkers published a novel method in 2018 ™ for the ultrasensitive

aggregation-induced emission (AIE) "turn-on" process for formaldehyde (FA)
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detection both in gaseous and liquid state utilising a catalyst that replaced macrocycle
pillararene based derivative (DP5J-Bi) as a fluorescence sensor as in Figure 1.16.
DP5J-Bi sense FA with high selectivity and sensitivity by AIE behaviour within 7.5s
reaction time. For FA, the experimental limit of detection (LOD) is 3.27 10° M.
Hence this unique method is used to sense FA present in liquid and gas. Moreover,
this method allows effective detection of additional volatile organic chemicals.
Unfortunately, this method cannot detect higher molecular weight aldehydes based on

aromatic aldehydes.
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Figure 1.16 Conceptual design of pillar [5] arene based derivative sensor.

1.1.5 Nanoparticles

Nanomaterials (NMs) can be used in the aldehydes sensing investigation in addition
to using host and guest binding interaction to detect aldehydes. The Greek word for
“dwarf,” nano, is used to describe it. Given that the substance has very small size
(1nm) which make it invisible to the human eye . To put it in simply, nanostructures
are ultrafine particles having dimensions between a few to 100 nm. Nanoparticles
have generated a lot of attention in the field of analytical chemistry due to their
significant optical characteristics, surface area relative to volume ratio, chemical
durability, excellent ability to adsorb because of their small size, stability at extreme
temperatures ‘2. Optically active chromogenic or fluorogenic nanoparticles are widely
used in the fields that include sensing and bioimaging. Examples include

semiconductors quantum dot particles, nanomaterials, nanoparticles made of metal
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oxides, colloidal Gold and silver, silicon, dye-doped silica, up transformation, and

various other substances.

NMs can be categorized into several groups with respect to their morphology,
chemical constituents and moreover their dimensions. The NMs size ranges from 1-
100nm. In addition, NMs can be categorized based on the material dimension as in
Figure 1.17, Nanostructures can exist in various dimensions, including zero
dimensions (0D), one dimension (1D), two dimensions (2D), or three dimensions
(3D). Specifically, zero dimensional (0D) NMs are class of nanomaterials that have
all dimensions less than 100nm (within the nanoscale), example include quantum dots
(QDs) and nanoparticle. Furthermore, One-dimension (1D) NMs are a class of
nanomaterials that have one dimensions that exceeds the 100nm and two dimensions
are within the size of nanoscale. Example of these class of NMs includes nanorods,
nanotubes and others. Two-dimensional (2D) NMs are class of nanomaterials having
one dimension within the nano range and the other dimensions exceeds the nano
range, example include nanocoating, nanofilms and so on. Finally, the three-
dimension (3D) NMs are the class of nanomaterials with all their dimensions more
than 100nm (exceed the nanoscale), examples of these materials include nanowires,

pillars and other 7>77
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Figure 1.17 Various classifications of Nanomaterials 8.

Aldehyde investigation and detection using a colorimetric sensor array was
published by Li et al. in 2022 . There were three different types of gold
nanoparticles (Au NPs) that are negatively charged with three different sizes as 13, 22
and 40 nm. The negatively charge surface of Au NPs attracted silver cation (Ag*)
from tollen's reagent in an aldehyde environment. Ag+ was transformed to silver
neutral (AgP), resulting in the Au@Ag core-shell nanostructure and a noticeable
colour variation as in Figure 1.18. The use of transmission electron microscopy
allowed for the precise observation of morphological and dimensions changes. Au
NPs red, green, and blue colour models' value variations were recorded as an optical
signal for later data processing. The system's exceptional discriminating performance

for aldehyde identification with a low detection limit was demonstrated by the pattern
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recognition results. The array also has quantitative formaldehyde detection capability,
selectivity, and reproducibility, which means it has a lot of potential for practical
detection. However, this method cannot discriminate long-chain aldehydes, and

moreover this method is complex.
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Figure 1.18 illustration of the colorimetric sensor array for aldehydes detection.

Regarding to supramolecular self-assembled ratiometric fluorescent probe, an
amphiphilic chitosan (CS) based polymer fluorescent probe was created by Yang and
co-workers in 2022 8. The probe was made by covalent bonding the fluorophore 4-
methoxy-1,8-naphthalimide (MONA) with the hydrophilic natural CS. In addition, the
4-hydrazine-1,8-naphthalene (HANA) imide was used as a reactive site to create the
hydrophobically small formaldehyde (FA) molecule fluorescent sensor N-butyl-4-
hydrazino-1,8-naphthalimide (NBHN). The improved CS-based probe (CS-OCHz)
transformed to amphiphilic CS-based nanoparticle (CS-OCH3NPs) by self-assembly
which has both polar and non-polar behaviour as shown in Figure 1.19. The polymer
probe CS-OCH3NPs with hydrophobic (core) and hydrophilic chains (shell) are
created. Then, a certain amount of NBHN fluorescent probe employ for FA detection
was add of and readily entered the hydrophobic core of CS-OCHsNPs, finally
resulting in CS-OCHs@NBHN with numerous reaction groups that might speed up
the reaction with FA. As predicted, With the ability to recognise FA in aqueous
media, the probe demonstrated extremely promising application. The probe, however,
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is unable to distinguish between aromatic aldehydes, short-chain aldehydes, and

aliphatic long-chain aldehydes.
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Figure 1.19 Design and Preparation of self-assembly Chitosan- based nanoparticle for
FA detection.

In 2022, Kumar and co-workers 8 presented a zeolite Y (DaY) with tin oxide
(SnO.) as (DaY)/SnO2 nanoparticle- based (NP-based) sensor for lung cancer
biomarkers (LCBs) detection with high selectivity and sensitivity. At various working
temperatures, 200 ppb LCBs of toluene, formaldehyde, and propanol were used to
assess the sensing capabilities. The sensor was discovered to be extremely effective at
detecting propanol, having a great relative response and a rapid response time. The
DaY/SnO2 NP sensor had a strong relative response even at 70 ppb propanol
concentrations and was stable for several detection cycles of LCBs as in Figure 1.20.
However, this sensor cannot discriminate high molecular mass aldehydes that include

aliphatic long-chain aldehydes.
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Figure 1.20 Sensing mechanism by zeolite nanoparticle.

Most of the cancer-related death worldwide is lung cancer claiming 1.59 million
lives annually 8. 84% of lung cancer reports are detected in either the later stages,
typically the third or fourth, medical interventions become ineffective, and the
possibility of finding a cure diminishes, because it typically remains unnoticed in the
early stages. The survival rate over a five-year period experiences a significant
increase, rising from 10% to 80%, when the disease is diagnosed at level 1 of growth
8, In the human body, free radical reactions transform cellular lipids into aldehyde
molecules. The cytopathological consequences of these aldehydes include the
suppression of protein and DNA synthesis. Aldehydes can serve as biomarkers
indicating the presence of severe oxidative stress and atherosclerosis because of these
effects 8. Most of the aldehyde detection method can only detect short chain aliphatic
aldehydes, they are few research for long-chain aldehydes detection that include
detection by colorimetry or vaporchromic behaviour which have several shortcomings

that include colour interference with biological samples.

1.2 Research objective
1) To synthesize polymeric nanoparticles using naphthalimide dye-
encapsulated ethyl cellulose (EC@Naph) as fluorescence sensors for
detecting long-chain aldehyde.
2) To investigate the sensing capabilities of EC@Naph fluorescence
nanosensors for the detection of long-chain aldehydes in water.
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1.3 Benefit of this research
A polymeric nanosensor based on dye encapsulation for specific detection of long-

chain aldehydes in water will be obtained.
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CHAPTER Il
EXPERIMENTAL

2.1 General procedure

2.1.1 Analytical instruments

Nuclear Magnetic Resonance (NMR) spectra were collected with a Varian Mercury
Plus 400 and Bruker DRX 400 MHz nuclear magnetic resonance spectrometer. Using
the residual proton signal in deuterated solvents as an internal reference, chemical
shifts were reported in parts per million (ppm). Using a Thermo Scientific, Nicolet
6700 FT-IR spectrometer, FT-IR spectrophotometric measurements of desiccated
nanoparticle samples were obtained. Using a JEOL JEM-ARM 200F instrument with
a Gantan detector and a field emission cannon with a 200 kV accelerating voltage, a
SEM-EDX analysis was conducted to investigate element tomography. In addition,
Mastersizer S and Zetasizer nanoseries instruments (Mulvern Instrument) were used
to measure hydrodynamic size and zeta potential via dynamic light scattering (DLS).
Using a Varian Cary 50 Probe UV-visible Spectrometer, all UV-visible spectra were
measured. All fluorescence spectra were acquired using a Varian Eclipse Probe
fluorescence spectrometer and a personal computer data processing system. Cary
Eclipse pulsed xenon lamp is the light source, and photomultiplier tube is the detector.
Using a pH meter, the pH levels were calibrated. From the Merck Milli-Q® Reference
Type 1 Water Purification System, ultrapure water was obtained.

