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ABSTRACT

This work reports the synthesis of blue-emitting graphene quantum dots (GQDs) with
an average diameter of 3.8 + 0.5 nm from paddy straw, a sustainable biomass resource,
via hydrothermal synthesis. These GQDs demonstrate excellent performance in
bilirubin (BR) detection. The GQD photoluminescence (PL) intensity exhibits a
proportional decrease with increasing BR concentration, indicating efficient
quenching. The limit of detection for BR reaches a low value of 87.9 nM, highlighting
the high sensitivity and selectivity of the GQD-based sensor. The observed quenching
likely arises from a combined mechanism involving static quenching due to GQD-BR
complex formation, inner filter effect (IFE) and Forster resonance energy transfer

facilitated by spectral overlap.
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CHAPTER 1

INTRODUCTION

1.1 THE BACKGROUND OF GRAPHENE

Carbon is one of the most abundant elements on earth which plays an important role
in the development of advanced and environment friendly materials among other
elegant functional materials. Carbon nanostructures have collected all important
attention repaid to their striking mechanical vigorous, electrically conductive abilities,
and noteworthy chemical and thermal qualities [1]. Along with these properties,
Graphene is the strongest and thinnest material due to its distinct 2D honeycomb lattice
structure. These properties make graphene as a brilliant material for a wide range of
applications. In particular, graphene, known as the principal form of carbon graphite,
contains only one layer of carbon atoms joined together by coinciding sp? hybrid bonds
[2]. Graphene is a zero-bandgap material due to its small overlap between valence and
conduction bands. In 1947, P. Wallace studied theoretically the properties of graphene.
In 2004, Geim and Novoselov worked on graphene and they were awarded the Nobel

prize after 6 years.

The zero-bandgap of material, however impedes its applications
in LEDs, transistors and photovoltaics, which needs a tunable and measured band gap.
Graphene has significant drawbacks such as poor dispersion in solvents and its ability
to aggregate. This implies that it has the capability to undergo many transformations,
including quantum dots, nanoribbons and etc. Reducing the lateral dimension of 2D

graphene into 0D GQDs, could increase its band gap via quantum confinement effects.



In 2023, Bawendi, Louis E. Brus and Alexei I. Ekimov were awarded the Nobel Prize

in Chemistry for the discovery of quantum dots.

1.2 EVALUATION OF EXISTING LITERATURE

1.2.1 Graphene Quantum Dots

Unlikely graphene, GQDs are non-zero band gap materials [3] that exhibit their strong
quantum confinement [4] and edge effects [S5], for this reason, GQDs possess
remarkable optical and electrical properties. They serve important properties such as
strong water solubility, low cost, stable photoluminescence (PL), tunable bandgap,
good compatibility and low toxicity [6-8]. GQDs possess their unique inner structure
and surface chemical groups [9]. GQDs normally have features that drop below a
diameter of 20 nm [10]. Because of its small size, GQDs carry a declaration for
biomedical applications in comparison with graphene or graphene oxide (GO) [11,12].
The PL can be readily monitored by simply altering the dimension and surface
chemistry of GQDs. GQDs originated from paddy straw that can be dispersed in water
with strong PL and excellent biocompatibility, presenting better capability for use in
biological and medical fields [13]. GQDs have a greater surface area, small size and
higher crystallinity. These attractive properties of GQDs make them more desirable
for a wide range of applications such as bioimaging [14,15], drug/gene delivery
[16,17], anticancer agents [18,19], biosensing [20,21], electronic displays [22] and

photocatalysis [23].



1.2.2 Synthesis Routes

GQDs synthesis techniques are often divided into two distinct categories: top-down
and bottom-up methods. Bottom-up techniques utilize detailed effective steps and
particulate organic elements, imposing obstacles for optimizing circumstances [11].
On the other hand, top-down techniques include breaking down and separating easily
available bulk graphene-based materials, like graphite, under the worst circumstances.
These procedures typically consist of different steps involving strong oxidizing agents,
concentrated acids and elevated temperatures [10]. Top-down techniques include sol-
gel method [24], hydrothermal method [25], electrochemical exfoliation [26],
chemical oxidation [27], nanolithography [28], microwave-assisted [29] and ultrasonic
shearing [13]. Possibly, the large-scale production of high-quality graphene quantum
dots (GQDs) from different carbon sources could be achieved by developing a novel
methodology that combines that combines the benefits of both top-down and bottom-
up techniques. The hydrothermal synthesis technique is a versatile method used to
create a wide range of materials, offers advantages such as inexpensive, less reaction
time, a safer and feasible experimental plan. The ongoing analysis proves a
hydrothermal method for synthesizing GQDs. The precursor is dissolved in a solvent
inside the reaction vessel to create a homogeneous solution. The vessel is sealed to
create a high temperature and pressure environment is necessary for hydrothermal
synthesis. There should be a control of pH and temperature, pH adjustments are made

by using acids and bases.



