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ABSTRACT  
Fungi, which are common in the environment, can cause a multitude of diseases. Warm, humid 

conditions allow fungi to grow and infect humans via the respiratory, digestive and reproductive 

tracts, genital area and other bodily interfaces. Fungi can be detected directly by microscopy, using 

the potassium hydroxide (KOH) test, which is the gold standard and most popular method for fungal 

screening. However, this test requires trained personnel operating specialist equipment, including a 

fluorescent microscope and culture facilities. As most acutely infected patients seek medical 
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attention within the first few days of symptoms, the optimal diagnostic test would be rapid and self-

diagnostic simplifying and improving the therapeutic outcome. In suspensions of gold nanoparticles, 

Aspergillus niger can cause a colour change from red to blue within 2 minutes, as a result of changes 

in nanoparticle shape. A similar colour change was observed in the supernatant of samples of human 

toenails dispersed in water. Scanning electron microscopy, UV/Vis and Raman spectroscopy were 

employed to monitor the changes in morphology and surface plasmon resonance of the nanoparticles. 

The correlation of colour change with the fungal infection was analysed using the absorbance ratio at 

520nm/620nm. We found a decrease in the ratio when the fungi concentration increased from 1 to 16 

CFU/mL, with a detection limit of 10 CFU/mL. The test had an 80% sensitivity and a 95% 

Specificity value for the diagnosis of Athlete’s foot in human patients. This plasmonic gold 

nanoparticle-based system for detection of fungal infections measures the change in shape of gold 

nanoparticles and generates coloured solutions with distinct tonality. Our application has the 

potential to contribute to self-diagnosis and hygiene control in laboratories/hospitals with fewer 

resources, just using the naked eye. 

 
Keywords Fungi, gold nanoparticles, plasmonic assay, self-diagnostic 
 

INTRODUCTION  

Fungi are ubiquitous in nature and can occur as unicellular yeast or filamentous bodies, as well as 

multicellular moulds [1]. When the climate is mild, moist and changeable with abundant rainfall in 

summer, the high humidity level allows fungi to grow on the surface of materials, causing human 

infections such as onychomycosis and Tinea pedis [2]. People with onychomycosis may experience 

significant psychosocial problems due to the appearance of the nail, particularly when fingers are 

infected [3, 4]. Onychomycosis is primarily caused by Dermatophytes (mainly Trichophyton rubrum 

and T. mentagrophytes) and to a lesser extent by nondermatophyte fungi such as Acremonium spp., 

Aspergillus spp., Fusarium spp., Scopulariopsis brevicaulis, C. albicans, and C. parapsilosis [5-13]. 

Tinea pedis (Athlete's foot) is another example of disease inflicted by Aspergillus fungi in humid 

weather. This disease may cause foot itching, burning, pain, and can be spread from person to person 

or by walking on contaminated objects and floors [1]. The genus Aspergillus is comprised of several 

hundred species that are ubiquitous in the environment [3]. The most common fungi are Aspergillus 
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fumigatus, Aspergillus flavus, Aspergillus niger, and Aspergillus terreus [4]. Several non-

dematiaceous fungi may also cause fungal melanonychia, including Trichophyton rubrum.  

Despite their widespread occurrence, little attention has been given to the development of new 

methods to detect the presence of such fungi [2]. Currently available diagnostic tools for detecting 

fungal infection include polymerase chain reactions (PCR) and enzymes [14]. However, PCR 

protocols have their own drawbacks, which limit their widespread application. Unfortunately, false-

positive results occur in 5.7%–14.0% of adults and as high as 83% in neonates [5]. On the other 

hand, the use of PCR to detect fungal DNA is possible in research laboratories, but is not 

standardized or FDA approved [15]. Notably, the sensitivity of PCR is higher in in vitro colonization 

than in patient infections and may cause false positives [15]. Microbiological cultures of biological 

fluids and tissue for the detection of an invasive fungal infection require multiple days and 

occasionally weeks for the identification of a specific fungal pathogen [16, 17]. Serological diagnosis 

using PCR, antibody, and toxins requires a modern medical infrastructure including expensive 

equipment, costly materials and well-trained specialists to operate the system [18, 19]. The gold 

standard procedure for fungal screening is directly by microscopy using a potassium hydroxide 