2.1.2 Materials

The Sigma Aldrich Corporation and Fluka Corporation are the companies we
purchase all the reagents and solvents required for the synthesis, Tokyo Chemical
Industry (TCI) Corporation, and utilised without additional purification. According to
EC@Naph preparation, ethyl cellulose (grade 250-300 cP; ethoxy content 48%) was
acquired from Sigma-Aldrich Corporation. The reactants, including 4-bromo-1,8-
naphthalic anhydride, n-propylamine, ethanol, hydrazine, and 2-methoxyethanol, were
obtained from the Sigma-Aldrich Corporation. We bought aldehyde compounds
including formaldehyde, propanal, butanal, pentanal, hexanal, heptanal, octanal, and
nonanal from Tokyo Chemical Industry (TCI) Corporation and Sigma Aldrich

Corporation for sensitivity and selectivity sensing experiments. All the reactants for
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the buffer solvent, chemicals such as sodium citrate and citric acid were obtained
from TCI Corporation to prepare the citrate buffer. Similarly, sodium acetate and
glacial acetic acid were purchased for the acetate buffer, and sodium dihydrogen
phosphate and disodium hydrogen phosphate were acquired for the phosphate buffer.
The ultrapure water purification system produced MilliQ® water manufactured by
Merck. In addition, the following substances were obtained from Merck: glucose
(GLU), sucrose (SUC), lysine (LYS), phenylalanine (PHE), glutathione (GLUTA),
urea, and NaCl as main representative compounds in plasma and the exhaled breath of

individuals with lung cancer for the interference study.

2.2 Synthesis of naphthalimide dye (Naph)

.

0.._0.__0 - ine O N 0]
n-propylamine H,NNH, H,0 o )
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EtOH, reflux ,4h
2-methoxyethanol,
reflux, 4h
Br Br HN

“NH,
Naphthalimide (Naph)

1

Synthesis of N-propyl-4-bromo-naphthalimide (1)

4-Bromo-1,8-naphthalic anhydride 277 mg (1 mmol) was dissolved in 10 ml ethanol
and the solution was heated at 80°C for 2 h. N-propylamine 118 mg (2 mmol) was
added to the mixture of the reaction which was further refluxed for 4h. The mixture
was cooled to a room temperature when the reaction was finished. The desired
product, a pale-yellow solid with a yield of 72 %, was obtained when the solid was

filtered, washed with cold ethanol (EtOH), and dried under vacuum.

Characterization data for N-propyl-4-bromo-naphthalimide (1)

'H NMR (400 MHz, DMSO-d®) & 8.54 (dd, 1H), 8.51 (dd, 1H), 8.31 (d, J = 8.0 Hz,
1H), 8.21 (d, J = 8.0 Hz, 1H), 7.97 (dd, J1 = 8.3 Hz, J2 = 7.5 Hz, 1H), 3.97 (t, J = 7.3
Hz, 2H), 1.64 (m, 2H), 0.91 (t, J = 7.5 Hz, 3H).
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Synthesis of N-propyl-4-hydrazino-naphthalimide (Naph)

N-propyl-4-bromo- naphthalimide 64 mg (0.2 mmol) in 2.0 ml methoxyethanol was
refluxed. After the solution became clear, hydrazine hydrate 1252 mg (25 mmol) was
directly added into the reaction. Then, the mixed solution was refluxed for 4h. The
precipitated product was filtered after reaching room temperature and rinsed with cold
ethano (EtOH). In order to obtain an orange solid of a Naphthalimide derivative
(Naph) with 75 % yield, recrystallization from ethanol was used to clean the crude

product.

Characterization data for N-propyl-4-hydrazino-naphthalimide (Naph)

'H NMR (400 MHz, DMSO-%) § 9.10 (s, 1H), 8.58 (d, J= 8.1 Hz, 1H), 8.42 (d, J =
7.1 Hz, 1H), 8.27 (d, J = 8.7 Hz, 1H), 7.61 (t, J = 8.1 Hz, 1H), 7.25 (d, J = 8.7 Hz,
1H), 4.64 (s, 2H), 3.94 (t, J = 7.1 Hz, 2H), 1.60 (m, 2H), 0.91 (t, J = 7.5 Hz, 3H).

2.3 Preparation of dye-encapsulated ethyl cellulose (EC@Naph) nanosensors

Utilising the anti-solvent particle induction approach, EC@Naph nanosensors were
created in this study as described in the literature 8. To prepare a stock solution of
polymeric nanosensors, 2 mg/mL of Naphthalimide dyes (Naph) and 1 mg/mL of
ethyl cellulose (EC) were separately dissolved in acetone. According to Table 2.1, the
amounts of EC and Naph in EC@Naph nanosensors were varied proportionally in
four mg/mL ratios: 0.50:1.00, 1.00:1.00, 1.50:1.00, and 2.00:1.00. The EC solution
and Naph solution were combined for 10 minutes at room temperature while being
stirred. To create oil-in-water (o/w) nanosensors colloidal particles, 25 mL MilliQ
water (anti-solvent) was added dropwise to the mixture of EC and Naph solution at a
rate of 0.7 mL/s while being continuously stirred at 350 rpm. In this stage, the mixture
transformed from a transparent yellow solution to a cloudy solution of EC@Naph
nanomicelle. The acetone was then removed from the colloidal ethyl cellulose
encapsulated Naph (EC@Naph) solution by the method of rotary evaporation. To
acquire the precipitate of the as prepared EC@Naph nanosensors, the solution was
subjected to two rounds of centrifugation at 10,000 rpm for 20 minutes each. This
process effectively eliminated free Naph molecules from the supernatant. Finally, this

precipitate was dispersed in 10.0 mL MilliQ water by ultrasonication for
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approximately 10 minutes, and then finally collected a vial, and stored at 2-5 °C to

use for a sensing application.

Table 2.1 Preparation of EC@Naph nanosensors by various ratios of EC and Naph.

. Volume (uL)
Ratio of Final volume
2 mg/mL L
EC:Naph | 1 mg/mLEC | Acetone (nL)
Naph
0.50:1.00 500 4000 500
1.00:1.00 1000 3500 500
5000
1.50:1.00 1500 3000 500
2.00:1.00 2000 2500 500

2.4 Characterization of EC@Naph nanosensors

Functional groups verification of EC@Naph nanosensors

In order to demonstrate the constituent components and functional groups in
EC@Naph nanosensors, Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FT-IR) was used to analyse EC@Naph nanocapsules comparing
with EC and Naph as precursors. To obtain the EC@Naph precipitate, the prepared
EC@Naph solution was then freeze-dried for 3-5 days after production.

2.4.1 Element analysis of EC@Naph nanosensors

Energy-dispersive X-ray spectroscopy (EDX) was combined with scanning electron
microscopy (SEM) to investigate element tomography of EC@Naph nanoparticles.
This technique is known as SEM-EDX. For sample preparation of EC@Naph
nanoparticles for SEM-EDX, the solution of as-prepared EC@Naph nanosensors was
freeze-dried for 2-5 days. The solid of EC@Naph nanosensors were scattered

homogeneously on carbon tape pasted on stuff. The SEM machine was used to
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acquire images and EDX mapping of EC@Naph nanosensors for their qualitative

analysis including elements and morphology.

2.4.2 Dynamic light scattering (DLS) of EC@Naph nanosensors

Regarding the Dynamic Light Scattering (DLS) examination, the hydrodynamic
dimension and polydispersity index (PDI) were analysed. In this study, 100 uL of
EC@Naph nanosensor solution was mixed with 2,750 pL of 20 mM acetate buffer
(pH 5.0). Following the addition of 100 pL nonanal (2 mM), the solution was stirred
vigorously at ambient temperature for a duration of 2.0 min to ensure the completion
of the complexation. Through a quartz cuvette, the hydrodynamic size and PDI values
of the resulting solution of EC@Naph nanosensors with nonanal complexes were

directly analysed. A minimum of three DLS scans were carried out at 25 °C.