1.2.3 Eco-Friendly Synthesis of GQDs

Biomass waste, described from its green, affordable, abundant, easily accessible, and
carbon-rich nature, introduces a promising option as a precursor for creating GQDs.
The management and renewal of biomass waste presents an important confrontation
in today’s world. Effective use of biomass waste not only helps in reusable obstacles
but also gives a low- budget source for GQD synthesis. This plan considered using
biomass waste as a low-budget and sustainable precursor [30]. Various types of,
including plant leaves, paddy straw, coffee grounds, grass and wood charcoal have
been used to produce GQDs with product yield almost equivalent to graphene-based
extravagant precursors. There are many methods for the synthesis of quantum dots
from biomass wastes such as agriculture wastes, industrial wastes, urban wastes,
livestock wastes and forestry wastes as shown in Fig 1.1. Agriculture waste-based
quantum dots have a wide range of applications due to their excellent optical, thermal,
mechanical and electrical properties. The predominant sources of agricultural biomass
include sugarcane bagasse, corn straw, rice residue and wheat stem. Several synthesis
methods have been used to produce carbon-based nanomaterials from biomass waste.
However, green synthesis strategies that involve energy saving approaches are gaining

more attention.
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Figure 1.1 Major Sources of Biomass wastes

1.3 Paddy Straw

Rice is one of the highest-expanded crops globally [31] however, agricultural waste
for example, paddy straw is a usual agricultural residue that consists of generous
carbon content because of the existence of cellulose and lignin [32]. The maximum
paddy straw manufactured is currently inclined through open field burning. This
procedure leads to air pollution, energy wastage, and the occupation of landfill areas
[33]. Constructively modifying paddy straw biomass waste into valuable products can
capitulate essential economic and environmental benefits [34]. Paddy straw also
contains a large amount of silica which can help to prepare silica-based materials, silica

[35], silicon [36], silicon nitride [37] and zeolites [38].



1.4. BILIRUBIN (BR)

Bilirubin (BR) is a yellow pigment with a structural formula, as shown in Fig 1.2.,
produced during the instinctive breakdown of red blood cells (RBCs) as part of the
body’s cleansing process [39]. It is an important component of bile, an essential
digestive liquid the liver produces. There are three distinct forms of bilirubin: free
bilirubin, direct bilirubin and total bilirubin. The typical concentration of free bilirubin
in the bloodstream of humans is approximately 25uM. Beyond this threshold, bilirubin
becomes harmful to human cells. Increased bilirubin levels in the bloodstream can
cause jaundice, which is marked by yellowing of the skin and eyes. Under normal
physiological conditions, bilirubin undergoes direct conjugation (which means
conjugation with glucuronic acid) in the liver, resulting in the formation of a water-
soluble complex. This complex is then eliminated in both bile and urine. The
unconjugated bilirubin is recognized as potentially harmful. Uplifted steps of
unconjugated BR in the blood are important signs of many strict situations such as
jaundice, hyperbilirubinemia, etc. [26,27]. Newborn babies frequently experience
hyperbilirubinemia as a result of an excessive amount of bilirubin in their bloodstream.
This condition results in the discoloration of the baby’s skin, eyes and other tissues.
Various experimental techniques have been developed to detect BR, including
enzymatic test [42], polarography [43], high performance liquid chromatography
(HPLC) [44], piezoelectricity [45], chemiluminescence [46] , electrochemical
methods [47] and Raman spectroscopy [48]. Nevertheless, the above mention
approaches have several limitations, including intricate instrumentations, inadequate
selectivity, and reduced sensitivity. Fluorometric detection of biomolecules is

extremely desirable due to its simplicity, quick reaction, high selectivity, enhanced



sensitivity across a wide range of concentrations. The GQDs produced exhibit high
and particular sensitivity to BR, making them potentially useful for bilirubin (BR)

detection purposes.

