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Abstract

Aim: To demonstrate a simple, eco-friendly, and cost-effective green method to synthesize gold
nanoparticles (AuNPs) using the aqueous extract of gum Arabic (GA) as a reducing and stabilizing agent.
Methods: Green synthesis of nanoparticles, characterization by absorption, infra-red and fluorescence
spectroscopy.

Results: The absorption spectrum (UV-Vis) showed an absorption peak ~522 nm corresponding to the
surface plasmon resonance (SPR) absorption peak of AuNPs. Transmission electron microscopy (TEM)
images revealed spherical-shaped nanoparticles with an average size of 15 nm. Fourier transform infrared
(FTIR) analysis showed that the nanoparticles are coated with organic compounds that are present in GA.
The fluorescence quenching properties of the AuNPs were assessed by monitoring their effects on
fluorescence intensity of coumarin 153 (C153) dye. The fluorescence of the dye decreased with an increase
in concentration of the nanoparticles. Upon addition of the protein bovine serum albumin (BSA) to the
mixture the fluorescence increased (recovery) again.

Conclusions: The fluorescence quenching and recovery (turn-on/off system) is a valuable method for
protein detection in solution. By observing the effect of BSA on the quenched fluorescence, this nanoparticle
system shows promise in biomedicine, drug delivery and environmental monitoring.
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Introduction

Many physical and chemical methods have been used to synthesize metallic nanoparticles (NPs). However,
over the last decade, green synthesis of NPs has been favored over the traditional physical and chemical
processes mainly due to the rising concern of using very expensive equipment and toxic chemical
substances [1]. The green synthesis of metal NPs involves using different microorganisms such as bacteria,
fungi, algae, and plants. The aqueous extracts of different parts of the plants such as leaves, flowers, roots,
pods, and fruits have been widely explored [2, 3]. Extracts of a various range of plant species have been
successfully employed in the synthesis of NPs and these include cinnamon [4], hibiscus [5], geranium [6],
and gum Arabic (GA) [7, 8]. The phytochemicals present in the extracts act as reducing agents and
stabilizers in the synthesis process of these metal NPs [3]. GA is the gum that is released from certain trees,
such as the Acacia Senegal tree. GA is a polymeric material composed of glycoprotein and polysaccharide,
consisting of amino acids and hydroxyl groups on the polymer chains that could reduce metal ions to metal
NPs through oxidation reactions [7, 8].

Gold NPs (AuNPs) are among the many inorganic metal NPs that can be synthesized using various plant
extracts. One distinctive feature of AuNPs is their unique surface plasmon resonance (SPR) peak
absorption, which can vary when the size and shape of the NPs varies. The SPR arises when the incident
light interacts with a free electron on the conduction band surface, causing the free electrons to oscillate in
resonance with the frequency of the incident light. These optical properties can efficiently manipulate their
applications in biological sciences, biomedicine, drug delivery, and environmental monitoring [9, 10]. The
AuNPs have been widely used as fluorescence quenching agents due to their stability, sensitivity, and high
absorption coefficient [9-11]. In addition, AuNPs have high quenching efficacy, giving them a distinct ability
to bind dye molecules on to their surface, and developing an efficient, fluorescent-based assay based on
AuNPs has been a particular area of interest [12]. AuNPs can quench the fluorescence emitted by
fluorophores when they are in the vicinity of each other [10]. This phenomenon can be applied to
investigate the binding of drugs to proteins and their transport, chemical and biological sensing, and to
develop biosensors for monitoring of environmental pollutants [13, 14].

The fluorescence quenching by NPs is reportedly directed by various processes such as excited-state
reactions, molecular rearrangements, energy transfer, ground-state complex formation, and collisional
quenching [15]. The combination of AuNPs and fluorophore leads to a fluorescence activatable probe
system, where the AuNP, or the quencher, acts as an acceptor, and the fluorophore acts as a donor [12].
These systems are particularly important in detecting the presence of proteins and oligonucleotides [12] in
solution. The quenching effect of the AuNP on fluorophore molecules is distance-dependent, i.e., the
quenching occurs if the distance between the two is small, and if the distance between the two is relatively
large, mainly due to the presence of markers, then quenching decreases significantly with the recovery of
fluorescence [12, 15].