(KOH) test [19]. The KOH test is usually conducted on an outpatient basis. Results are usually 

available while the patient waits or on the next day, if sent to a clinical laboratory [19]. However, it 

requires fluorescence microscopy, as well as specialised culture conditions, which makes this method 

time consuming and requires specific training. As most acutely infected patients seek medical 

attention within the first few days of illness, a cheap, fast and simple test would allow simple home 

diagnosis and would support identification and intervention in regions with underdeveloped medical 

systems or access to clinical testing.  

 

Gold nanoparticles have been extensively investigated for cancer diagnosis [20-28]. Recently, an 

assay has been developed for HIV detection with the naked eye based on gold nanoparticle 

formulation [29]. The temperature, pH value and salt concentration have been intensively studied to 

examine their impact on the process of gold nano particle formulation on Rhizopus oryzae protein 

extract [30,31]. Here, we describe the development of a protocol to formulate gold nanoparticles, 

which react with spore forming fungi e.g. Aspergillus niger, Aspergillus Oryzae , Penicillium 

Chrysogenum and Mucor Hiemalis resulting in changes of gold nanoparticles’ (GNPs) shape and 

therefore colour, detectable with the naked eye [20,32] (see Figure 1). The goal of this study is to 
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further develop a rapid method for hygiene control based on gold nanoparticles. The development of 

a fungi detection with the naked eye is imperative, due to the growing evidence of links between 

microbial contamination and various types of health issues [33]. Samples from 25 humans were 

investigated and the results were compared between gold nanoparticle method and the existing clinic 

test, KOH on athlete’s foot. 

 
 
Figure 1. Schematic representation of the Plasmonic Fungi Gold nanoparticle system for self-
diagnostic and hygiene control of clinical fungal infection with the naked eye. 
 
 
MATERIALS AND METHODS  

Materials 

Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·4H2O) and Costar Clear Polystyrene 96-Well 

Plates were purchased from Fisher Chemical. Ascorbic acid, AgNO3, cetyltrimethylammonium 

bromide (CTAB), 10 nm gold colloid suspensions (6×1012/mL), HEPES buffer and Coomassie Blue 

solution were purchased from Sigma Aldrich. Ultrapure deionized water (resistivity greater than 18.0 

M.Ω.cm-1) was used for all solution preparations and experiments.   

 

Synthesis of Colloidal Gold diagnostic reagent 
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In order to produce a rapid test, the evolution of gold nano particle formulation was considered. The 

formulation should be rapid and the colour difference identifiable and distinguishable with the naked 

eye.  

Initially. the GNP formation process was studied in the absence of fungal samples. Stock solutions of 

2 mM Chloroauric acid and 0.1 M HEPES buffer (Sigma-Aldrich) in deionized water were prepared. 

10 µl of the 2 mM Chloroauric acid stock solutions were added to a 96 well plate and mixed with 2 

µl of the HEPES buffer in 88 µl distilled water. The colour of the solution changed from pale yellow 

to pink (indicating the formation of gold nanoparticles). The stability of the gold diagnostic reagent 

solution was tested over 6 months at room temperature (20 °C). In addition, different concentrations 

of NaNO3 in the range 0-200 mM were tested for salt stability of the gold nano particle formation 

rate in Chloroauric acid and HEPES buffer solution.  

GNP formulation was also studied in the presence of fungal cultures and human toenail samples. The 

pH values of Chloroauric acid and HEPES buffer solution were adjusted by addition of HCl. A range 

of pH values from 2.5 to 7.5 was employed in the GNP formulation in Chloroauric acid and HEPES 

buffer solution in the presence of fungi. The rate of GNP formulation was monitored.  