Figure 1.2. Structure of Bilirubin



II.

I1I.

IV.

AIM AND SCOPE OF STUDY

Synthesis of Graphene Quantum Dots from Biomass waste, Paddy straw.
Analyzing the crystal structure, morphology and stability of the
biosynthesized GQDs using various characterization techniques.
Investigating the interaction of GQDs and BR Biomolecules for enhanced
stability.

Examine the FRET mechanism between GQDs and BR.



CHAPTER 2

EXPERIMENTAL SECTION

2.1. MATERIALS

The agricultural waste of paddy straw was gathered from Pundri village in the Kaithal
district of Haryana, India and kept in dry conditions at room temperature to serve as a
precursor for synthesizing GQDs. The analytes bilirubin, urea, uric acid, fructose,
glucose, 7-azaindole (Al), ethylenediamine-tetra acetic acid (EDTA), bis-
(trimethylsilyl)acetamide (BSA) were all acquired from CDH chemicals. Deionized
water (DI) and hydrochloric acid (HCL) are utilized to prepare solutions for the

analysis.
2.2. SYNTHESIS OF GQDS

A specimen of paddy straw weighing 2.0 g was taken, washed thoroughly with DI
water, dried, and then ground into fine powder using mechanical crushing.
Subsequently, the powder was heated at 50° C for 3 h after being washed with 0.15 M
HCI. Further, in 25 mL of water, 150 mg of crushed paddy straw was mixed and then
placed in an oven for 7 h in a teflon-lined autoclave at 160° C. After cooling, the
solution was filtered with a pore size of filter to be 11uM and additionally, the GQDs
were further purified by centrifugation at 8,000 rpm for 15 minutes, which separates
them from any bigger precursor materials, byproducts, or contaminants that might be
penetrated through the filter paper. This byproduct was gathered at the tube's bottom
as precipitation in the form of silica. We collected the supernatant and used it for the
experiment. Precipitates were thrown away. Fig 2.1. depicts a schematic illustration of

the GQDs preparation procedure.
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Figure 2.1. Schematic preparation of GQDs from Paddy staw

2.3. PREPARATION OF BILIRUBIN SOLUTION

A stock solution of bilirubin (ImM) was prepared by dissolving the required quantity
of bilirubin in water by adjusting the pH to 8 using a IM NaOH solution, as bilirubin
does not dissolve in water, but it becomes soluble in an alkaline environment. A small
portion was then taken from this stock solution, and the pH was adjusted accordingly
for the experimental requirements using a 1 M HCI solution when needed. All

experiments were conducted in low-light conditions.
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CHAPTER 33

CHARACTERIZATION TECHNIQUES

UV - vis spectroscopy experiments were used to analyse and study absorption spectra
using a dual-beam UV/vis spectrometer (Lambda 750, Perkin Elmer, USA) (Fig 3.1.)
[49]. For the samples, a quartz cuvette with optical path of 10 mm was used. The
Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon) (Fig 3.2.) was utilized to record
PL and PL-excitation measurements which was configured with a photomultiplier tube
(PMT), 450W xenon, and flash lamps. Using Bruker D8 advance (Fig 3.3.) which is
equipped with a Cu (K) radiation source with an accelerating voltage of 40kV and

20mA current, X-ray diffraction (XRD) patterns were obtained [1].

Figure 3.1. Perkin ElImer Lambda 750 UV/Vis/NIR spectrophotometer
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Figure 3.3. Bruker’s D-8 Advanced X-Ray Diffractometer

High-resolution images of the GQDs were taken by transmission electron microscopy
(TEM) with an accelerating voltage of 200 kV using TALOS thermos-scientific
instruments (Fig 3.4.). Fourier-transform infrared spectroscopy (FT-IR) (Fig 3.5.) was
used to obtain the spectra under the frequency range 500-4000 cm™' range using Perkin

Elmer, FTIR spectrometers.



Figure 3.4. TALOS thermos-scientific instrument

Figure 3.5. Perkin Elmer Two-Spectrum FTIR spectrometers

13
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CHAPTER 4
RESULT AND DISCUSSION

4.1. X-RAY DIFFRACTION

The XRD was utilized to study the structural property. Fig 4.1. displays the peak at
25.4°, which corresponds to the (002) diffraction plane in the XRD of GQDs [1,29].
The highest peak in the figure may indicate the existence of residual silica ions [30,31].

This silica may come from the sediment remaining at the bottom of the centrifuge [53].

