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Abstract: The green synthesis of metallic nanoparticles is an emerging and promising field owing 
to its environmentally friendly nature and diverse applications. In this article, a new technology for 
the green synthesis of functional ultrastable biopolymer gold nanoparticles is introduced. This 
approach employs thiolated single-stranded DNA (ssDNA-SH) aptamers instead of conventional 
self-assembled monolayers, resulting in the production of highly stable aptamer-tagged gold-core-
shell nanoparticles. A comprehensive discussion on the use of glucose as a simple reducing agent 
for the green synthesis of Au nanoparticles and the utilization of ssDNA-SH aptamers as smart and 
biologically functional capping agents is provided. The potential of this innovative approach for the 
green synthesis of nanoparticles is demonstrated through a case study involving the use of the 
naked eye for qualitative detection of human fungal infections caused by Candida albicans for 
women's health. 

Keywords: Women’s health; Biosensing; Organometallic nanoparticles; Green-synthesis 
nanoparticles; vaginal candidiasis; Candida albicans 

 

1. Introduction 

NPs are a distinct class of material distinguished by their small size and high surface-to-volume 
ratio. They have many applications in electronics, catalysis, medicine, and energy [1–4]. The most 
common approaches for producing nanoparticles are chemical methods (bottom-up techniques), 
physical methods (top-down techniques), and biological methods (extracts of active biological 
substances) [5,6]. Chemical methods offer precise control of nanoparticle size, shape and composition 
[7] but may involve toxic solvents and reducing agents [8,9]. Physical methods create stable 
nanoparticles with great crystallinity at large scales, but they are energy intensive and require 
specialized equipment and facilities [10]. Biological methods using organisms such as bacteria have 
environmental benefits but are harder to control and unsuitable for large-scale synthesis [11,12]. 

The green synthesis of metallic nanoparticles using natural resources such as plant extracts, 
microorganisms, and minerals as reducing and stabilizing agents is an environmentally friendly and 
cost-effective alternative to conventional chemical methods [13,14]. The green synthesis of gold and 
silver nanoparticles involves the reduction of metal ions present in solution to their metallic form by 
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reducing agents. The size and shape of the nanoparticles can be controlled by adjusting the reaction 
conditions, such as the temperature, time, and concentration of the reactants [15–17]. The major 
advantages of the green synthesis of gold and silver nanoparticles include particle stability, improved 
biological activity, cost effectiveness and eco-friendliness [18–23]. However, green synthesis methods 
need to overcome some related problems, including a lack of standardization, reproducibility, and 
scalability [13,24,25], if they are to be applied at scale, for example, in point-of-care diagnosis. 

Approximately 75% of women experience at least one episode of vaginal candidiasis [26], a 
fungal infection caused by the overgrowth of Candida species in the vaginal area. This fungal 
infection leads to symptoms such as itching, burning and discharge, which can be mild to severe 
depending on the degree of the infection [27]. Furthermore, studies have suggested that vaginal 
candidiasis may increase the risk of sexually transmitted infections due to changes in the vaginal 
microbiome [28]. Recurrent vulvovaginal candidiasis (RVVC) is defined as four or more episodes of 
vaginal candidiasis within a year; this disease is difficult to manage and may require prolonged 
antifungal therapy, leading to increased healthcare costs and medication-related side effects [27,29]. 
According to a systematic review published in The Lancet Infectious Diseases journal, the global 
burden of RVVC is estimated to be approximately 138 million cases annually [29]. 

The most common causal agent for vaginal candidiasis is Candida albicans (CA), although it can 
be caused by other Candida species, such as Candida glabrata and Candida tropicalis . CA features a cell 
wall that consists of an inner skeletal layer containing chitin and β-glucan ((1→3)-β-D-glucan and 
(1→6)-β-D-glucan), as well as an outer layer containing highly glycosylated mannoprotein, which 
consists of approximately 84% water-insoluble (1→3)-β-D-glucan [30,31]. The detection of (1→3)-β-
D-glucans has shown good overall performance and high sensitivity (80-90%) in patients with 
candidiasis [32,33]. The glucan-specific Limulus amebocyte lysate (LAL) (G-test) is the most widely 
used method for (1→3)-β-D-glucan measurement and has a sensitivity of 1–10 pg/ml. However, this 
platform requires high-quality samples and may be prone to false-positive results [31]. Using the 
systematic evolution of ligands by exponential enrichment (SELEX) technique, the AD1 aptamer is a 
DNA oligonucleotide that specifically binds to the (1→3)-β-D-glucans on the cell wall of CA with 
high affinity [31]. In addition, AD1-conjugated nanoparticles have been demonstrated to bind to a 
variety of morphological forms of CA, including yeast cells, germ tubes, hyphal biofilms and 
extracellular matrix material [31,34]. Therefore, this promising ligand was chosen for CA detection in 
this study. 