2.4.3 Zeta potential measurement of EC@Naph nanosensors

This work examined the zeta potential of boundary layers of nanoparticles to examine
the physical stability of EC@Naph nanosensors. To dilute 100 pL of the as-prepared
EC@Naph nanosensors (1:1), 2,750 uL of a 20 mM acetate buffer solution (pH 5.0)
was used. After adding 100 puL, 2 mM of nonanal to the mixture, the mixture was
vigorously stirred for two minutes at ambient temperature for the complexation to be
completed. To measure the zeta potential values at 25 °C, the complex solution of
EC@Naph nanosensors with nonanal was introduced to pleated capillary zeta cells

and measured with at least three times scans.

2.5 Optical studies of EC@Naph nanosensors

2.5.1 Fluorescence studies of the EC@Naph nanosensors

For a comprehensive examination of the optical characteristic of EC@Naph
nanosensors, we investigated their UV-visible spectra. In this study, as-prepared
EC@Naph nanosensors were diluted at least ten times with 2,750 pL of 20 mM
acetate buffer at pH 5.0 (1:1). The EC@Naph nanosensors was measured by UV-
visible spectroscopy. For fluorescence method, the fluorescence emission of
EC@Naph was investigated. In this study, 100 puL of 1:1 ratio of EC@Naph
nanosensors were diluted with 2,750 puL of 20 mM acetate buffer at pH 5.0.
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Therefore, fluorescence spectroscopy was used to record the fluorescence emission

spectra with settings as follows.

Start 460 nm
End 800 nm
Excitation wavelength 450 nm
PMT 650 V
Excitation slit 10.0

Emission slit 10.0.

2.5.2 Stability study of EC@Naph nanosensors

In order to examine the optical stability, the as-prepared EC@Naph nanosensor in
aqueous solution has been placed in a vial and stored at 2-5°C. Under the following
conditions, fluorescence signals were measured every 5 days using fluorescence
spectroscopy. From the period time of O to 1 month, changes in emission at 550 nm of
EC@Naph nanosensors were recorded using the above fluorescence conditions.

2.6  Selectivity studies of Naph dyes towards aldehyde families

Aldehyde molecules consisting of formaldehyde, propanal, butanal, pentanal, hexanal,
heptanal, octanal, and nonanal were dissolved in spectroscopic grade dimethyl
sulfoxide (DMSQO) to produce a 0.06 M stock solution of aldehyde compounds. In the
meanwhile, the fluorescent Naph dye was dissolved in acetone at 0.15 mM stock
solution concentration. On the sensing experiments, a 0.15 mM stock solution of
Naph (100 pL) was mixed with 2.750 pL of 20 mM acetate buffer at pH 5.0 (5uM)
prior to the introduction of 2 mM of aldehyde guests in a final volume of 3.00 mL. At
ambient temperature, the mixed solution was vigorously stirred for 2.0 min.
Following the stirring procedure, fluorescence spectra were captured using

fluorescence spectroscopy with predetermined conditions outlined below.
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Start 460 nm
End 800 nm
Excitation wavelength 455 nm
PMT 600 V
Excitation slit 5.0
Emission slit 5.0
2.7 Optimisation of the EC@Naph nanosensors for long-chain aldehydes
detection
2.7.1 pH investigations of EC@Naph nanosensors in micellar platforms for
nonanal detection
To investigate the impact of pH on the detection system, 100 pL of the as-prepared
EC@Naph nanosensor solution was mixed with 2,750 pL of various 20 mM buffer
solutions with varying pH, as shown in Table 2.2. In addition, 0.06 M stock solution
of nonanal was then added at a concentration of 0 uM as a blank and 2 mM into the
corresponding solution and adjusted to 3.00 mL final volume with dimethyl sulfoxide
(DMSO) spectroscopic grade. At ambient temperature, the resulting solution was
vigorously stirred for 2.0 min to complete the complexation. With respect to the
above conditions, the fluorescence spectra of EC@Naph nanosensors were captured

with and without nonanal in various pH buffers.

Table 2.2 The variation in buffer at various pH levels.

pH Buffer
3.0 Citric buffer 0.02 M
4.0 and 5.0 Acetate buffer 0.02 M
6.0, 7.0, 7.4 and 8.0 Phosphate buffer 0.02 M

2.8 Selectivity test of EC@Naph nanosensors towards detection of various
aldehyde compounds
The 0.06 M stock solutions of the aldehyde family were made in spectroscopic grade

dimethyl sulfoxide (DMSO), the preparations detailed are outline in Table 2.3.




Table 2.3 The preparation of 0.06 M stock solution of aldehyde family as guests at
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10.00 mL.
Molecular
Density Volume
Guests weight Weight (mg)
(mg/mL) (nL)
(g/mol)
Formaldehyde (C1) 30.03 1.10 18.00 16.36
Propanal (C3) 58.08 0.81 34.85 42.96
Butanal (C4) 72.11 0.80 43.27 54.13
Pentanal (C5) 86.13 0.81 51.68 63.80
Hexanal (C6) 100.16 0.81 60.10 74.19
Heptanal (C7) 114.18 0.81 68.51 84.58
Octanal (C8) 128.21 0.82 76.93 94.97
Nonanal (C9) 142.24 0.83 85.34 102.82

In the beginning of this investigation, representative guests were examined at a final

concentration of 2 mM. The 0.06 M guest solution was subsequently diluted to give

the 2 mM of the aldehyde guests that includes formaldehyde, propanal, butanal,
pentanal, hexanal, heptanal, octanal, and nonanal (Table 2.3). As a test of the
selectiviness of our system, 100 pL of each ratio from stock solution of as-prepared
EC@Naph nanosensors was mixed with 2,750 pL of 20 mM acetate buffer, pH 5.0.

After adding 2 mM of aldehyde molecules (Table 2.3) to the solution, the resulted

mixture was then vigorously stirred at 2 minutes reaction time to complete the

complexation. The fluorescence emission was recorded under the same conditions

listed in Table 2.4.




31

Table 2.4 Fluorescence settings for measuring selectivity for all EC@Naph

nanosensor prepared in various ratios.

Ratio of 0.50:1.00 | 1.00:1.00 | 1.50:1.00 | 2.00:1.00

EC:Naph
Start (nm) 460
End (nm) 800

Excitation
450

wavelength (nm)

Excitation slit 5.0
Emission slit 5.0
PMT (V) 550

In addition to naked-eye detection, 100 pL of as-prepared EC@Naph nanosensors
solution prepared by 1:1 was mixed with 2,750 uL acetate buffer (20 mM, pH 5.0). In
addition, 2 mM of the aldehyde guest that includes formaldehyde, propanal, butanal,
pentanal, hexanal, heptanal, octanal, and nonanal, was added to the corresponding
solution to make a final volume of 3.0 mL followed by stirring vigorously at ambient
temperature for two minutes to complete the complexation. Fluorescence brightness
of EC@Naph nanosensors was monitored using UV irradiation at 365 nm.

2.9 Quantitative analysis of EC@Naph nanosensors for nonanal detection

By means of fluorescence titration experiments, the lowest concentration of
quantitative analysis of 1:1 ratio of EC and Naph for EC@Naph preparation towards
nonanal as long-chain aldehyde sensing was determined. As shown in Table 2.5, a
stock solution of 10 mM nonanal guest was prepared in spectroscopic grade dimethyl
sulfoxide (DMSO).
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Table 2.5 The preparation of nonanal compound at a 10 mM concentration in 10.00

mL.
Molecular
Density Weight Volume
Aldehyde weight
(mg/mL) (mg) (nL)
(g/mol)
Nonanal (C9) 142.24 0.83 14.22 17.14

In accordance with Table 2.6, different nonanal concentrations as the target
molecules were added to 2,750 pL of 20 mM acetate buffer pH 5.0 in 100 pL of the

as-prepared EC@Naph nanosensor solution prepared by 1:1 ratio. The resulting

mixture was adjusted to 3.0 mL volume with DMSO and stirred at ambient

temperature for 2.0 min. The fluorescence responds were then captured using the

settings listed in Table 2.7. 1 and lo represented the fluorescence emission intensities

of EC@Naph nanosensors with and without nonanal respectively at the maximum

wavelength of ~550 nm. In this study, the correlation between nonanal concentration

and relative fluorescence intensity (I-1o) was used to construct the standard calibration

curve.
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Table 2.6 The concentration of nonanal in EC@Naph nanosensors system.

