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ARTICLE INFO ABSTRACT
Keywords: In this study, green synthesis of gold nanoparticles (AuNPs) using aqueous extract from Hymenaea
Resin courbaril resin (HCR) is reported. The successful formation, functional group involvement, size,

Gold nanoparticles and morphology of the subject H. courbaril resin mediated gold nanoparticles (HCRAuNPs) were

gzeiadation confirmed by Ultra Violet-Visible (UV-vis) spectroscopy, Fourier-Transform Infrared spectros-
Anfibiotics copy (FTIR), and Transmission Electron Microscopy (TEM) techniques. Stable and high yield of
Sensing HCRAuNPs was formed in 1:15 (aqueous solution: salt solution) reacted in sunlight as indicated

by the visual colour change and appearance of surface Plasmon resonance (SPR) at 560 nm. From
the FT-IR results, the phenolic hydroxyl (-OH) functional group was found to be involved in
synthesis and stabilization of nanoparticles. The TEM analysis showed that the particles are
highly dispersed and spherical in shape with average size of 17.5 nm. The synthesized HCRAuNPs
showed significant degradation potential against organic dyes, including methylene blue (MB, 85
%), methyl orange (MO, 90 %), congo red (CR, 83 %), and para nitrophenol (PNP, 76 %) up to
180 min. The nanoparticles also demonstrated the effective detection of pharmaceutical pollut-
ants, including amoxicillin, levofloxacin, and azithromycin in aqueous environment as observable
changes in color and UV-Vis spectral graph.

1. Introduction

Presently, the global community is grappling with severe environmental pollution manifesting in different types such as sound, air,
thermal, soil, and noteworthy water pollution. The water contamination, a vital resource, is mainly attributed to dyes effluents added
by industries like plastic, paper, textiles, chemicals, and pharmaceuticals. These effluents, loaded with nonbiodegradable toxic dyes,
enter water resources, resulting to eutrophication and detrimentally disturbing aquatic life [1,2]. Furthermore, due to carcinogenic
and mutagenic effect, these dyes have risks to human health and the broader ecosystem [3]. Plentiful initiatives and methodologies
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have been described in the literature to highlight this problem, with conventional water treatment techniques like chemical coagu-
lation, activated carbon sorption, ultrafiltration, UV-light degradation, and electrochemical methods being generally employed for dye
degradation [4]. However, these methods often exhibit toxicity, produce byproducts, expensive, and labor intensive. In response to
environmental concerns, researchers have turned to alternative water treatment methods, with nano-catalysis emerging as a viable
solution [5,6]. Notably, noble metal nanoparticles (NPs), owing to their large surface-to-volume ratio and finite size, have proven to be
effective catalysts for dye degradation, with gold nanoparticles (AuNPs) being particularly favored due to their catalytic and opto-
electrical properties, finding applications in diverse fields such as biosensors, optics, antibacterial agents, and anticancer agents [7-9].

Synthesis of AuNPs traditionally involves physical and chemical methods documented in the literature. Unfortunately, many of
these methods employ toxic chemicals as starting materials, releasing hazardous by-products detrimental to human life and the
ecosystem. Green route for AuNPs synthesis using plants, bacteria, fungi, macro algae (seaweeds), microalgae (cyanobacteria and
diatoms) and their by-products (protein and lipids) have gained a great attention due to the reduced toxicity, biocompatibility, energy
saving, non-toxic nature, managing climate change/global warning, environmental friendliness, and more sensible utilization of
natural resources/agricultural waste [10-13]. Plants consist of bioactive phytochemicals (terpenoids, flavonoids, phenolics, tannins,
essential oils), which reduce the metallic ions and result in NPs formation. Metal ions undergo oxidation or reduction during the
process, depending on the biological media utilized [14]. The process begins with the nucleation of the metallic material and then
progresses to the production of NPs within the mixture. According to literature, plant extracts are the superior biological media
because they are more stable, decrease metal ions faster, and are simpler to scale up [15]. The phytochemicals containing functional
groups such as hydroxyl (-OH), carbonyl (-), carboxyl (-COOH), aldehyde (-CHO), and oxygenated essential oils (EOs) play an
important role in reducing and stabilizing NMs [16].