5 2.4
=
2
‘= 1.6 "
=
o
kS

0.84

(002)
/
o.orw WMWMM-VI
15 20 25 30
20 (degrees)

Figure 4.1. XRD pattern of GQDs.
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4.2. HRTEM ANALYSIS

The fabricated GQDs were also analyzed through TEM, as illustrated in Fig 4.2.(a).
To prepare the sample, drop the sample solution onto a grid of copper and then allow
it to dry at room temperature. The size distribution of the GQDs, which is 3.8 £ 0.5 nm

is illustrated in Fig 4.2.(b). The observed spherical particles are fairly polydispersed.

Mean=38 £ 0.5

Counts

2.8 3.2 3.6 4.0 4.4 4.8
Particle size (nm)

Figure 4.2 TEM images (a) and size distribution (b) of GQDs.

4.3 FTIR ANALYSIS

Fig 4.3. depicts the FTIR spectra of GQDs, where a wide band at 3318 cm™ is assigned
to the stretching vibrations of amine (N-H) and hydroxyl (-OH) groups [54]. The
presence of OH and C-H linkages is revealed by the peak observed at 2112 cm™. The
stretching vibrations of C-O and aromatic rings C=C, which correspond to epoxy and

ether groups, respectively are responsible for the observed peaks at 1639 and 1103 cm™



16

' [55]. Because of the abundance of oxygen-bearing functional groups, GQDs are

allowed to remain stably suspended and effortlessly disperse in water.

90
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Figure 4.3. FT-IR spectrum of GQDs.

4.4. UV-VIS ABSORPTION SPECTRA

The optical parameters of GQDs were examined using a steady-state
spectroscopic technique. The UV-vis absorption spectrum of GQDs is illustrated in Fig
4.4., showing a prominent absorption peak in the UV region at around 278 nm. The
intense and sharp peak of absorption below 300 nm exhibits the n-n* transitions of the
C=C aromatic bonds, indicating the involvement of sp? hybridization domains. Also,
the functionalized oxygen group on the surface of GQDs generates an absorption

associated with the n-n* transition of the C=0 bonds, which is observable in the region
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of 290-320 nm [49]. Upon stimulation at the excitation wavelength, the GQDs

demonstrate intense PL.

2/78 nm

0.3 ——GQDs
o 0.2}
[&]
g
O
—
2
fm]
<

0.1}

0.0 1 1 i

270 360 450 540 630

Wavelength (nm)

Figure 4.4 UV-vis spectrum of GQDs.

From the absorption spectra, the optical bandgap of the GQDs was determined by
using a Tauc plot [56], which illustrates the relationship between (ahv)'” vs. photon
energy hv. The y factor, which is reliant upon the nature of the material, is ¥ for direct
and 2 and indirect bandgap materials respectively [57]. Therefore, a direct bandgap of

GQDs was estimated to be ~ 4.07 eV as illustrated in Fig 4.5.
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Figure 4.5 Tauc plot for direct band gap of GQDs.

4.5. PHOTOLUMINESCENCE SPECTRA

The optical properties were further investigated, and photoluminescence (PL) spectra
were studied across a wide range of excitation wavelengths. As illustrated in Fig 4.6.
(a), when excited at a wavelength of 370 nm, the PL spectra exhibit a broad peak with
maximum intensity at 450 nm and the position of the peak changes gradually with
variations in excitation wavelengths Fig 4.6.(b). A large stokes shift is observed with
excitation wavelength [58]. The intensity of PL from the GQDs decreases as the
excitation wavelength increases, resulting in a redshift. PL maximum shifted in
response to variations in the excitation wavelength. The Stokes shift in wavelength

offers a beneficial feature for utilizing GQDs in sensing applications [38-40]. Using
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quinine sulphate, which has a quantum yield (QY) of 54% as a reference, it was

determined that the QY of GQDs was 3.5 % using the equation.

Y= QY PLsgm ADbSref (Usam)z
Q sam— Q ref( PLyes )( )

Abssam” \Nref
where QYrer indicates the quantum yield of quinine sulphate and QYsm indicates
quantum yield of GQDs. Abs indicates the absorbance of reference and GQDs, and the
integrated areas of PL spectra are represented by PLsm and PLer and 1 represent the
refractive index of distilled water and sulfuric acid which are used as the solvents in

QDs and reference respectively.