Stoclk Equivalents Final volume
Entry | [aldehyde] ofnonanal [Nonanal] Vellidus | WVILhiED
(mM) guest added in 3 mL (uL) (uL)
molecule final (uM)
Blank 0 0 0 0 150.0
L 5 25 7.5 142.5
> 10 50 15 135
3 15 75 225 127.5
4. 20 100 30 120
> 39 150 45 105
6. 40 200 60 90
7. 10 50 250 75 75
8. 60 300 90 60
% 70 350 105 45
10. 0 400 120 10
H. 85 425 127.5 22.5
12. 90 450 135 s
13 95 475 142.5 75
14. 100 500 150 0
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Table 2.7 Conditions for the fluorescence of EC@Naph nanosensors made with a 1:1

mixture of EC and Naph in an aqueous media for a quantification study of nonanal

detection.
Conditions EC@Naph with nonanal (C9)

Start (nm) 460

End (nm) 800

Excitation wavelength (nm) 450

PMT (V) 750

Excitation slit 5.0

Emission slit 5.0

2.10 Quantitative investigation of EC@Naph with nonanal by visual detection

In this study, the nonanal detecting ability of EC@Naph nanosensors made by
combining EC and Naph in a ratio of 1:1 was quantified using naked-eye detection.
100 pL of the as-prepared EC@Naph nanosensor solution was mixed with 2,750 pL
of 20 mM acetate buffer pH 5.0. Next, various concentrations of nonanal ranging
from 0.00 uM to 1.50 mM were add into the aforementioned solution followed by
rapid stirring at ambient temperature for 2.0 min to complete the complexation. Under
UV light of 365 nm, the fluorescence brightness of EC@Naph nanosensors with
various concentrations of nonanal was analysed to determine the lowest concentration

of nonanal detection with the naked eye.

2.11 Interference studies of EC@Naph nanosensors
As shown in Table 2.8, stock solutions of aldehyde compounds, such as
formaldehyde (FA), propanal (PRO), and benzaldehyde (BA), and also significant
representative compounds in blood and exhale breath of individuals having lung
cancer were made at a concentration of 20 mM in dimethyl sulfoxide (DMSO)
spectroscopic grade using 20 mM acetate buffer pH 5.0.
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Table 2.8 The preparation of a 10.00 mL final volume 20 mM stock solution of

aldehyde and a crucial representative components in blood and exhaled breath.

Guests Solvents Molecular Weight (mg)
weight (g/mol)

Formaldehyde (FA) DMSO 30.03 6.01
Propanal (PRO) DMSO 58.08 11.60
Benzaldehyde (BA) DMSO 106.12 21.20
Nonanal DMSO 142.24 28.40
Glucose (GLU) 20 mM acetate buffer pH 5.0 180.16 36.00
Sucrose (SUC) 20 mM acetate buffer pH 5.0 342.3 68.46
Lysine (LYS) 20 mM acetate buffer pH 5.0 146.19 29.24
Phenylalanine (PHE) 20 mM acetate buffer pH 5.0 165.19 33.04
Glutathione (GLUTA) | 20 mM acetate buffer pH 5.0 307.3 61.46
Urea 20 mM acetate buffer pH 5.0 60.06 12.00
NaCl 20 mM acetate buffer pH 5.0 58.44 11.69

Each component of the sensing system for interference investigation in this
experiment contained 100 mL of EC@Naph nanosensors, 500 mM nonanal solution,
and 500 mM additional interfering substances, as main plasma and exhale breath
compounds (glucose, sucrose, lysine, phenylalanine, glutathione, urea, and NaCl in 20
mM acetate buffer pH 5.0) or aldehyde families such as formaldehyde, propanal and
benzaldehyde in DMSO spectroscopic grade. In terms of preparing each component
for interference investigations, 100 pL of EC@Naph nanosensor solution and A final
volume of 3.00 mL was obtained by mixing 75 pL of 20 mM nonanal in DMSO with
75 pL of 20 mM additional interferences and 2,750 pL of 20 mM acetate buffer, pH
5.0. The resulting solution was then vigorously stirred at room temperature for two

minutes for complete complexation before measuring fluorescence responses. Under
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the above fluorescence spectroscopy conditions, the fluorescence responds were
captured. To facilitate comprehension, bar graphs of emission at 550 nm based on
both the presence and absence of interference guests, the relative fluorescence
intensities (I-lo) of EC@Naph nanosensors with nonanal were determined. lo and |
were assigned to before and after the introduction of organic guests to EC@Naph

nanosensors respectively.
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CHAPTER I
RESULT AND DISCUSSION
3.1 Design Concept of Naphthalimide encapsulated sensors for Long-Chain
Aldehydes detection

Owing to their optical stability, larger Stokes shifts, a higher quantum yield, and a
significant environmental influence on their emission and absorption, naphthalimide
has attracted the scientific community's interest as optical sensors 8%, Nevertheless,
As a versatile chemical, naphthalimide is commonly employed fluorophore unit .
Naphthalimide-based hydrazine is a great platform to facilitate the design of
fluorescent probes for general aldehyde detection 8. At ambient temperature, the
naphthalimide contains a nucleophilic hydrazine which readily condenses with
aldehydes creating stable fluorescent compounds. The hydrazine group, which is
responsible for the photo-induced electron transfer (PET) behaviour, is inhibited when
it condenses with aldehydes due to its considerable capability for electron donation
and however resulting in fluorescence enhancement.

It is extremely likely that long-chain aldehydes that includes hexanal,
heptanal, octanal, and nonanal identified in tumour tissue, blood, urine, and exhaled
breath are among the lung cancer biomarkers®” %, The concentrations of lung-chain
aldehydes were observed to be considerably greater in individuals with lung cancer
compared to control group. . Therefore, one of the most obvious signs of lung
cancer is the high level of these long-chain aldehyde families. Moreover, Long-chain
aldehydes have two parts in their chemical structure: a functional group that is
reactive to hydrazine via Schiff base reaction or imine bond formation and a
hydrophobic aliphatic chain.

As shown in Figure 3.1(a) naphthalimide-based hydrazine (Naph) was used as
a fluorophore for detection of long-chain aldehyde compounds in this study. The
Naph can produce an imine bond through a covalent reaction with carbonyl aldehyde.
Due to insolubility of Naph in water, the natural ethyl cellulose (EC) polymer in
Figure 3.1(b) was chosen as an excellent choice to encapsulate Naph to increase its
water solubility. By stirring EC and Naph in acetone to mix them together, thereby,
they created hydrogen bonds and hydrophobic interactions in order to physically
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adsorb substances. Subsequently, the self-assembly polymeric micelle was likely
produced by the constant dropping of water (antisolvent) to create EC@Naph
nanoparticles. The hydrophilic hydroxyl site was made to face away from the polar
aqueous environment by EC, as seen by the gradual transformation of the micelle-like
nanoparticles into yellow colloidal nanoparticles. In the interim, adsorptions via
hydrogen-bonding and the remaining ethyl ether alternatives interacted
hydrophobically with the dye to create self-assembling dye-encapsulating
nanoparticles. The optimum EC to Naph dye ratio yielded EC@Naph nanosensors
with loosen encapsulation and a poor fluorescence signal. To create the fully enclosed
tight nanoparticles and enable the fluorescence intensification of dye-encapsulation,
the hydrophobic interactions and imine bond formation of Naph encapsulated in EC
polymer with an aldehyde group as a guest molecule were crucial driving forces
(Scheme 3.1).

a) b) =
Os_N__O (
HO 0 0
OO e o
OH
HN .
NH, L H
Naphthalimide Ethyl cellulose
(Naph) (EC)

Figure 3.1 Structures of Naphthalimide-based hydrazine (Naph) a) and Ethyl
cellulose polymer (EC) b)21.
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Scheme 3.1. Conceptual design of the EC@Naph sensing platform for the detection

of long-chain aldehydes22.

3.2 Synthesis and characterization of Naphthalimide (Naph)

. )

0:._0._20 (6) N (0] O~_N

n-propylamine H,NNH, H,0
—_—

O w0 Cr
2-methoxyethanol,
flux, 4h

Br Br ret HN.

1 Naphthalimide (Naph)

Figure 3.2 Synthesis of Naphthalimide dye (Naph)23.