In this study, we used a novel combination of green chemical synthesis and modern 
nanotechnology processes to create gold nanoparticles for use as a straightforward solution for the 
early detection of vaginal candidiasis. Figure 1 shows the working principle for detecting Candida 
albicans (CA) in vaginal fluid via the green synthesis of gold nanoparticles (GNPs) functionalized 
with the anti-(1→3)-β-D-glucan (BDG) single-stranded DNA aptamer (ssDNA). This technology 
provides a more sustainable and environmentally friendly alternative to standard chemical synthesis 
methods, and it also produces metallic nanoparticles in a more efficient and cost-effective manner 
combined with high stability, reproducibility, and scalability. 
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Figure 1. Working principle of the CA detection assay using green synthesis of aptamer-
functionalized gold nanoparticles. 

Unlike some existing diagnostic methods for treating vaginal candidiasis, this approach is 
straightforward and accessible to a broader spectrum of healthcare providers. This approach 
overcomes these limitations by offering improved accuracy and sensitivity and rapid results, 
potentially outperforming traditional culture-based methods. Moreover, this noninvasive method, 
which requires minimal vaginal fluid sampling, holds promise for enhancing the speed and precision 
of CA infection diagnosis, ultimately facilitating prompt treatment initiation and improved patient 
care. This approach aims to overcome the limitations of the current detection methods while being 
simple to use and not requiring any additional training or knowledge. 

2. Materials and Methods 

2.1. Reagents, Microbiology Culture, and Apparatus 

Auric chloride (Gold(III) chloride trihydrate–Tetra chloroauric acid, HAuCl4.3H2O, MW=393.83) 
and Tween-20 were obtained from Merck and prepared according to the manufacturer’s 
specifications. D-Glucose (MW=180.16) and NaOH (MW=40.00) were purchased from Merck Pty. 
Ltd., an affiliate of Merck KGaA, Darmstadt, Germany. Milli-Q water (≥18 MΩ·cm) was used for all 
reagent preparations. Candida albicans and Botrytis cinerea species were purchased from American 
Type Culture Collection (ATCC), Virginia, USA, and cultured following recommended protocols. 

Thiol-modified single-stranded DNA (ssDNA-SH) anti- (1,3)-β-d-glucan (BDG) aptamer was 
purchased from Integrated DNA Technologies (IDT) and subjected to reduction as per the 
recommended procedure prior to usage. The detailed aptamer sequence was 5’-ThioMC6-D- GCG 
GAA TTC GAA CAG TCC GAG CCC ACA CGT GTG AGA AGG GTG TTA TCA TGT ATT TCG 
TGT TCC TTT CGT CAT TCC TTT GTC TGG GGT CAA TGC GTC ATA GGA TCC CGC -3’ [31]. 

A vaginal fluid mimicking solution [35] was prepared from the recipe used by Owen and Katz 
(1999). The solution consisted of NaCl (MW=58.44), KOH (MW=56.11), Ca(OH)2 (MW=74.09), bovine 
serum albumin, lactic acid (L+) (MW=90.08), glacial acetic acid (MW=60.05), glycerol (MW=92.09), 
urea (MW=60.06) and D-glucose monohydrate (MW=198.17). The combined reagents were diluted to 
a total volume of 1 L with Milli-Q® water, and the pH of the solution was adjusted to 4.2 using HCl. 
The solution was then vacuum filtered, and UV sterilized before being aliquoted for later use. 