In this study, AuNPs were synthesized using the aqueous extract of GA. The characteristics of the
synthesized AuNPs were assessed using ultra-violet-visible (UV-Vis) spectroscopy, transmission electron
microscopy (TEM) and Fourier transform infrared (FTIR). The AuNPs were used to explore the quenching
of coumarin 153 (C153) dye. The Stern-Volmer equation was used to examine the quenching mechanism.
The quenching process is discussed based on the excitation energy transfer between the dye and Au NPs.
The recovery of the fluorescence quenching was investigated by adding bovine serum albumin (BSA) as a
target marker to the AuNP-C153 dye mixture. The interaction between the AuNPs and BSA molecules
allowed the dye molecules to desorb from the surface of AuNPs with recovery of fluorescence. To the best
of our knowledge, AuNPs synthesized using GA has not been fully explored for fluorescence quenching and
recovery using the protein, BSA.
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Materials and methods
Materials

GA from the Acacia tree, gold (III) chloride trihydrate (HAuCl,), sodium hydroxide, and BSA were purchased
from Sigma-Aldrich and used as received. C153 dye (laser grade) was obtained from exciton. All aqueous
samples were prepared using deionized water collected from a Millipore system.

Synthesis of AuNPs

The AuNPs was synthesized using a modified green method reported earlier [7]. Briefly, GA stock solution
of 15 g/L was prepared by dissolving 0.375 g of the gum in 25 mL of water. Three samples were prepared
by mixing various volumes of gold salt solution with a fixed volume of GA extract at 23°C. A 100 microliter
of 0.5 M NaOH was added to each solution, followed by heating in a microwave oven (power 1,000 W) for
15s. The change in color of the solution to deep purple after microwave irradiation confirmed the
formation of AuNPs. The composition of the samples is presented in Table 1, and the synthesis methodology
is illustrated in Figure 1.

Table 1. Composition of the mixture used in the synthesis of gold nanoparticles

Sample  GA extract (mL) 0.1 mM HAuCI, (mL) 0.5 M NaOH (L) Final pH  Colour after heating
A 1 0.5 100 8.7 Purple
B 1 1.5 100 8.7 Purple
C 1 2.0 100 8.7 Purple

NaOH }
A
B /}/-\‘%

\\\://

=
Gum Arabic HAuCI, Gum-stabilised
Solution Solution gold nanoparticles

Figure 1. A schematic representation of gum-assisted synthesis of gold nanoparticles

Characterization

The formation of AuNPs was studied by measuring the absorbance of the samples using a double-beam
Shimadzu UV-1800 spectrophotometer. The measurement was conducted after 30 min of preparation to
allow sufficient time to complete the reaction. Sample B was chosen as a representative example to study
the stability of the NPs in solution over time (4, 11, and 19 days). The size and morphology of the NPs were
studied using TEM (FEI Morgagni 268, Czech Republic, operating voltage = 80 kV). The samples were
prepared by placing a drop of the colloidal NPs on a carbon-support copper grid, followed by air drying. The
electronic images of the AuNPs were obtained in the bright-field imaging mode. The FTIR spectra of GA and
GA coated AuNPs were recorded using a Bruker Alpha spectrophotometer in the scanning range of
4,000-500 cm™. The samples were ground with dry potassium bromide (Spectroscopy grade, Sigma-
Aldrich) and pressed to form a thin, transparent pellet.

Fluorescence quenching

The effect of GA-Au on the fluorescence of C153 dye was measured using a fluorometer (Shimadzu RF-
1600). The fluorescence measurements were made by adding 2, 4, 6, 8, 10, 12, 14, and 16 puL of AuNPs from
sample B to a fixed volume of the dye (2 mL). The fluorescence recovery of AuNPs-dye was investigated by
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adding 0.5, 1.0 and 1.5 mL of 25 g/L of BSA solution to the sample containing 16 pL of AuNP + 1 mL dye.
The volume of all mixtures was kept constant.