Naph was successfully synthesized in two step reactions (Figure 3.2). As an
initial step, 4-bromo-1,8-naphthalic anhydride was reacted with n-propylamine in
ethanol (EtOH) for an appropriate time to give intermediate 1. Moreover, In the next
step, compound 1 was reacted with hydrazine via a process of aromatic substitution
with nucleophiles. By utilising 2-methoxyethanol as a solvent, the nitrogen atom's
nucleophilic lone pair electron in hydrazine would replace the bromo atom in

compound 1 to afford Naph as orange yellow in 72% vyield. The completion of
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reactions was monitor by thin-layer chromatography (TLC) on silica gel using 5%
Ethyl acetate (EtOA): dichloromethane (DCM) as eluent 1%°. From the *H-NMR data
of compound 1 in Figure 3.3, the signals at 0.92, 1.65 and 3.99 ppm are assigned to
propylamine proton peaks attached to the aromatic naphthalimide unit by nucleophilic
substitution. The *H-NMR spectrum of naphthalimide dye (Naph) in Figure 3.4
showed a signals of NH hydrazine group at 3.96 and 4.66 ppm. These peaks' existence

supports compound 1 and naphthalimide dye were formed (Naph).
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Figure 3.3 'H NMR spectrum of compound 124.
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Figure 3.4 'H NMR spectrum of Naphthalimide dye (Naph)25.

3.3 Preparation of fluorescence dye-encapsulated by ethyl cellulose
Nanosensors
The antisolvent particle induction approach was used to create ethyl cellulose
nanosensors with dye encapsulation (EC@Naph). To increase the Naph's solubility
in water, the natural ethyl cellulose (EC) polymer was selected as an effective choice
for encapsulation. Physical adsorptions were produced throughout the encapsulation
process by EC backbones being mixed and stirred in acetone producing hydrogen-
bonding and hydrophobic interactions. Following the creation of the self-assembling
polymeric nanomicelle, the EC@Naph nanoparticles were probably produced
through constant water dropping (an antisolvent). The micellar-like nanoparticles
changed gradually into colloidal nanoparticles. This may be as a result of the
hydrophilic hydroxyl site pointed to the aqueous polar environment. As a result of
hydrophobic interactions with the dye, the residual ethyl ether substitutes self-
assembled into dye-encapsulating nanoparticles. The EC@Naph nanosensors with

the optimised EC to dye ratio had a weaker fluorescence signal because of loose
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encapsulation. The inherent Important driving factors in the development of the fully
enclosed tight nanoparticles included hydrophobic interactions and imine production
of Naph encapsulated in EC with an aldehyde group as the target molecules that
result in promoting the fluorescent signal of dye-encapsulation after making complex

to the long-chain aldehydes (Figure 3.5).
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Naphthalimide dye % ® o '
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%,
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nanosensors %

Figure 3.5 Design of EC@Naph nanosensor with respect to long-chain aldehydes
detection26.

3.4 Characterization of Naph encapsulated by ethyl cellulose (EC@Naph)

3.4.1 Fourier transform infrared spectroscopy (FT-IR)

The functional groups on the EC@Naph structure were examined by Attenuated
Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR) to elucidate
the capability of Naph dye to bind physically with ethyl cellulose (EC). The
component structures of ethyl cellulose (EC) and naphthalimide dye (Naph) as
precursors and the EC@Naph nanosensors contained comparable functional groups.
In relation to FT-IR measurement (Figure 3.6), the OH group, the CH> group of
cellulose, and the COC stretching vibration of the ethoxy group, respectively, are
represented by separate peaks in the EC powder absorption spectra at around 3350,
2970-2865, and 1060 cm™. The aliphatic primary NH stretching of the hydrazide
group at 3300 cm?, the carbonyl peak at 1750 cm, and the peak at roughly 1645 cm™
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due to the carbonyl amide groups were all seen in the FT-IR spectra of Naph dye.
Most characteristic peaks of the Naph structure settled in a difficult-to-identified
fingerprint region. As demonstrated by the FT-IR spectrum of EC@Naph
nanomaterials, it was clear that EC and Naph important characteristic peaks mixed
together. The result demonstrated that Naph dye could physical adsorption onto the

polymeric EC backbone which was accomplished through the encapsulation process.

Ethyl cellulose (EC)

-CH,
2970-2865

F

EC@Naph o
1750

O-H N-H —
3350 3300 -CH,
2970-2865

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3.6 ATR-FTIR spectra of ethyl cellulose (EC, blue), EC@Naph nanosensor
(Magenta) and that of Naphthalimide dye (Naph, orange)27.

3.4.2 Scanning electron microscopy coupled energy dispersive X-ray
spectroscopy (SEM-EDX)
In addition, the elemental composition of the nanosensor was analysed using SEM-
EDX, which revealed the presence of Nitrogen (N) atom, Oxygen (O) atom, and
Carbon (C) atom. This indicates Naph dye encapsulation by EC (Figure 3.7).
According to the findings, the EDX maps revealed that EC@Naph nanosensors
detected C, N, and O elements dispersed with the particles. Moreover Figure 3.8
shows the percentage composition of carbon (C), Oxygen (O) and nitrogen (N).
Consequently, it was evident that hydrazine-functionalized Naph dye was
encapsulated in the EC polymer backbone. In addition, this demonstrated that water-
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insoluble Naph dye coexisted favourably at the hydrophobic core of EC@Naph

nanoparticles, supporting our hypothesis that Naph is enclosed within the EC

HO OH
o O NNHZ
EC@Naph

Figure 3.7 SEM-EDX map of EC@Naph nanosensor28.
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Figure 3.8 EDX Spectrum of EC@Naph29.
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3.4.3 Optical property study of EC@Naph nanosensor

Utilising UV-visible and fluorescence spectroscopy, optical properties of EC@Naph
nanosensor in aqueous media were investigated. The UV visible spectrum of
EC@Naph nanosensors (red line) has the absorbance max at 450 nm. Fluorescence
emission spectrum of EC@Naph (black line) has a peak at 550 nm. The insert is UV-
visible (yellow) and fluorescence images of EC@Naph under UV lamp irradiation at
365nm. The EC@Naph showed weak fluorescence under UV lamp irradiation, this is
due to the loosen encapsulation of EC@Naph nanosensors that result in weak

fluorescence.

Absorbance (a.u.)
Normalized FL intensity

4(I)0 ’ 5(IJO ’ G(IJO ' 7(I)0
Wavelength (nm)
Figure 3.9 Absorbance (Abs) left, and fluorescence emission (Em) intensities right of
EC@Naph nanosensors in aqueous media30.

3.5 The stability study of EC@Naph nanosensors

For a period of one month, the fluorescence intensities of EC@Naph nanosensor in
aqueous media at 2-5°C were measured at various times using fluorescence
spectroscopy to determine its stability. Figure 3.10 demonstrates that the fluorescence
intensity of EC@Naph remained constant which indicates that the EC@Naph
nanosensors fluorescence properties are stable in aqueous solution. It reveals that
EC@Naph has not undergone any significant decomposition. Due to these

remarkable properties, the synthesized EC@Naph nanosensor is a desirable
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nanomaterial for sensing applications. Furthermore, the decomposition of the sensing
platform reduces the amount of Naph encapsulated in EC backbone, however, this
result in incomplete encapsulation of Naph. This event led to larger colloidal particles
becoming suspended in water as a result. The eventual precipitation of the solution

had an impact on the fluorescence intensities of EC@Naph nanosensors.
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Figure 3.10 A Plot showing the stability of EC@Naph nanoparticle at Aem = 550 nm
over 1 month at 2-5°C (Aex = 450nm, PMT 650 V, slit 10nm)31.