Due to widespread availability, low cost, environmental friendliness, plants are increasingly used for AuNPs synthesis. For example,
Chidambaram et al. (2024) [17] utilized Abutilon theophrasti, Origanum majorana, Euphorbia hirta, and Senna auriculata for AuNPs
synthesis. Similarly, various fruits and vegetables have also been reducing and stabilizing agents for AuNPs [18,19].

The precise and convenient detection of chemical and biological agents holds immense significance across diverse applications,
encompassing fields like food and environmental monitoring, disease diagnostics, and forensics [20,21]. Among the array of detection
techniques available, colorimetric sensors have garnered considerable attention due to their user-friendly nature, relatively
straightforward design, and the ability to provide equipment-free readouts visible to the naked eye, rendering them particularly
advantageous for on-site detection scenarios [22,23]. Nanomaterials (NMs) due to lower limits of detection and higher sensitivity are
extensively used in sensing application. The covalent linkage of NMs to biomolecules enhances the sensing performance. AuNPs due to
their light-scattering properties, strong optical absorption, unique chemical, biological, electronic properties, low or no toxicity, and
fluorescence quenching has been widely used as sensors for optical recognition of antibiotics. Their unique optical properties are
attributed to the mutual electronic oscillations at their surface, which can be easily shape up to the desired optical properties via
controlling experimental parameters. Furthermore, AuNPs is also getting popular due to its simple preparation procedure [24]. To
date, colorimetric assays based on AuNPs have been effectively employed for the detection of a wide spectrum of analytes, encom-
passing small molecules, nucleic acids, proteins, and metal ions [25-27].

Hymeneae courbrail L. belongs to the family Leguminosae and is distributed throughout the tropical and Himalaya region. Tradi-
tionally this plant is commonly used to cure pain, inflammation, headache, colds, and bronchitis [28]. H. courbrail L. resin extracts
have been reported in literature for the presence of good concentrations of flavonoids, terpenes and coumarins [29]. Taking the vast
medicinal applications and lack of nanostructural study on H. courbrail L. resin into consideration, the current study was aimed at
synthesizing HCRAuNPs via green nanotechnology utilizing aqueous extract. The bio-based HCRAuNPs underwent comprehensive
characterization through UV-Vis, FT-IR, and TEM experiments. The characterized AuNPs were then tested for their catalytic properties
in dyes degradation and colorimetric sensing of selected antibiotics in water and biological samples including blood and urine.

2. Materials and methods
2.1. Selection of plant

H. courbaril resin (HCR) was collected in glass vials from Kohat, Khyber Pakhtunkhwa, Pakistan during flowering season, and
refrigerated for use. The plant was identified by a taxonomist at the Department of Botany, Kohat University of Science and Tech-
nology, Kohat. It is a rich source of phenolic phytochemicals, which can be used as reducing and stabilizing agents in AuNPs synthesis.

2.2. Chemicals, reagents, and instrumentation

Analytical grade reagents, including gold chloride or chloroauric acid (HAuCls.4H20) were procured from Sigma Aldrich (Ger-
many). The extracting solvents included ultrapure deionized water and ethanol. The dyes methylene blue, congo red, malachite green,
para nitrophenol, and methyl orange were acquired from Merck (Germany). The antiseptic levofloxacin, amoxicillin and azithromycin
were procured from Abbott (US). Deionized water was obtained from Q Millipore system. Confirmation of gold nanoparticles (AuNPs)
synthesis was carried on Shimadzu UV-visible spectrophotometer (UV-1800). The HCRAuNPs were dispersed in deionized water using
quartz cuvettes, and the instrument was calibrated using distilled water within the 200-800 nm range. Subsequently, alongside
deionized water was employed as a reference. Functional groups in extracts involved in AuNPs synthesis were identified on Bruker FT-
IR spectrometer within the range of 4000-400 cm™*. Morphology and sizes of AuNPs were determined by FE-SEM (field emission-
scanning electron microscope, Model 4800, Hitachi, Japan) and TEM (transmission electron microscopy, Phillips CM12,
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Eindhoven, Netherlands) techniques. The operating procedures for SEM analysis were set as accelerating voltage (15 kV), magnifi-
cation (x2.0 k),and working distance (7.7 mm). The TEM was operated at 120 kV. The samples were stained using uranyl acetate and
sandwiched between two copper holders before being examined using a TEM microscope at various magnifications.