2.2. Instant Green Synthesis of Functional Ultrastable Gold Nanoparticles (USGNPs) 

To functionalize the nanoparticles with the ssDNA-SH aptamer, 10 mL of particles were made 
within a glass vial according to the following protocol. First, 4,400 μL of 0.01% Tween-20 H2O was 
added to a glass vial, followed by the addition of 600 μL of 10 mM AuCl3 (gold(III) chloride). Then, 
2,500 μL of 100 mM glucose was added, followed by the addition of 2,500 μL of 50 nM of the ssDNA-
SH (anti-BDG) aptamer. The aptamer solution was prepared by mixing 1.25 μL of 100 μM aptamer 
stock solution with 2,498.75 μL of 0.01% Tween-20 H2O solution. The glass vial was placed onto a 
magnetic stirrer for 5 minutes at 500 rpm at room temperature, after which a strong reducing agent 
(sodium hydroxide solution 1.0 M) was added to form GNPs, for a final pH ≥8.5 for instant generation 
of a shiny pink solution of USGNP. The synthesized solution was further mixed at room temperature 
for an additional 5 minutes using a magnetic stirrer at 500 rpm to produce a high yield of uniformly 
sized, stable nanoparticles. 

2.3. UV‒Vis Spectroscopy 

The absorption of the ssDNA-SH aptamer-functionalized GNPs was characterized using UV‒
visible spectroscopy (NanoDrop ND-1000 spectrophotometer, Thermo Scientific, MA, USA). Two 
microliters of particle sample was pipetted onto the measurement pedestal. Spectral measurements 
were then performed, monitoring the absorbance values at wavelengths ranging from 220 nm to 800 
nm. 
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2.4. Particle Size and Zeta Potential Measurements Using Dynamic Light Scattering (DLS) 

The hydrodynamic size and surface charge of the NPs were examined using dynamic light 
scattering (DLS) on an Anton Paar LiteSizer DLS Particle Size Analyzer. To determine the particle 
size of the functionalized GNPs, 100 μL of the nanoparticles were suspended in 900 μL of water and 
placed in a LiteSizer for analysis using a disposable cuvette (10×10×45 mm). A volume of 1 mL of the 
same mixture was measured in an omega cuvette utilizing the Zeta measurement mode for the Zeta 
potential analysis. 

2.5. Particle Size Analysis and Concentration Determination via Nanoparticle Tracking Analysis (NTA) 

Nanoparticle tracking analysis (NTA) was also used to compare the hydrodynamic diameter of 
the nanoparticles based on Brownian motion. For this purpose, 100 μL of nanoparticles was 
suspended in 900 μL of water, and the mixture was subsequently transferred to a 1-mL syringe on a 
NanoSight syringe pump. The measurements were obtained at 25°C with a violet laser (405 nm) on a 
Malvern Panalytical NanoSight NS300 instrument. 

2.6. Particle Size and Shape Analysis by Scanning Electron Microscopy (SEM) 

A TESCAN Mira3 scanning electron microscope at 10 kV was used to characterize the size and 
shape of the GNPs. The sample was dispersed onto a conductive substrate and sputter-coated with a 
thin layer of platinum. 

2.7. Particle Size and Shape Analysis via Transmission Electron Microscopy (TEM) 

To characterize the size and shape of the GNPs, a high-resolution imaging capability of a 
transmission electron microscope (TEM), specifically a JEOL 2100 operating at 200 kV, was employed. 

2.8. Colorimetric Detection Assay of CA 

As a nonspecific control, we used the fungus Botrytis cinerea, which grows on and infects grapes. 
This fungus presents a problem within the wine industry because it produces the β-1,3-1,6-glucan 
polysaccharide that aggregates in the presence of ethanol in wine and blocks filtration during 
filtration [36]. This fungal strain was selected as a control to rule out false-positive results due to its 
overexpression of the β-1,3-1,6-glucan polysaccharide. 

For the detection assays, three setups were prepared: a blank sample (vaginal simulant mimic), 
a nonspecific control fungus (Botrytis cinerea), and a target fungus CA suspended in vaginal fluid 
mimicking solution. A total of 100 μL of the aptamer-functionalized nanoparticles was mixed with 
100 μL of vaginal fluid mimicking solution and 50 μL of sample. All reaction tubes were incubated 
at 37°C for 30 minutes before UV‒Vis spectroscopy analysis. 