3.6 Dynamic light scattering (DLS) and zeta potential studies

To assess hydrodynamic diameters, DLS measurements were carried out (Figure
3.11). With nonanal at reaction time of 2.0 minutes, the uniform particle sizes of
EC@Naph nanosensors decrease, which indicated that nonanal effectively bound
with EC@Naph inducing the tight encapsulation of nanoparticle. EC@Naph
nanosensors prepared by combining EC and Naph dye in various ratios that include
0.5:1.0, 1.0:1.0, 1.5:1.0 and 2.0:1.0 with intensity difference between octanal and
nonanal as 226 a.u, 270 a.u, 39 a.u and 131 a.u respectively. The 1.0:1.0 ratio
displaying the greatest intensity differences is indicative of the properly fitting
creation of micellar EC@Naph nanosensors. As a result, the fluorescence signal of
EC@Naph nanosensors may be improved by the optimal encapsulation of the micelle
formation. This indicated that EC@Naph prepared with a 1:1 ratio detected nonanal

as a long-chain aldehyde guest with a high sensitivity, according to our concept.
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Long-chain aldehydes was able to easily go through nanoparticles' cores and bond
chemically with the fluorescent compound based on hydrazine units owing to the
loose encapsulation behaviour of sensing nanomaterials. As a result, they showed that
EC@Naph nanosensors produced with a 1:1 ratio of EC and Naph are capable of
detecting nonanal in aqueous solutions. The polydispersity index (PDI) was
investigated to evaluate the consistency of the particle size distribution 1%+ 102, |n
general, the smaller PDI values corresponded to a more uniform particulate size
distribution 1% 1% As shown in Table 3.1, according to the data, the PDI values of
EC@Naph with nonanal (C9) indicated a moderately polydispersed particle size
distribution. Additionally, the polymeric nanoparticles' outer surfaces were capable
of adsorbing the acetate buffer, as shown by the zeta potential measurements, which
represent the surface charges present in the boundary layers of nanoparticles
immersed in aqueous environment %1% Based on the basic principle of zeta
potential values, when the zeta potential lowers below -30 mV, it implies a very stable
physical state. The significant negative zeta potential value of -50.9 mV in the case of
EC@Naph nanosensors complexed with nonanal denotes outstanding physical
stability. This is attributed to the electrostatic repulsions between the individual
particles (Figure 3.12). Moreover, the polar functional group on nonanal may be
adsorbed on the surface of the EC@Naph, this adsorption result in enhancement of

surface's negative charge of the system (Figure 3.12).
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Figure 3.11 Dynamic light scattering (DLS) measurement of EC@Naph without and
with nonanal (C9)32.

Table 3.1 Hydrodynamic diameter of particle, polydispersity index (PDI) and zeta
potential measurement of EC@Naph nanosensors with and without nonanal (C9)
guest molecule9.

Zetapotential

Component Size (nm) PDI
(mV)

EC@Naph 762.3 + 133.7 0.807+0.04 -29.3+1.05

EC@Naph+C9 | 1924 +2.11 0.138+0.03 -50.9+1.37
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Figure 3.12 Zeta potential measurement of EC@Naph with and without nonanal
(C9)33.

3.7 Investigation into the reaction time of EC@Naph with nonanal

To examine the reaction time between EC@Naph and nonanal, fluorescence
responses were measured at different time intervals ranging from 1 to 10 minutes.
These measurements were conducted in a 20 mM acetate buffer with a pH of 5.0
(Figure 3.13). The fluorescence spectra show gradual fluorescence quenching as the
reaction time increases. The reaction time of 2.0 minutes between EC@Naph and
nonanal was selected for further investigations due to its optimal time for generating
the maximum fluorescence intensity. The observation of the decrease in fluorescence
intensity as reaction time increase was possibly caused by the solubility. After the
reaction of naphthalimide and nonanal, naphthalimide's solubility or dispersibility
inside the ethyl cellulose matrix was changed. The precipitate of hydrazone
naphthalimide product upon the longer reaction time was occurred causing the

fluorescence quenching.
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Figure 3.13 Reaction time variation of EC@Naph nanosensors with nonanal (C9)
(2mM stock in DMSO) guest molecule34.

3.8 Sensing properties of EC@Naph towards nonanal

After establishing the vital sensing functions of hydrazine-functionalized fluorescence
dyes, the selectivity of Naph for aldehyde family detection was investigated as a
challenge for sensory platforms. The aldehydes considered in this study can be
categorized into two classes with respect to their alkyl chain length. The first group
comprises aldehydes with short-chain alkyl groups, including formaldehyde,
propanal, butanal, and pentanal. The second group consists of aldehydes with long-
chain alkyl groups, namely hexanal, heptanal, octanal, and nonanal) were employed
as representative target molecules (guest). After 2.0 minutes of stirring, the
fluorescence spectrum of the mixture solution was recorded using excitation
wavelength of 450 nm after these target molecules were added. As depicted in Figure
3.14 (a), in the presence of various aldehyde families, the emission signals of Naph
were observed at a lower wavelength (blue shift) than Naph in the absence of long-
chain aldehydes. The fact that this fluorophore, Naph, reacted admirably with all
aldehyde compounds to produce imine bond via Schiff-base reaction is indicative of
its excellent reactivity as in Figure 3.14. In contrast, the fluorophore Naph showed
weak selectivity for aldehydes detection, as demonstrated by this experiment's

conclusive findings and from the visual images in Figure 3.15 (b). According to the
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proposal, it was established that the sensing system utilized in this study necessitated
the utilization of natural ethyl cellulose polymer (EC). This choice served the dual
purpose of improving the water solubility of Naph for sensing applications and
significantly enhancing the selective detection of long-chain aldehydes. Due to its
small size and relative rigidity, formaldehyde is less likely to aggregate or experience
intermolecular interactions that could quench fluorescence. This allows for better
interaction between the molecule's excitation state and its environment, increasing
fluorescence efficiency as shown in Figure 3.15a and higher fluorescence brightness
as shown in Figure 3.15b whereas long-chain aldehydes with their longer and more
flexible structures are more likely to show intermolecular interactions, such as
hydrophobic interactions, which leads to fluorescence quenching as shown in Figure
3.15a and weak fluorescence brightness compared to formaldehyde as in Figure
3.15h.

/' \ Weak base addition-acid-catalyzed

3 Ry\’ 7~ N I R? R?
R-NH, + =0 + H' < ~ R,('Dr\'l OH = R‘“Nw(fOH
Amine R H R, H R,

Aldehyde Proton exchange
|+
R, R. 3 R;
flj:s{\ 2 — N R, . 7<R) - R“N*%O?r
Ry = H R, -0 H g H

deprotonation Loss of water
(elimination)

Figure 3.14 The reaction mechanism involved in the formation of imine bond ©°35.
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Figure 3.15 Fluorescence spectra of Naph (5uM in acetone) in presence of various
aldehydes in 5% DMSO/acetate buffer pH 5.0 (Aex=455, slit=5 and PMT=600) a)
and under a 365 nm fluorescence lamp, the addition of different aldehyde species (2
mM in DMSOQ) resulted in distinct changes in the visual fluorescence of the Naph
dye. The tested aldehyde species included blank (Naph), formaldehyde (C1),
propanal (C3), butanal (C4), pentanal (C5), hexanal (C6), heptanal (C7), octanal (C8),
and nonanal (C9). These experiments were conducted in a 20 mM acetate buffer with
a pH of 5.0 (b)36.

3.9 Optimization of the sensing system for long-chain aldehydes detection
Typically, to produce highly effective biosensors, factors for biological detection in
real life must be designed and optimised. Several significant factors, such as reaction

time, temperature, pH of the system, and sensor concentration, directly influence the
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sensitivity and selectivity of a sensing system. Nevertheless, the vast majority of
sensing platforms for biological detection methods are typically used in ambient
conditions. Consequently, the temperature factor is irrelevant to our project. In our
research, we focused on optimising the sensing conditions such as ratio of EC and

Naph, pH and reaction time, for identifying long-chain aldehydes.

3.9.1 Study on pH effect of EC@Naph nanosensors for long-chain aldehydes
detection
To validate pH effect on sensitivity of fluorescent nanosensor, EC@Naph
nanosensors were analyzed with nonanal, as long-chain aldehyde, at pH levels of 3.0,
4.0,5.0, 6.0, 7.0, 7.4, and 8.0 with different buffers. Under a reaction time of 2.0 min,
the strong fluorescent signal of the nanosensors was observed at 525 nm. The
experiment involved measuring the relative fluorescence intensity of EC@Naph
nanosensors when react to nonanal. This crucial parameter would provide insights
into the ideal pH for the chemical reaction between EC@Naph and long-chain
aldehydes. As in Figure 3.16a and 3.16b, the result plainly demonstrated that the
nanosensors exhibit high fluorescence intensity in descending order at pH 3.0, 4.0,
5.0, 6.0, 7.0, 7.4 and 8.0. Because of our findings, we hypothesized that the
interaction between nonanal aldehyde and hydrazine, based on the Naph dye,
predominantly occurs through imine or Schiff base formation, particularly under
acidic conditions. For the acidic solution, pH 3.0 to 6.0, EC@Naph nanosensors for
nonanal exhibited hight fluorescence intensities. Nonetheless, the nanosensors can be
applied to study long-chain aldehydes in real samples. Considering the pH of 3.0,
which falls under the category of a highly acidic condition, we have concerns
regarding its potential detrimental effects on the integrity of living structures in living
samples, such as by denaturing their essential structure. The pH 3.0 sensing platform
was inappropriate for its intended applications in sensing study. Therefore, after
careful evaluation, we have determined that the 20 mM acetate buffer at pH 5.0 is the
optimal condition for our sensing system. It exhibits the desirable properties for
effective application in real sample sensing, while maintaining a reasonable

fluorescent intensity value.
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Figure 3.16 Fluorescence intensity of EC@Naph nanosensors in the absence and
presence of nonanal (2 mM in DMSO). The buffer solutions used were pH 3.0 citric
buffer, pH 4.0 and 5.0 acetate buffer, and pH 6.0, 7.0, 7.4, and 8.0 phosphate buffer
(PBS). The measurements were made using a wavelength for excitation (Aex) of 450
nm, PMT 600 V, and a slit of 5 nm a) and Fluorescence spectra of EC@Naph

nanosensors in the absence and presence of nonanal b)37.