  

Characterisation of Colloidal Gold diagnostic reagent 

A Perkin Elmer Lambda 900 UV/VIS/NIR Spectrometer was used to measure the absorbance and to 

observe the formation and stability of GNPs. A Zetasizer Nano ZS analyser (Malvern Instruments, 

Worcestershire, UK) was used to measure the hydrodynamic particle size and zeta potentials of the 

nanoparticles. Six replicates have been measured for each data point.  

 

 

Preparation of samples of fungal infection for testing 

Toenails: All the experiments used in this study complied with current ethical considerations: 

Approval (SYXK-2007-0025) of the Ethical Committee of Shanghai Jiao Tong University 

(Shanghai, China). In this study, verbal informed consent was provided from participants, clients of 

nail salons. As some salons may not uphold optimum sanitary conditions, a customer with a fungal 

infection may unknowingly spread the infection causing a serious hygiene issue to the other 

customers. This may cause discrimination, embarrassment and damage to a customer’s self-esteem. 

The participants were informed that the study is scientifically relevant and not invasive and their 
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actions would contribute to developing a cheap, fast and simple test, which will improve population 

living standards. The participants agreed to join the research test anonymously. The participants and 

the ethic committees approved this consent procedure.   

Ten nail clippings from each of the 25 anonymous volunteers in nail salons of foot spas were 

carefully collected in sterile Eppendorf tubes at room temperature. The same day, the samples were 

transferred to the laboratory, for gold nanoparticle method, KOH staining and routine fungal 

culturing. 1.5 mL of Ultrapure deionized water was added and the Eppendorf tubes were shaken. The 

supernatants were mixed with Chloroauric acid and HEPES buffer for two mins to observe the 

results. The nails clippings were left in the Eppendorf tubes for the KOH experiment.  

 

KOH assay for detecting fungal infection in a human sample 

1 ml of 10% potassium hydroxide was added to the nail clippings Eppendorf and they were 

incubated at room temperature for fifteen minutes. The nail clippings were then placed onto a 

microscope slide. Fungi are transparent and therefore, to make them more visible, 10% lactophenol 

cotton blue stain was added and the slides were observed under bright field microscopy. A 

fluorescence microscope was used for fungal detection according to the KOH method.  

Fungi culture  

Aspergillus niger ATCC 16404, Aspergillus oryzae LZB125, Penicillium Chrysogenum LZB 141 

and Mucor hiemalis LZB 136 strains were supplied by Blades Biological Ltd. 100 µl of fungi liquid 

was spread and incubated in a sterile container for inoculation on Sabouraud dextrose agar (SDA) at 

25ºC for 5 days. Fungi were harvested in the sterile ultrapure deionized water and centrifuged at 

8,720xg for 10 min. The fungi pellet was washed twice with sterile ultrapure deionized water. The 

pellet was re-suspended in sterile ultrapure deionized water, at a concentration of 1-100 CFU/mL, 

The Aspergillus niger colonies were counted to obtain an optimal concentration of fungi [34]. The 

re-suspended fungi in sterile ultrapure deionized water was mixed with 2 mM Chloroauric   acid and 

HEPES buffer which was then dropped onto a silicon wafer and observed under Optical and 

Scanning Electron Microscopic (SEM). 

 

Bacterial strain culture 

In order to ensure the GNP sensing effect is not due to bacterial contamination, three bacteria types,  
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E. coli ATCC 25922, Bacillus cereus NCTC 11145 and Staphylococcus aureus NCTC 12493 were 

used in this study. Strains were selected to facilitate comparison with fungi studies on gold 

nanoparticles. Bacteria were spread on Tryptic soy agar (TSA, Scharlau Chemie) and incubated 

overnight at 37 ºC. Bacteria were harvested in sterile Ultrapure deionized water and centrifuged at 

8,720x g for 10 min. The cell pellet was washed twice with sterile Ultrapure deionized water, and re-

suspended at a concentration of 1-100 CFU/ml. The bacterial density was determined by measuring 

the absorbance at 550 nm using the McFarland standard (BioMérieux, Marcy-l'Étoile, France).  