2.3. Extraction

To remove any dust and dirt, the resin was washed thoroughly with deionized water, dried in oven for 2 h at 60 °C. Then, it was
finely chopped into fine powder. To prepare an aqueous extract, 10 g of HCR fine powder was dispersed in 100 mL deionized water.
The mixture was filtered after being thoroughly heated for 2 h at 60 °C in a water bath.

2.4. Synthesis of HCRAuUNPs

HCRAuNPs were synthesized by mixing different ratios (1:1, 1:2, 1:5, 1:10, 1:15, and 1:20) of gold salt solution (0.01 M) with 10 %
resin solution [30]. Synthesis was carried out under several analytical parameters, including incubation, direct sunlight irradiation,
stirring, and heating. The mixture color was noticed visually at time intervals (0-180 min), and then examined by electronic spec-
troscopy/UV-visible spectroscopy for appearance of SPR. The synthesized AuNPs were then separated by centrifugation at 10,000 rpm
for about 15 min, washed, dried, and stored for further use.

2.5. Temperature and pH optimization for HCRAuNPs synthesis

In this study, AuNPs were synthesized and optimized for several factors such as ratios of HCR extract and gold salt solution, pH,
temperature, and time for irradiation. The effect of temperature and pH on stability, physicochemical, and catalytic properties of
HCRAuUNPs has been studied according to previously published procedures [30]. The effect of temperature on AgNPs was studied in the
range of 30-90°C with an increment of 10°C, and pH was adjusted from 2 to 12. pH was kept varied with hydrochloric acid (0.01 M)
and sodium hydroxide (0.01 M) solutions. The changes in intrinsic SPR peak at various pH were recorded. The reaction mixtures were
allowed to react in cuvette by shaking for 45-60 s, and then analyzed by UV-Vis spectroscopy.

2.6. Catalytic property of HCRAuNPs in dyes degradation

Catalytic potential of the synthesized HCRAuNPs in dyes degradation was determined using the established procedure previously
published [31-33]. Briefly, 5.0 mg of synthesized HCRAuNPs were added to each dye solution (3.0 mL, 1.0 mM). The reaction mixtures
were shaken for 2-3 min, and then exposed to direct sunshine. After 5.0 min of exposure to sunshine, the color change of each dye was
recorded. Similarly, blank solutions were without the addition of HCRAuNPs and kept in direct sunshine. UV-visible spectra for these
solutions were subsequently measured within 200-800 nm range. The percentage photocatalytic degradation was computed by the
given equation (1).

A0—A

TR 100 (€9)]

Degradation (%) =

In the equation above, A0 is the absorption of dye solution and A is the absorption after degradation.

2.7. Sensing properties of HCRAuNPs in antibiotics detection

The antibiotics detection by HCRAuNPs in the current study was conducted by a procedure of Khan et al. (2023) [34]. In the
procedure, working solutions (0.1 mM) of antibiotics were prepared in a suitable solvent (50 % ethanol). Each antibiotic solution (5.0
mL) was charged with 2.0 mg of HCRAuUNPs and thoroughly shaken for 2-3 min. The control included the antibiotics solution only.
After that, the UV-visible analysis of these reaction mixtures was conducted in range of 200-800 nm for 0-180 min. Furthermore, the
linear ranges and limit of detection (LOD) of the HCRAuNPs were evaluated to determine the feasibility of detecting antibiotics. The
limits of detection (LOD) were calculated as three times standard deviations (3xSD) from ten replicates of blank per slope of the
calibration curve.

3. Results and discussion
3.1. Synthesis of gold nanoparticles

Under optimal conditions, resin-assisted HCRAUNPs were successfully synthesized. According to the results, HCR functioned both
as a stabilizing and reducing agent in the synthesis of HCRAuNPs. The OH group in the constituents of resin is oxidized to carbonyl
groups, reducing the gold ions (Au>") to elemental form (Au®) as shown in the chemical equation (2) given below suggested by Kumar
et al. (2021) [35].