3.10 Selectivity of EC@Naph nanosensors

For specific long-chain aldehydes detection, the selectivity of the nanosensor was a
crucial characteristic. The ratio between the amount of EC and Naph used to form
nanoparticles also had a significant part in selecting the best encapsulation of
fluorescent dyes for the highly promising selectivity of long-chain aldehydes. In
addition to the unique affinity-sensing approach, the development of highly sensitive
materials is essential for ensuring effective detection capabilities. For the formation of
EC@Naph nanoparticles, we then used excess of EC polymer relative to the amount
fluorophore Naph. Consequently, EC@Naph nanosensors were fabricated using
various ratios of EC and Naph, including 0.5:1.0, 1.0:1.0, 1.5:1.0, and 2.0:1.0 in an
attempt to determine the optimal ratio for achieving best fluorescence signals
regarding long-chain aldehydes, we investigated EC@Naph nanosensors among
different variety of organic guests (2 mM) under 2.0 minutes of stirring in a 5% v/v
DMSO/acetate buffer at pH 5.0 at ambient temperature. The experimental outcomes

were monitored by observing changes in fluorescence. The organic substances
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utilized as study guests were frequently present in natural oils. %112 plasma solutions
of human blood ** 14 human urine > %8 and exhaled breath of lung cancer patients
117120 They included both the short-chain aldehyde group (formaldehyde, propanal,
butanal, and pentanal) and the long-chain aldehyde group (hexanal, heptanal, octanal,
and nonanal). Figures 3.17 to Figure 3.20 depict the sensing efficiencies and
selectivity of EC@Naph nanosensors with different ratios of EC and Naph (0.5:1.0,
1.0:1.0, 1.5:1.0, and 2.0:1.0) concerning various organic compounds. The relative
fluorescence signals (I-lo) were significantly enhanced when the long-chain
aldehydes, especially octanal and nonanal, were added. These results indicate that
EC@Naph nanosensors exhibit remarkable selectivity for detecting long-chain
aldehydes. Furthermore, we observed that the fluorescence responses increased
proportionally with the lengths of aldehyde compounds possessing aliphatic carbon
chains. This finding confirms that the hydrophobicity of the long-chain aldehyde
family plays a crucial role in the efficient encapsulation of EC, enabling the
distinction of long-chain aldehydes derived from several types of aldehydes through
hydrophobic-hydrophobic interactions with their alkyl chain length. Additionally, for
the detection of short-chain aldehydes, we hypothesized that their hydrophilic
properties make it unlikely for them to penetrate the hydrophobic nanoparticles and
preferentially undergo induced-fit backbone encapsulation. It suggests that the EC
polymers, potentially playing the role of a membrane that is permeable, play a vital
role in discriminating between hydrophobic and hydrophilic phases, thereby

enhancing the sensitivity of this sensor system.
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Figure 3.17 (a) Fluorescence spectra and (b) enhancement of relative fluorescence
intensity (I-lo) of EC@Naph prepared in agueous solution with a 0.5:1.0 ratio of EC
to Naph. The measurements were conducted in acetate buffer (20 mM, pH 5.0) in the
presence of various aldehyde compounds (2 mM in DMSO). Upon 450nm excitation,
550 V PMT and 5 nm a slit width. The error bar represents the results obtained from

at least three measurement values38.
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Figure 3.18 (a) Fluorescence spectra and (b) enhancement of relative fluorescence
intensity (I-10) of EC@Naph prepared in aqueous solution with a 1.0:1.0 ratio of EC
to Naph. The measurements were conducted in acetate buffer (20 mM, pH 5.0) in the
presence of various aldehyde compounds (2 mM in DMSO). Upon 450nm excitation,
550 V PMT and 5 nm a slit width. The error bar represents the results obtained from

at least three measurement values39.
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Figure 3.19 (a) Fluorescence spectra and (b) enhancement of relative fluorescence
intensity (I-lo) of EC@Naph prepared in aqueous solution with a 1.5:1.0 ratio of EC
to Naph. The measurements were conducted in acetate buffer (20 mM, pH 5.0) in the
presence of various aldehyde compounds (2 mM in DMSO). Upon 450nm excitation,
550 V PMT and 5 nm a slit width. The error bar represents the results obtained from

at least three measurement values40.

) )] b) 350
300
300 -
250
. 250
5 5200
s =
5 = 150
B
g 150 100
= 400 50 I
50 o = - - L =
o AT AN AN AR
2 > & > > > 2
S & & L& & L& &
-50 T T T T T T T S S e Q'(b & L
450 500 550 600 650 700 750 800 N SO N N oY ®
Wavelength (nm) ((0\’\(\

Figure 3.20 (a) Fluorescence spectra and (b) enhancement of relative fluorescence
intensity (I-lo) of EC@Naph prepared in aqueous solution with a 2.0:1.0 ratio of EC
to Naph. The measurements were conducted in acetate buffer (20 mM, pH 5.0) in the
presence of various aldehyde compounds (2 mM in DMSQ). Upon 450nm excitation,
550 V PMT and 5 nm a slit width. The error bar represents the results obtained from

at least three measurement values41.
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Based on studies of selectivity, all ratios of EC to Naph exhibited the highest
fluorescence intensity with nonanal compared to the other guest. Nonetheless, this
sensing platform's primary purpose was to detect long-chain aldehydes using a highly
efficient method. Thus, the nano sensing platform based on a 1.0:1.0 ratio of EC and
Naph caused the fluorescent intensity to change significantly during investigation of
long-chain aldehyde derivatives, notably octanal and nonanal, this prompted us to
choose the 1:1 ratio of EC and Naph due to the promising results obtained for the
construction of EC@Naph nanosensors.

Examining the use of EC@Naph nanosensors for the long-chain aldehydes
sensing via luminescent visualisation is a topic of recent interest in the field of naked-
eye detection. EC@Naph nanosensors and 2 mM of aldehyde compounds were
vigorously stirred for 2.0 minutes at ambient temperature in a 5%v/v DMSO/acetate
buffer with a pH of 5.0. The brightness of EC@Naph was monitored upon exposed to
a 365 nm UV lamp. As depicted in Figure 3.21, the EC@Naph nanosensors when
various aldehyde guests are present demonstrated dramatic variations in fluorescent
brightness at 2 mM concentration. This visual detection is conspicuously according to
the fluorescence processes. Considering all the results, we are assured that these
sensing materials can serve as a significant improvement in terms of simple, effective,
and convenient for detecting particular long-chain aldehyde by naked-eye detection.
Long-chain aldehydes with hydrophobic hydrocarbon chains, such as octanal and
nonanal, can interact favourably with the hydrophobic portions of the ethyl cellulose
matrix. These hydrophobic interactions can aid in the long-chain aldehydes'
encapsulation and retention inside the ethyl cellulose matrix, improving their
accessibility to naphthalimide and leading to a higher fluorescence brightness, as
shown in Figure 3.21. Furthermore, short-chain aldehydes including formaldehyde,
propanal, and butanal, on the other hand, have weaker hydrophobic interactions,
which resulted in less effective encapsulation and reduced selectivity. Additionally,
with octanal and nonanal, naphthalimide exhibits higher solubility and greater
encapsulation efficiency, producing brighter fluorescence signals. Whereas
formaldehyde and other aldehydes might be less soluble in compatible with the ethyl

cellulose matrix, resulting in weak fluorescence responses as in Figure 3.21.
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Figure 3.21 Fluorescence images of EC@Naph nanosensors with the addition of
different aldehyde species (2 mM in DMSO) including the blank (EC@Naph), (C1)
formaldehyde, (C3) propanal, (C4) butanal, (C5) pentanal, (C6) hexanal, (C7)
heptanal, (C8) octanal, and (C9) nonanal. The measurements were conducted in 20
mM acetate buffer at pH 5.0 under a 365 nm UV irradiation42.