Results

The change in color of the sample solutions from light yellow to purple-red confirmed the formation of
AuNPs (Figure 23, inset). The color change is due to the excitation of surface plasmon electron oscillation at
the conduction band of the NPs [8]. The characteristic SPR absorption peak is another indication of the
formation of AuNPs. The colloidal solution remained clear with no precipitation. This indicated that the
produced NPs were stable and uniformly dispersed [8].
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Figure 2. UV-Vis absorption spectra (a) of gold nanoparticles in the following GA/gold ratio: (A) 0.5 mL/1 mL, (B) 1.5 mL/1 mL,
(C) 2 mL/1 mL; (b) of sample B at various times (days 1, 4, 11, and 19); insert: photos of gold salt (yellow colour), gold
nanoparticles (dark purple)

Figure 2a shows the absorption spectra of the three samples, A, B, and C. The absorption spectra show
a single SPR peak centered around 523 nm to 532 nm. A single SPR peak indicates that the NPs are close to
spherical shape [16]. The SPR peak is red-shifted as the volume of the HAuCl, solution is increased from
0.5 mL to 2 mL to the fixed volume of 1 mL GA extract, indicating the formation of larger-size NPs. This size
increase may be due to insufficient screening of the AuNPs by GA as the HAuCl, concentration increased
[17]. By increasing the volume of HAuCl, from 0.5 mL (sample A) to 1.5 mL (sample B) to a fixed volume of
1 mL of GA extract, the absorption SPR peak increased, indicating the increasing concentration of AuNP
[18]. These measurements were repeated for all the samples and showed consistent results, and no
significant differences were observed.

The UV-Vis spectrum of sample B was examined on days 1, 4, 11, and 19 to determine the AuNPs
stability. As shown in Figure 2b, a slight increase in the SPR band was noticed on day 4 relative to day 1.
However, the absorption level was constant throughout days 11 and 19, indicating the completion of the
reaction and the stability of the AuNPs. It was observed that the NPs were found to be stable for more than
one month, with no noticeable variation in the SPR band, indicating no evidence for aggregation. GA is a
weak cationic polyelectrolyte with positive ionic groups along the backbone or side chains. When adsorbed
on a negative surface, it leads to steric stabilization. The hydroxyl groups in the GA network also hold the
NPs through physical interactions. This allows the stabilization of NPs against aggregation [19]. Using
pulsed laser ablation, Mzwd et al. [17] successfully synthesized AuNP with and without GA. The chemical
constituents of GA significantly influenced the size and morphology of NPs [14].

The structure and size of the AuNPS were analyzed using TEM. The TEM images and corresponding
particle size distribution for all samples are shown in Figure 3. TEM images and size distribution for the
samples revealed spherical-shaped NPs. The average size of the particles is almost the same, and it was
estimated to be around 15, where about 60% of the particles have shown size between 8-12 nm.
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Figure 3. TEM images of GA-AuNPs for samples A, B, and C, and the particle size distribution (sample B, the image in the
bottom right corner)

FTIR measurements were performed to identify possible interactions between AuNPs and GA
molecules that are believed to be responsible for the reduction and capping. GA is a mixture of
macromolecules of different sizes and compositions (mainly carbohydrates and proteins/polysaccharides).
The spectra of GA and GA AuNPs are shown in Figure 4. The spectra of GA and GA-AuNPs show several
functional groups such as carboxyl and hydroxyl that are responsible for the reduction of the gold salt and
capping of the resulting NPs.
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Figure 4. Normalized FTIR spectra of gum Arabic (black) and GA-AuNPs (red)
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The broad peak at around 3,340 cm™! is assigned to the N-H stretching vibration and the free 0-H
group. The peak at 2,925 cm™ is associated with C-H stretching, and the band around 1,610 cm™
corresponds to COO-symmetric stretching. The peak at 1,610 cm™ is related to the C-0-C and C-OH
vibrations of the protein/polysaccharide in GA. The peak at 1,446 cm™ is assigned to COO- asymmetric
stretching. The 1,200-900 cm™ peaks are due to carbohydrates (polysaccharide structure). The peak at 867
cm™ is attributed to the stretching vibration of the C-O bonds in the GA-AuNPs.