 

Morphology observation under light Microscopy 

100 µl of Aspergillus niger, which had been re-suspended in liquid, was mixed with 200 µl of gold 

nanoparticle suspension. The mixture was loaded in a 1.5 ml Eppendorf tube and centrifuged at 1000 

rpm using Shandon cytospin 3. The mixture was spread onto a glass slide, mounted with mounting 

medium and covered with a cover slide. The fungal structures with gold nanoparticles were 

examined using a BX51-P Olympus microscope with 100× objective.   

 

Scanning Electron Microscopy of nanoparticle: fungi 

100 µl of Aspergillus niger, which had been re-suspended in liquid, was mixed with 2 mM 

Chloroauric acid (10 µl) and 2 µl HEPES buffer in 88 µl distilled water. The mixture was deposited 

onto silicon substrates. The samples were air dried immediately by spinning for 30 seconds and 2 

minutes on silicon substrates. The samples for gold nanoparticle without Aspergillus niger were 

chosen as a negative control (0 seconds). The sample on the silicon substrate was characterised by 

Scanning Electron Microscopy using a Hitachi SU6600 FESEM instrument at an acceleration 

voltage of 25 kV. SEM images were taken using the Secondary Electron detector. 

 

Layout of concentration of fungi and bacteria on 96 well plates 

The mixture with 2 mM Chloroauric acid (10 µl) and 2 µl HEPES buffer in 88 µl distilled water was 

added to the 96 well plate. The wells of the first row were blank, containing 100 µl Ultrapure 

deionized water. The wells from the second to fifth row were filled with 100 µl fungi suspensions. The 

concentration of fungi were 0, 1, 2, 4, 6, 8, 10, 12, 14, 16 CFU/ml from left to right in each row. The 

wells from second to fifth row were replicas for each fungi 96-well plate. Four replicates have been 
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measured for each data point. A plate layout of four fungi together from top to bottom was 

comprised of A.niger  in the second row A.oryzae in the third, P.chrysogenum in the fourth and the 

fifth with  M.hiemalis. The plate layout of three bacterial samples starting from the second row to 

fourth row were Escherichia. coli, Bacillus cereus and Staphylococcus aureus. 

 

 Surface Plasmon resonance analysis of nanoparticle: fungi 

A Perkin Elmer Lambda 900 UV/VIS/NIR Spectrometer and Zetasizer Nano ZS analyser (Malvern 

Instruments, Worcestershire, UK) were used to measure the absorbance, hydrodynamic particle size 

and zeta potentials of the nanoparticles and to observe the formation and stability of GNPs. The 

diameter, Zeta Potential and Surface Plasmon Resonance of the colloidal gold diagnostic reagent 

solutions were measured immediately after the Aspergillus niger supernatant liquids were added into 

the Chloroauric acid and HEPES buffer solution. 

 

Raman spectral analysis to confirm fungal contamination 

Raman spectroscopy was performed with a HORIBA Jobin Yvon HR800 spectrometer with 785 nm 

diode laser as source. Spectral data was collected using a 10× microscope objective over the range 

400-1800 cm−1 with a 10 sec integration time. The detector used was a 16-bit dynamic range Peltier 

cooled CCD detector. Mixtures of gold nanoparticles and re-suspended cultured fungi solutions were 

dropped onto CaF2 substrates and measured immediately. For comparison, spectra of GNPs alone 

were recorded.   

It has been shown that the spectrum of Mycotoxin can be achieved using GNPs and SERS within a 

few minutes [35, 36]. In order to confirm fungal infection by Raman spectroscopy, Surface 

Enhanced Raman of gold nanoparticles incubated with fungi were measured according to the 

preview methods of gold nanostars for surface-enhanced Raman scattering [35, 36, 37]. 