3.11 The interaction study between EC@Naph with nonanal by fluorescence
titration
To examine the sensitivity of our system, we conducted a quantitative analysis of
EC@Naph nanosensors. Given its highly selective detection, we selected nonanal as
the representative long-chain aldehyde for fluorescence titration. This allowed us to
determine its concentration and evaluate the system's sensitivity under optimal
experimental conditions. The EC@Naph and nonanal titration curves were plotted
between various concentrations of nonanal, and relative fluorescence intensity (I-lo)
before and after the addition of nonanal assigned as lo and I, respectively. In this
regard, the minimum concentration of quantitative analysis was a crucial factor in
determining the sensitivity of the sensory approach. The fluorescence titration curves
showed S curve. As expected, a low concentration of nonanal would likely result in
the formation of micelle-like nanoparticles that are of poor quality, giving the little
fluorescence change at low concentration. However, at high concentrations of
nonanal, the fluorescence intensities of nanosensors increased dramatically until
unchanged, implying likely the saturation point or complete binding complexes and
encapsulation. As shown in Figure 3.22, The lengthy alkyl side chain on the aldehyde
molecules was what gave this sensation system its sensitivity. This is due to the most
influential factor of hydrophobic property of long-chain aldehydes in specific sensing

affinity. Considering the aforementioned information, EC@Naph prepared with a 1:1
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ratio of EC and Naph has generated a great deal of interest due to its superior sensing
affinity for the detection of long-chain aldehydes. The limit of detection (LOD)
together with limit of quantification (LOQ) were computed using equation (1) and (2)
121" the EC@Naph nanosensor (1:1) exhibited low LOD and LOQ values of
approximately 41 uM and 275 uM, respectively. This indicates that this nanosensor is

sensitive to nonanal due to the appropriate lengthy alkyl chain on the aldehyde

compounds.
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Figure 3.22 (a) Fluorescence spectra and (b) plot illustrating the enhancement of
relative fluorescence intensity (I-lo) of EC@Naph in an aqueous solution with a
1.0:1.0 ratio of EC to Naph. The measurements were performed upon the addition of
different nonanal concentrations ranging from 0.0 to 500 uM in acetate buffer (20
mM, pH 5.0)43.
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3.12 Quantitative Analysis of EC@Naph for Nonanal Detection Using Naked-
Eye Observation
In our ongoing search we devised a method for determining the concentration of long-
chain aldehyde based on visual observation to enable quantitative evaluation of the
sensing system using naked-eye detection. In the experiment, EC@Naph nanosensors
were employed, and nonanal concentrations ranging from 0.00 to 1.50 mM were
tested in a 5% DMSO/acetate buffer with a pH of 5.0. As depicted in Figure 3.23, UV
irradiation at 365 nm was used to observe variations in the sensor platform's
fluorescence brightness. upon binding with nonanal. The lowest detectable
concentration of nonanal by micellar EC@Naph nanosensors using naked-eye
detection was found to be 50 uM according to the observable changes from darkness
to initially yellow brightness. This additional sensing platform may produce the most
interesting characteristic of lung cancer pre-screening diagnosis, in accordance with

expectations.
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Figure 3.23 Fluorescence images of EC@Naph nanosensors (3.5% v/v) obtained by
adding different concentrations of nonanal (in DMSQO): blank (EC@Naph), (I) 1 uM,
(1D 5 uM, (I11) 10 uM, (IV) 50 pM, (V) 100 pM, (VI) 1.0 mM, and (VII) 1.5 mM.
The measurements were conducted in 20 mM acetate buffer at pH 5.0 under a 365 nm
UV lamp44.

3.13 Interference study

Considering the crucial role of diagnostic purposes using sensing methods, the
interference caused by organic compounds emerged as a significant concern for the
sensing platform. However, before delving into the sensing efficiency of the sensing
platform in real samples, it was crucial to address the potential interferences posed by

organic compounds with similar electronic structures to aldehyde compounds. In the
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context of nonanal sensing, we investigated the fluorescence responses at 551 nm of
EC@Naph in the presence of various aldehyde derivatives, such as formaldehyde
(FA), propanal (PRO), and benzaldehyde (BA). Additionally, we examined the impact
of major components found in plasma and exhaled breath of lung cancer, that include
glucose (GLU), sucrose (SUC), lysine (LYS), phenylalanine (PHE), glutathione
(GLUTA), urea, and NaCl salts, these compounds were selected as potential
candidates. The results presented in Figure 3.24 demonstrate that the introduction of
biological interferent compounds into a mixture of EC@Naph and nonanal in a 5%
v/iv DMSO/acetate buffer at pH 5.0 at ambient temperature did not cause significant
alteration in the fluorescence emissions at 551 nm (blue bar) with respect to the free
nonanal emission (orange bar). The results demonstrated that the fluorescence signals
of EC@Naph for nonanal detection were not significantly affected by the mixture of
simulated blood samples and exhaled breath components present in lung cancer
patients. This observation further confirms the importance of the hydrophobic
interaction between long-alkyl chain aldehydes and EC@Naph, as well as the
reaction between hydrazine and the aldehyde group. These mechanisms play a vital

role in the changes observed in fluorescence responds.
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Figure 3.24 (a) Fluorescence intensity and (b) plot illustrating the relative
fluorescence responses of EC@Naph upon the addition of nonanal (500 uM in
DMSO) alongside short-chain aldehyde species and major plasma and lung fluid
compounds (500 uM in DMSO) in acetate buffer (20 mM, pH 5.0). The findings were

made using Aem 0f 450 nm, a PMT of 650 V, and a slit of 10 nm45.
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CHAPTER IV
CONCLUSION

4.1 Conclusion

T

%2 Ethyl cellulose (EC)

€ Naphthalimide (Naph)

P Long chain aldehydes EC@Naph HySiasane beny

In conclusion, we have created and analyzed water-soluble fluorescence nanosensors
through encapsulating naphthalimide dyes in the ethyl cellulose backbone by varying
the ratio of EC and Naph dye components for the development of an efficient
nanosensor capable of detecting long-chain aldehydes in aqueous media. Various
ratios of EC and Naph were used that include 0.5:1.0, 1.0:1.0, 1.5:1.0, and 2.0:1.0,
respectively. The 1.0:1.0 was used as the optimized ratio for sensing application. The
sensitivity and selectivity of the EC@Naph nanosensors for detecting long-chain
aldehydes have been successfully developed in aqueous solutions. This sensing
system aligns with our concept, which involves the utilization of incomplete micellar
nanoparticles prior to the binding with long-chain aldehyde compounds. When
introduced, the long-chain aldehydes preferentially penetrate the core of the micellar
nanoparticles as a result of hydrophobic nature of the system, acting as the driving
force. Subsequently, they undergo covalent reactions with hydrazine-functionalized
dyes through hydrazone formation. This unique mechanism enables the distinction of
long-chain aldehydes from other compounds. Interestingly, self-assembly
encapsulation hydrophobic-hydrophobic interaction induced the highly complete

encapsulation by promoting robust fluorescence enhancement. additionally, the
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fluorescence responses of EC@Naph nanosensors exhibited a proportional increase
corresponding to the concentration of long-chain aldehydes, particularly nonanal, at
pH 5.0, with a quick response time of 2 minutes at ambient temperature. This sensing
system demonstrated high selectivity for long-chain aldehydes, specifically nonanal,
boasting a low detection limit. Notably, the nanosensor displayed remarkable
selectivity towards nonanal, with a limit of detection (LOD) of 41 uM and a limit of
quantification (LOQ) of 275 uM. The developed nanosensor holds significant
potential for the sensitive detection of long-chain aldehydes in aqueous media.
Furthermore, the sensing capabilities of the micellar nanosensors towards nonanal, as
a representative long-chain aldehyde, remained unaffected by significant

interferences.

4.2 Future work
The detecting potential of micellar EC@Naph nanosensors for detection of nonanal

as long-chain aldehyde substance in real samples will be investigated.
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