Aw’" + -CHO/OH - Au’ + ~COOH/C=0 @



N. Khan et al. Heliyon 10 (2024) 30105

1:1 to 1:15

0 to 180 min

HO. lo}

o
" o
OH o
o OH o i 0
o o O OH o HO
7 OH — 5 —OH + Au(1In) _ oH +
o~ OH o .
e OH
HO Reducing end
OH OH

HCR solution Gold salt solution HCRAuUNPs

Fig. 1. Proposed reaction mechanism in HCRAuNPs synthesis.
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Fig. 2. Successive UV-Vis absorption spectra (200-800 nm) of HCRAuNPs synthesis based on composition ratio (a) 1:1, (b) 1:5, (c) 1:10, and (d)
1:15 of gold salt and HCR aqueous extract under sunlight. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 4. FT-IR spectra of HCR aqueous extract and HCR aqueous extract mediated HCRAuNPs.

Another study by Tagad et al. (2014) [36] concluded that the hydroxyl groups (OH) and the hemiacetal (RHC(OH)OR) reducing
ends of the gum/resin are the active reaction centers/points, which facilitate Au(III) to Au(0) as shown in Fig. 1.

In the current study, the AuNPs synthesis was examined under various physical parameters. The color change, followed by elec-
tronic/UV-Vis spectroscopy, FTIR, SEM, and TEM analysis, validated the synthesis of nanoparticles. The provided ratios (1:1, 1:2, 1:5,
1:10, 1:15 and 1:20) of aqueous solution of HCR and gold chloride salt indicated successful formation of HCRAuNPs under direct
sunshine. Preliminarily, the synthesis was confirmed by colour change from yellow to ruby red/purple and then by the appearance of
SPR band at 520-60 nm range in the UV-visible spectroscopy. The spectral graph (Fig. 2a—d) displaying a characteristic SPR absorption
at 560 nm confirmed HCRAuNPs formation. The UV-visible spectra (Fig. 2d) indicated that among the ratios of 1:1. 1:5, 1:10, and 1:15,
sunlight at a ratio of 1:15 resulted in the formation of the most stable and high yield HCRAuNPs as indicated by the intensity of
absorption peak at 550-560 nm [37]. Similarly, the distinctive peak intensity and position in response to time and direct sun irra-
diation revealed a high concentration of HCRAuNPs for 180 min, which could be considered an ideal time for HCRAuNP synthesis.
Moreover, by increasing the time beyond 180 min and the ratio (>1:15), a wider SPR band towards red shift and turbidity was
observed in the AuNPs dispersion, which indicates the agglomeration beyond these parameters [38].

3.2. Effect of temperature and pH on HCRAuNPs synthesis and stability

The temperature influence on the synthesis of HCRAuNPs can be observed in the UV-visible spectra (Fig. 3a). The intensity of the
distinctive SPR peak increased with increasing temperature. The position and strength of different SPR peaks indicate that stable
HCRAuNPs synthesis occurred at 60 °C. The shift and broadening of characteristic peaks with increasing temperature revealed that
these nanoparticles (NPs) are unstable and agglomerated. Under sunlight, 60 °C was found to be ideal temperature for the synthesis of
HCRAuNPs.

On the other hand, the pH effect on the formation of HCRAuUNPs indicated that at 1:15 ratio in sunlight irradiation, a 7.5 is appeared
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Fig. 5. Size/surface morphology of HCRAuNPs by (a) SEM, (b) TEM, and (c) histogram distribution plot.

to be the best pH for the subject AuNPs synthesis as demonstrated by a very sharp SPR peak (Fig. 3b). The higher pH (8-10) suggested
that the reactants are rapidly used in precipitation. Furthermore, the pH has a considerable influence on the morphology and size of
AuNPs, since quick salt reduction and uniform nucleation at high optimal pH leads to good AuNPs formation [39].

3.3. Characterization of synthesized HCRAuUNPs

The synthesized HCRAuNPs were subjected to various analyses such as FT-IR for the determination of presence and involvement of
the functional groups in AuNPs synthesis, and TEM for size and morphology determination.