This peak is also present in pure GA but is more pronounced in GA-AuNPs due to capping of the NPs.
The presence of this peak confirms the formation of GA-AuNPs composite. Overall, the slight shifts between
the peak value of spectra for GA and GA-AuNPs suggest that the functional groups of GA are coordinated to
the charged surface of the NP.

Fluorescence quenching

The fluorescence quenching properties of NPs can broaden the scope of their applications in various fields
of medical science. One of the essential applications of fluorescence quenching is the ability to detect and
sense chemical and biological molecules in solution [20]. Fluorescence quenching involves several
processes that can lead to decreasing the fluorescence of a fluoroscope. The quenching occurs in various
processes and involves numerous molecular interactions such as ground-state complex formation,
collisional process, excited-stare reaction and Foster resonance energy transfer (FRET) [21]. FRET
transfers energy from a donor with an excited molecule to a surrounding acceptor. This process is
established non-radiatively through long-range dipole-dipole interactions [22]. This transfer can only occur
when the acceptor’s emission band overlaps with the absorption band of the donor molecule. The energy
transfer rate depends on the sufficient overlap of the emission of the donor, the absorption of the acceptor,
and the distance R, between the donor and acceptor (typically in the range of 1-10 nm), the value of R, and

falling off at the rate of 1/R5. The transfer energy on the distance R, is most efficient when the donor-
acceptor distance is close [22].

Figure 5 illustrates the absorption spectrum of the acceptor, AuNPs (black line in arbitrary unit) and
the emission fluorescence of the doner C153 dye (red line, arbitrary unit). As observed, the overlap region
between both spectra is over a wide range from 514 nm to 593 nm. The overlapping is a requirement for an
efficient energy transfer [23]. Using the spreadsheet made available by Visser et al. [24], the critical energy
transfer distance R, was calculated from the normalized fluorescence and absorption spectra and was
determined to be 31.1 A for the AuNP-C153 dye. Such a small value indicates efficient energy transfer
between donor and acceptor molecules. The overlapping and small value of R, requirement meets and
leads to the conclusion that the excited state energy is expected to be transferred from the donner (dye) to
the acceptor (AuNP) through non-radiative processes, FRET.

On the other hand, the decrease in fluorescence intensity of C153 may be attributed to excitation
energy transfer between the dye and NPs through the formation of a complex ground state. In this respect,
a transfer of energy from the single excited state of C153 to AuNPs is likely because the singlet excited state
energy of C153 (3 eV) is significantly higher than the band gap energy of AuNPs (2.4 eV). If the AuNPs
absorbed the fluorescence emission of the dye, a new emission band attributed to AuNPs would have been
detected. Therefore, it can be seen from Figure 6 that such an emission peak is not observed. Hence, we
conclude that the complex ground state, in this case, is not formed [25].

The quenching ability of the AuNPs was investigated by adding different volumes of AuNPs to a fixed
volume of C153 dye, keeping the final volume constant. Figure 6 shows the fluorescence of the C153 dye at
different volumes of AuNPs. It can be observed clearly that the fluorescence intensity of the dye decreased
with increasing volumes of AuNPs, indicating a quenching process. It is worth mentioning that different
volumes of distilled water up 10 mL were added to the dye without the presence of AuNPs, and no
significant change in the fluorescence intensity was observed; we conclude that the observed quenching is
due to the presence of AuNPs. The measurements were repeated for all concentrations, showing consistent
results and no significant differences were observed. As explained above, we assume an energy transfer
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Figure 5. Overlapping of the absorption spectrum of the AuNPs (in black) with the emission spectrum of coumarin 153 dye (in
red)
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Figure 6. Fluorescence spectra of C153 dye with increasing amount of gold nanopatrticles. Each spectrum is an average of
three trials

occurred from the C153 to the AuNPs, likely via a dynamic mechanism. Static quenching was ruled out
because no change in the fluorescence emission spectrum was observed, and no new absorption band was
observed as an indication of ground state formation. Multiple reports proposed and confirmed the
fluorescence quenching by binding probe molecules to the metal surface of the NPs [26, 27].