Aexcitation = _310mn b —"  Akxcitation = ==3101m
0.8 (a) s (b) o ) . ixcitation =
—330mm 0.9 \ s ‘-" 330 nm
/5\ ~340nm ol / N’ i ;33 e
= —350mm R7) , —‘,wnm
4 =} 360 nm
= O 6 | 360 nm o =370 nm
lnO . —¥0nm E 380 nm
—_ =380 nm 5 e 390 N0
—3%0mm =400 nm
Z e & 0.6f 410 nm
= o w420 M
2 0.4 —410mm b1 =
A ~420nm N 440 v
— — nm
8 =l am <} 450nm
= =440 nm E 460 nm
o =
— =430 nm 0 03 e 470 M
— 02 = 460 nm Z 480 nm
o — 470 nm
— 480 nm
0,0 k=== - ! =S 0.0 . i :
350 420 490 560 630 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 4.6. Photoluminescence spectra at a range of excitation from 310-480 nm (a)

and normalized PL spectra (b) of GQDs.

4.6. INTERACTION WITH BR

Upon adding the different concentration of bilirubin in GQDs, there involves
interaction between GQDs and bilirubin as shown in Fig 4.7. that leads to the formation
of a stable complex due to bonding between the hydroxyl group of BR and functional

groups of the GQDs in the ground state.
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Bilirubin

Figure 4.7. Complex formation by interaction of GQDs with BR.

4.6.1 Absorption of BR

Various concentrations of bilirubin were prepared in an ideal environment to analyze
the sensing capabilities of GQDs. As illustrated in Fig 4.8., the absorption spectra of
GQDs at different concentrations ranging from 9.9 uM to 115 pM were observed, with
and without the presence of BR. Along with the absorption intensity at 278 nm, the
band-edge absorption intensity at ~ 327 nm also increased. The intensity of the band-
edge increased due to the n-m* transition in GQDs. When the concentration of BR
increases, the intensity of the absorption also increases and is nearly constant at the
concentration of 115 uM and higher [62]. The increase in the absorption intensity
indicates the interaction between GQDs and BR. This interaction might involve the
formation of a stable complex due to bonding between the hydroxyl group of BR and
functional groups of the GQDs in the ground state. Such complex formation between
GQDs and BR potentially leads to enhanced absorption intensity at 278 nm without
showing any extra peak of BR. To further strengthen the evidence for this interaction,
the Benesi-Hildebrand (BH) method was employed [8]. The plot of 1/(Ao-A) vs.

1/conc. of BR, where 4y represents the absorbance without BR and A4 represents the
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absorbance with BR in the range of 0-115 uM is quite linear with R> = 0.99, as depicted
in the inset of Fig 4.9. The plot indicates the formation of a 1:1 complex between BR
and GQDs. The calculated binding constant (Kp) is 5.15x10° M [63]. The linear
relation observed between the absorbance of GQDs and the concentration of BR

signifies that GQDs can be utilized as a probe for the detection of BR.

0.8
115 uM

o 0.6 ‘
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Figure 4.8. Absorbance spectra of GQDs in the absence and presence of multiple BR

concentrations.
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Figure 4.9. Plot (B-H) of (——) vs [1/Q]
4.6.2 Fluorescence of BR

Before bilirubin addition, the PL spectra exhibited a peak at 450 nm when excited with
a wavelength of 370 nm. To analyze the PL, different concentrations of bilirubin were
mixed with the GQDs solution and it has been acclaimed that if there is an increase in
the concentration of bilirubin, the PL intensity of the GQDs was significantly reduced
as shown in Fig 4.10. Gradually adding bilirubin aliquots led to a consistent decrease
in peak intensity. At a bilirubin concentration of 115 uM, almost 90% of the intensity
was quenched. While the findings suggest the formation of a ground-state complex
between BR and GQDs, also leads to the quenching of GQDs PL intensity along with
several possible mechanisms such as non-fluorescent ground-state complex, inner

filter effect (IFE) and Forster resonance energy transfer (FRET) [64]. The reduction in
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peak intensity corresponding to a specific bilirubin concentration was quantified using
a Stern-Volmer (SV) plot that shows a relationship between the PL intensity ratio (Io/I)-
1 vs. bilirubin concentration, where I and Io represent the PL peak intensity in the
presence and absence of bilirubin respectively. Based on the plot analysis, a linear
regression (R? = 0.99) was obtained within the range 0of 9.9-115 uM, as depicted in the
inset of Fig 4.11. A linear relation indicates possibly a static quenching process
involving a single kind of binding site or a possible collisional quenching mechanism.
Thus, the linear SV and BH plots support predominantly the static quenching. The
calculated value of Ky from the S-V plot was determined to be 7.79x10° M,
suggesting that GQDs have significant potential for detecting bilirubin with high
sensitivity. The estimated value of the limit of detection (LOD) was determined to be