3.3.1. Characterization by FT-IR spectroscopy

The FT-IR analysis of HCR and HCRAuNPs was recorded to identify the possible functional groups present in the phytochemicals of
HCR, which are responsible for the reduction of gold ions (Auh) and stabilizing the reduced HCRAuNPs. The FTIR spectra of HCR
showed characteristic broad band for OH stretching vibration at 3331 cm™! (Fig. 4). C=0 stretching vibration was observed at a
frequency of 1725 cm~ L. Bands at 2926,/2922 ¢cm™ ! indicate the aliphatic —C-H stretching vibrations [40]. In case of HCRAuNPs, the
characteristic stretching vibration band of OH stretching vibration is shifted toward lower/decreased/disappeared frequency (Fig. 4).
The shift of OH and CO bands in HCRAuNPs spectra demonstrated that OH group is actively involved in AuNPs synthesis. The OH
groups of the sugar units (polysaccharides) are assumed to be active in the reduction and stability of HCRAuNPs, as demonstrated by
comparative study of the FTIR spectra. The reduction of Au(IIl) to Au(0) by OH group and the hemiacetal (RHC(OH)OR) reducing ends
of the gum/resin is further confirmed by an appearance of absorption peak at 1752 cm ™! which is assigned to the carboxyl group
formed by the oxidation of hemiacetal/aldehyde groups) upon the addition of Au>* jons [36]. The results of the FTIR analysis of HCR
and HCRAuUNPs revealed that an organic layer from the HCR aqueous solution is formed around the HCRAuNPs, and the reduction of
Au®t to Au is attributed to be carried out by the polysaccharides present in HCR [41].

3.3.2. Characterization by SEM and TEM

To determine the size and shape of HCRAuNPs, SEM and TEM analyses were conducted. The SEM image (Fig. 5a) demonstrated
spherical shapes with some rectangle-shaped particles in them. TEM image (Fig. 5b) demonstrated that the average size of HCRAuNPs
is 17.5 nm, as revealed from the histogram distribution plot (Fig. 5c).

3.4. Dyes degradation by HCR-AuNPs

Photocatalytic activity of the NPs is to create an electron-hole pair by exposure to solar radiation. This activity of NPs has potential
use in sterilization, sanitation, and wastewater remediation as anti-soiling, antifungal, anti-bacterial, and antiviral agent under
exposure to solar/visible/ultraviolet light. Kumar et al. (2021) [35] suggests that in photocatalysis, the excitons formed react with the
exciton trapping molecules adsorbed on the surface of catalyst forming free radicals, which in turn react with the organic dye mol-
ecules. In this process, the electrons of nanocatalyst excite by absorbing photons from valence band to conduction band, thus,
generating electron (e—)/hole (h+) pairs. The holes react with water (H20) molecules as well as with the surface-adsorbed hydroxide
ions, forming hydroxyl radical (¢OH) and hydronium ions (H+). Then, the ¢OH radicals absorbed on the surface of the catalyst oxidize
the dye to small inorganic molecules. The photocatalytic degradation mechanism of MNPs is represented by the following reactions
(3-9) outlined by Kumar et al. (2021) in his publication.

MNPs + hv — ht + e~ (photo generation of excitons) 3)
B+he — «OH+ Hi )
OH +ht—*OH§ 0~ 30 )
5@H+ > gDOH/H 6)
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In the study, the synthesized HCRAuNPs were analyzed for their catalytic activity in dyes degradation. The toxic dyes, MB, MO, CR,
and PNP were significantly degraded as depicted in Fig. 6a—d. In the absence of HCRAuNPs, these dyes showed stability under sunlight
irradiation. However, in the presence of HCRAuNPs, the dyes degraded significantly, which suggests the photo catalytic potential of
the subject NPs. At zero time (tp), the decrease in absorption intensity of dyes at their characteristic wavelength demonstrated the
attachment of dyes over the surface of NPs. The provided UV-visible spectra (Fig. 6a-d) showed that HCRAuNPs successfully degraded
the dyes for up to 180 min. Furthermore, the irregularity in UV-visible spectral An,x of the test dyes up to 10 min indicated the spread
and interaction over the surface of HCRAuNPs. The HCRAuNPs showed the highest degradation potential for MO with 90 % degra-
dation. Similarly, MB and RhB were significantly degraded, with 85 % and 83 % degradation. The percentage degradation of CR and
PNP was 68 % and 76 %. The provided data revealed that the synthesized HCRAuNPs have significant degradation potential and lower
activation energy.