For dynamic quenching, the decrease in fluorescence intensity is described by the Stern-Volmer
equation as,

I,/I=1+Ksv[Q] (1)

where I, is the fluorescence of the dye without a quencher; I is the fluorescence of the dye with a
quencher; [Q] is the concentration of the quencher (AuNPs), and Ksv is the Stern-Volmer quenching
constant (quencher rate coefficient).
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The Stern-Volmer plot of the quenching process of C153 is shown in Figure 7. The linearity of the plot
indicates that only one type of quenching occurs in the system and suggests that dynamic quenching is the
primary process. The Stern-Volmer equation plot was used to calculate the Stern-Volmer quenching
constant and was found to be 1 x 10° M1, Such a high value suggests the adsorption of a large number of
dye molecules to the surface of AuNPs via the O-atom of carbonyl [28].
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Figure 7. Stern-Volmer plots for fluorescence quenching of C153 dye at different concentrations of AUNPs

The fluorescence quenching recovery was investigated by adding different BSA volumes to the AuNP-
C153 mixture. Figure 8 illustrates an increase in fluorescence intensity (recovery) upon adding different

volumes of BSA to the dye-NP system. A slight shift of the peak observed may be attributed to aggregation
[18].
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Figure 8. Effect of BSA on the recovery of fluorescence of C153-AuNP. Each spectrum is an average of three trials
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A possible explanation for the BSA effect is its affinity with AuNPs to form complex-combined
structures through adsorbing onto the surface of AuNPs that might have detached the C153 molecules from
the AuNPs’ surface results on the free C153 molecules, which are highly fluorescent [12]. The AuNP-BSA
structures may also aggregate, increasing the distance from the C153 molecules, subsequently leading to
the C153 fluorescence recovery [23]. This fluorescence recovery process may be used to detect and identify
proteins in the buffer and serum. However, further experimentation is required to assess the variations of
fluorescence recovery for various proteins. The process of fluorescence quenching using the dye and
recovery by the protein is illustrated in Figure 9.

Addition of Dye Addition of Protein
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Figure 9. lllustration of fluorescence quenching and recovery by the GA-AuNPs system

Discussion

This study reports the synthesis of AuNPs using a green method utilizing GA extract as a reducing and
stabilizing agent. The formation of GA-AuNPs was confirmed by visual observation, UV-Vis spectroscopy,
TEM, and FTIR. The SPR was around 523 nm to 532 nm. UV-Vis spectroscopy and TEM results show the
spherical shape of NPs with an average size of 15 nm. FTIR revealed the functional groups of GA are
coordinated to the charged surface of the NP. The effect of GA-AuNPs on the fluorescence of C153 was
investigated and revealed that the fluorescence from C153 was effectively quenched. The quenching of
C153 followed the Stern-Volmer quenching model. The energy transfer between C153 and GA-AulNPs is
correlated to a dynamic mechanism (FRET). The fluorescence of AuNP-C153 mixture was recovered upon
adding BSA. This fluorescence turn-off/on will facilitate the development of a detection system for
detecting and identifying different proteins in the buffer and serum. These experiments are crucial to
precisely calculate the fluorescence recovery levels for discrimination of proteins and buffers.

Overall, the paper’s novelty lies in combining the green synthesis of AuNPs using GA extract and the
demonstration of fluorescence quenching of C153 dye and its recovery properties for protein detection.
This study contributes to developing sustainable and efficient NP synthesis methods and offers potential
applications in biosensing and optoelectronic devices.

Abbreviations

AuNPs: gold nanoparticles

BSA: bovine serum albumin

C153: coumarin 153

FRET: Foster resonance energy transfer
FTIR: Fourier transform infrared

GA: gum Arabic

HAuCly: gold (III) chloride trihydrate

NPs: nanoparticles
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SPR: surface plasmon resonance

TEM: transmission electron microscopy

UV-Vis: ultra-violet-visible
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