87.9 nM.
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Figure 4.10. Photoluminescence spectra of GQDs in the absence and presence of

multiple BR concentrations.
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Figure 4.11. S-V plot of (Io/I)-1 vs concentration of BR.

4.6.3 FRET MECHANISM

As shown in Fig 4.12., the spectral overlap between the PL spectrum of GQDs as donor
and the absorption spectrum of BR as acceptor indicates the chances of FRET
mechanism [65]. As the PL spectrum of GQDs significantly overlaps with the
absorption spectrum of BR, there is a possibility of energy transfer from excited GQDs

to bilirubin molecules through FRET. The energy transfer would decrease the PL
intensity of GQDs. By using an equation J(A)= fo(:, Fp(AM)e, (A)A%dA, the spectral
overlap integral, denoted by J(A) is determined. The value of J(X) is calculated to be

9.015 x 10Y7nm*M~1cm~! where Fp (1) and £,(2) represents the donor fluorescence

intensity and acceptor’s extinction coefficient at A respectively.
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Figure 4.12. Overlapped normalized absorption spectrum of BR and PL spectrum of
GQDs.

4.7. SELECTIVITY OF BR

Blue-emitting GQDs could detect bilirubin with the result of some parameters such as
strong PL, high sensitivity, and selectivity of GQDs towards bilirubin. GQDs feature
hydroxyl (-OH), epoxy and carboxyl groups among other functional groups on their
surface. These functional group interacts with the hydroxyl group of bilirubin,
potentially leading to the observed quenching of GQDs PL intensity with increasing
concentration of BR [65]. The PL-based sensor’s ability to selectivity detect bilirubin
was assessed by testing it with various biomolecules commonly encountered in
biochemical engineering, including urea, uric acid, ascorbic acid, 7Al, glucose,

fructose, EDTA and BSA. Then, it was cleared that BR selectively quenched the PL
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of GQDs, whereas other biomolecules used for testing were not able to quench, as
shown in Fig 4.13. and GQDs absorption intensity increases with the addition of BR
but when GQDs interact with other biomolecules given, there is no increase in intensity
as shown in Fig 4.14. These biomolecules have the potential to interfere with the

specific detection of bilirubin in the biomedical field.
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Figure 4.13. Bar diagram of GQDs with BR.
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Figure 4.14 Absorption spectra of GQDs with other analytes.

4.8. STABILITY OF GQDs

Fig 4.15. shows the stability of GQDs by comparing the PL intensity as a function of
months. The more stable GQDs can be utilized successfully for various biomedical
applications. The PL spectra of synthesized GQDs were measured every month from
May to February. A slight decrease in the PL intensity was noticed even after 10

months without any shift in the maximum emission wavelength.



28

90
D
>
>
=
= 60
o
2
=
[Sa—
]
A

(8]
<

@rﬁ W& W ?,\3"0 ee® o $o“ o e°
Months

Figure 4.15. PL intensity (%) of GQDs with a period in months, showing

stability/photostability of GQDs.
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CHAPTER 16

CONCLUSION

Water-dispersible GQDs with an average diameter of 3.8 = 0.5 nm were developed
from paddy straw using a hydrothermal synthesis technique. The GQDs are showing
bright blue photoluminescence under 365 nm irradiation and achieve the strongest PL
intensity at the 450 nm band with 370 nm excitation. The PL of GQDs was strongly
quenched by the presence of bilirubin following the formation of a non-fluorescent
ground-state complex (static quenching), inner filter effect (IFE) and Forster resonance
energy transfer (FRET) as a quenching mechanism. The GQDs demonstrated high
selectivity and sensitivity in detecting bilirubin. The large value of Ksy. i.e., 7.79x10°
M indicates their potential for sensitive bilirubin detection with a limit of detection
(LOD) of 87.9 nM. A calibration plot for GQDs PL quenching by bilirubin showed a

linear range between 9.9 uM — 115 uM.

Figure 5.1. Graphical Abstract
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