3. Results and Discussion 

3.1. Instant Green Synthesis and Characterization of Functional Ultrastable Gold Nanoparticles (USGNPs) 

A unique green chemical technique was employed to synthesize anti-BDG aptamer (ssDNA-
SH)-functionalized GNPs from an auric chloride solution, thereby obviating the necessity for citrate 
(which requires high-temperature reactions) or sodium borate (known for its toxicity). The novel 
particles, designated ultrastable gold nanoparticles (USGNPs), were formed instantly upon the 
addition of a reducing agent (Figure 2A and Supplemental Video S1). 
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Figure 2. Characterization of the ultrastable gold nanoparticles. (a) Color of the USGNP solution. (b) 
UV‒Vis absorption spectrum of USGNPs. The solid line represents the readings on day 0, while the 
dashed line represents the readings on day 5. (c) Persistence of color indicating the stability of 
USGNPs at different concentrations of sodium chloride for 1 hour. (e) Zeta potential of USGNP-NPs 
suspended in PBS. 

UV‒Vis spectroscopy measurements indicated that the novel nanoparticles had a peak at 541 
nm, and the peak optical density decreased only slightly after 5 days at 4°C (Figure 2B). More 
importantly, for various applications where a physiological saline concentration is required to mimic 
biological conditions, USGNPs were able to withstand up to 1 M NaCl for at least 1 hour (Figure 2C). 
Furthermore, the zeta potential of the USGNPs in physiological PBS was measured via 
electrophoretic light scattering. The particles were observed to be slightly anionic, with a mean zeta 
potential of -16.31±1.30 mV and a distribution peak of -12.40 ± 2.01 mV (Figure 2D). Notably, the zeta 
potential of human plasma falls within the range of -18 mV to -20 mV [37,38], indicating that USGNPs 
may be suitable for in vivo applications. Additionally, the electrophoretic mobility of the particles 
was -1.16±0.12 μm*cm/Vs, while the conductivity was 3.16±0.50 mS/cm. These data indicated a high 
degree of particle stability. 

DLS analysis revealed that the mean hydrodynamic diameter of the USGNPs was 31.1±0.2 nm, 
with a polydispersity index of 24.9±0.5% (Figure 3A). However, there were 2 populations of 
nanoparticles with peak hydrodynamic diameters of 39.9±0.8 nm and 1.2±0.1 nm. Therefore, 
nanoparticle tracking analysis (NTA) was employed to further investigate the size distribution of the 
USGNPs because of its greater resolution for determining the particle size distribution. The NTA 
results confirmed the dominance of the population of particles, with sizes ranging from 20 to 100 nm 
and an average size of approximately 41.4±0.5 nm (Figure 3B). 
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Figure 3. Size distribution of USGNPs analyzed via (a) dynamic light scattering (DLS) and (b) 
nanoparticle tracking analysis (NTA). 

Consistent with the findings from DLS and NTA, SEM analysis indicated that the USGNPs 
exhibited monodispersity with a diameter of 31.2±9.0 nm (Figure 4A,B). However, observing the 
detailed morphology of USGNPs using HR-SEM was challenging due to the tiny size of the particles. 
Therefore, HR-TEM was utilized to achieve a more comprehensive understanding of the particle size, 
shape, and orientation. HR-TEM images showed that our USGNPs had a variety of morphologies, 
including nanostars, nanospheres, nanoprisms and nanorods (Figure 4C). These images depicted 
distinct characteristics and intriguing crystallographic orientations of the particles, furnishing 
insights into their growth mechanisms and surface properties. 
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Figure 4. (a) High-resolution SEM images showing monodispersed USGNPs; scale bar = 1 μm. Images 
were taken using a TESCAN Mira3 scanning electron microscope at 10 kV. (b) Size distribution 
analysis of the SEM images. (c) High-resolution TEM images showing the morphological diversity of 
USGNPs: (left) Scale bar = 100 nm; (right) Scale bar = 30 nm. Images were taken using an HR JEOL 
2100 operating at 200 kV. 

3.2. Candida Albicans Detection Assay 

The effectiveness of the synthesized USGNPs as a detection tool for Candida albicans (CA) was 
evaluated within a vaginal discharge-mimicking solution to test the stability of the particles while 
mimicking clinically relevant conditions. The vaginal discharge mimicking solution was first 
introduced by Owen and Katz in 1999 based on an intensive review of the composition of human 
vaginal fluid [35]. Glycerol was incorporated to mimic the lubricating properties of the vagina [39], 
and the medium was designed to mimic vaginal pH, ionic strength and other factors. of healthy, 
nonpregnant and premenopausal women. 