3.5. Sensing of antibiotics (pharmaceutical pollutants) by HCRAuNPs

The synthesized HCRAuNPs were used for colorimetric sensing of broad-spectrum antibiotics including levofloxacin, amoxicillin,
and azithromycin. A 1.0 mg HCRAuNPs was added to 3 mL (0.1 mM solution) of antibiotics. The optimal conditions for sensing of these
antibiotics are found to be (35 °C, 15 min, and pH 7). The comparative UV-visible spectra (Fig. 7) revealed high sensitivity and
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Fig. 8. Successive UV-Vis absorption spectra showing (a & b) AZM, (c & d) AMX, and (e & f) LFX antibiotics sensing by HCRAuNPs in blood plasma
and urine samples, respectively.

specificity of the synthesized HCRAuNPs in antibiotic detection. LFX (Fig. 7a) exhibits an absorption peak at Ayax 288 nm. Upon the
addition of HCRAuUNPs, this Ayax gets reduced. Similarly, AMX (Fig. 7b) having an absorption maximum at Apax 229 nm and 278 nm,
and AZM (Fig. 7¢) at Amax 212 nm and 367 nm, lead to reduction with time interval upon HCRAuNPs addition. This decrease in Ay x of
respective antibiotics is due to decrease in the concentration via their adsorption on HCRAuNPs surface. The antibiotics were also
significantly detected in real samples, including blood plasma and urine collected from patients provided with these antibiotics.
Furthermore, Fig. 8a-f depicts the results of antibiotics (AZM, AMX, and LFX) detection by HCRAuNPs in blood plasma and urine
samples. Because of the hydrogen-bonding interaction, the synthesized HCRAuNPs showed a high affinity for antibiotics. Inter-particle
cross-linking of AuNPs occurs as a result, leading to naked color shifts as shown by UV-visible spectra. Different classes of antibiotics
adsorb on NPs with different potential due to the differences in their dispersibility, temperature, pH, class and volume, and hence,
remove with different extent. Previous reports revealed that NPs due to different functional groups from various phytoconstituents on
their surfaces possess some negatively charged ions. The antibiotic molecules are positively charged, which leads to the cation-



N. Khan et al. Heliyon 10 (2024) e30105

Table 1

Linear ranges and limits of detection (LOD) in antibiotics sensing by HCRAuNPs.
Antibiotic molecule Linear range (mM) LOD (mM)
AMX 0.02-0.24 0.015
LFX 0.03-0.21 0.012
AZM 0.03-0.18 0.013

exchange or n-x interaction mechanism with NPs, and ultimately increase their adsorption on the surface of NPs [42]. In the detection
performance of the HCRAuNPs in antibiotics detection, the linear ranges and the LOD found are listed in Table 1. The minimum
detection limit was exhibited for LFX followed by AZM. These results are in good agreement to several previous literature [43,44].

4. Conclusions

In the current research study, the successful synthesis of gold nanoparticles utilizing a novel H. courbaril resin has been achieved.
The optimal synthesis of HCRAuNPs was achieved using an aqueous solution of HCR and gold salt in 1:15 under direct sunlight
irradiation, which proved to be an inexpensive, straightforward, and environment friendly method. Comprehensive characterizations
confirmed the spherical nature of the synthesized HCRAuNPs. Infrared spectroscopy indicates the presence of polysaccharides and
phenolic compounds in the HCR extract, which is responsible for the reduction of gold salt (Au®*) to Au®. However, other phyto-
chemicals present in HCR likely act as capping agents, preventing agglomeration. Transmission electron micrograph revealed the
spherical morphology of the synthesized HCRAuNPs with an average size of 17.5 nm. Furthermore, the photocatalytic degradation of
dyes using the synthesized HCRAuUNPs as a catalyst was conducted. The synthesized HCRAuNPs exhibited remarkable efficacy with
substantial percentage degradation (reaching up to 90 %) in the degradation of methylene blue, methyl orange, congo red, and
paranitrophenol. Moreover, the synthesized HCRAuNPs demonstrated promising colourimetric sensing capabilities against selected
antibiotics: amoxicillin, azithromycin, and levofloxacin. Consequently, prepared HCRAuNPs hold significant potential for commercial
applications in dye degradation and antibiotic sensing.
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