Figure 5 shows that the USGNPs were capable of specifically detecting CA in the vaginal 
discharge-mimicking solution. After 1 h of incubation at 37°C, while the negative control and blank 
samples maintained their original pink colors, only the positive samples developed a blue color due 
to the aggregation of the GNPs (Figure 5A). UV‒Vis confirmed the visual observations by revealing 
a shift in the peak absorbance from 520 nm to 570 nm (Figure 5B). 

It is important to acknowledge the limitations of our colorimetric naked-eye platform when 
working with the quantification of serially diluted samples (Figure 5C). Nevertheless, we could still 
observe changes in color from all the prepared Candida albicans samples, even when as few as 6.25x104 
fungal cells were present. An approach for quantification in colorimetric detection is to convert the 
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color information into RGB values and construct a calibration curve of analyte concentrations [40]. 
As shown in Figure 5D, although the blue and green intensities fluctuated, there was a downward 
trend in the red intensity as the concentration of C. albicans decreased. 

 
Figure 5. Preliminary evidence supporting the feasibility of the presented technology: (a) Blank 
containing a vaginal discharge-mimicking fluid, negative control containing a nonspecific fungus 
(Botrytis cinerea) in vaginal discharge-mimicking solution, and positive sample containing Candida 
albicans in a vaginal discharge-mimicking solution; (b) normalized UV‒vis absorbance spectrum 
reading of the above samples. (c) Changes in the color of serially diluted samples of C. albicans in a 
vaginal discharge mimicking solution. (d) RGB values of the above serially diluted samples. 

4. Conclusions 

In this study, we successfully developed a novel and environmentally friendly approach for the 
green synthesis of ultra-stable gold nanoparticles (USGNPs) functionalized with anti-(1→3)-β-D-
glucan (BDG) aptamers. The synthetic pathway that was employed, utilizing ssDNA-SH aptamers as 
smart and biologically functional capping agents, allowed rapid (10 minutes) and high-yield (10 mL) 
synthesis of USGNPs. This innovative method created functional nanoparticles with exceptional 
stability, repeatability, and scalability while avoiding high-temperature or hazardous chemicals. The 
USGNPs exhibited remarkable stability, as demonstrated by UV‒Vis spectroscopy, which indicated 
consistent peak absorbance over several days of storage. The nanoparticles displayed resilience 
against high salt concentrations, further enhancing their suitability for various applications. 

The successful evaluation of USGNPs as a detection tool for Candida albicans in a clinically 
relevant vaginal fluid-mimicking solution represents a significant advancement in the field of 
biomedical diagnostics. These findings provide valuable insights into the applicability of USGNPs 
for the detection of Candida albicans, a common fungal pathogen that causes vaginal infections. 
Furthermore, this detection method provides a practical and sustainable solution that could 
significantly improve the lives of many women by enabling early and precise detection, which is 
critical for effectively treating and controlling pregnancy conditions. To ensure the reliability and 
validity of the CA detection assay, the colorimetric results of a positive sample (Candida albicans), 
negative control (Botrytis cinerea), and blank (vaginal fluid mimic solution) were compared. The 
distinct colorimetric results observed in the positive samples for the (1,3)-β-d-glucan target of Candida 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 May 2024                   doi:10.20944/preprints202405.1467.v2

https://doi.org/10.20944/preprints202405.1467.v2


 9 

 

albicans confirmed the effectiveness of USGNPs in detecting the presence of the pathogen. 
Conversely, negligible particle agglomeration and a visually persistent color were obtained for both 
the negative control and blank samples, further validating the specificity of our detection method. 

The versatility of USGNPs, combined with their biocompatibility and ease of functionalization, 
make them ideal candidates for diagnostic assays in diverse clinical settings. The integration of 
USGNPs as a detection tool holds immense potential for improving the diagnosis and monitoring of 
various pathogens and is not limited to Candida albicans. Moreover, this green synthetic approach not 
only minimizes environmental impact but also enables the production of biologically functionalized 
nanoparticles, opening new possibilities for their integration into various biomolecular detection 
platforms and paving the way for the development of stable, rapid, sensitive, specific, and portable 
diagnostic devices. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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