 

Statistical Analysis 

Two-tail analysis with Fisher’s test was employed to evaluate the prediction given, indicating that 

the method can successfully predict the outcome. The sensitivity and specificity of the gold 

nanoparticle test and the gold standard KOH method for fungal infection was employed to compare 

these two assays. 
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RESULTS AND DISCUSSION 

 

Physico-chemical characterisation of Gold Nanosphere 

In the absence of fungi, the colour of solution changes from pale yellow to pink in 10 mins, 

consistent with gold nanosphere particle formulation. At, Figure 2A shows a scanning electron 

microscopy image of pristine 35 nm gold nanospheres, precipitated from suspension after the colour 

change has stabilised (t=0) (left panel of Figure 2A). UV/visible spectra of nanoparticles present a 

single peak at a wavelength of 520 nm (left panel of Figure 2B), which is consistent with the Surface 

Plasmon Resonance (SPR) of spherically shaped gold nanoparticles. 

Table 1 presents the key physico-chemical characteristics of nanoparticles used in the first GNP 

formulation study, as determined by a combination of DLS, zeta potential and UV/visible absorption 

spectroscopy. In the absence of fungi, the DLS of the GNP solutions indicates a monomodal 

dispersion with a hydrodynamic diameter of 35.4-38.1 nm and a zeta potential of 25.5-26.3 mV.  The 

stability of the spherical shaped colloidal gold diagnostic reagent solution in individual and batch 

forms was tested and they were seen to remain stable over 6 months at room temperature (Table1). 
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Figure 2. Surface plasmon resonance and stability assays of gold nanoparticles after incubation with 
Aspergillus niger and no Aspergillus niger.  
(A) SEM images of the formation of gold nanoparticles, deposited on a silicon substrate. In the 
absence of Aspergillus niger fungi (t=0 min), the gold nanoparticles are seen to be spherical shaped 
under SEM. After 30 seconds incubation with fungi, some aggregation is observed, and after 2 
minutes, a change in shape to nanostar like particles is observed. (B) Surface Plasmon Resonance 
spectra of nanoparticles with increasing incubation times is shown; red, nanospheres at (t=0), purple 
nano-aggregates at (t=0.5min) and blue, nanostars at (t=2min). (C) Gold nanoparticle formulation in 
the presence of NaNO3. (D) Dependence of Gold nanoparticle formulation on pH value. (E) 
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Dependence of the duration of gold nanoparticle formulation time on pH (red) and NaNO3 

concentration (green) (N=6). 
 

Table 1. Physico-chemical characteristics of Gold nanoparticles. (N=6) 

Gold 

nanoparticle  

Hydrodynamic 

Diameter (nm) 

Zeta 

Potential (mv) 
λmaxξ (nm) 

Month 0 37.7±3.2 26.1±1.5 530±9 

Month 1 35.5±3.3 25.2±1.8 529±11 

Month 2 38.1±3.4 26.3±2.1 530±15 

Month 3 34.7±3.1 25.7±1.9 528±17 

Month 4 35.4±2.8 26.2±1.7 529±12 

Month 5 37.2±3.0 25.9±1.5 530±17 

Month 6 36.6±1.9 25.5±2.1 530±18 

  

Characterization of Plasmonic Colloidal Gold diagnostic reagents present in the presence of 

Aspergillus niger cultures 

When 100 µL of Aspergillus niger at a concentration of 100 CFU/mL were added to the 100 µL of 

Chloroauric acid and HEPES buffer, the particles began to form aggregates and the spherical shape 

became distorted on the silicon wafer substrate (Figure 2A, t=0.5 mins). This is consistent with the 

observed dramatic change in the positioning of the surface plasmon resonance, which now exhibits a 

maximum at a wavelength of 560 nm. When the incubation time is increased to 2 mins, the 

nanoparticles precipitated onto the silicon substrate develop distinct pointed features and have 

dimensions of ~35 nm (Figure 2A, t=2 mins), a form which is commonly referred to as “nanostars”. 

They are characterised by a doubly peaked Surface Plasmon Resonance spectrum, with maxima at 

wavelengths of 620 nm and 720 nm. The change in the surface plasmon resonance peak from 520 to 

620/720 nm corresponds to a striking, visible colour change from orange/red to blue (Figure 2B).  

The formation processes can be visualised by monitoring the absorbance ratio 520nm/620nm, as 

shown in Fig. S4 (see Electronic Supplementary Material, ESM). For the case of 100 µL of 

Aspergillus niger at a concentration of 100 CFU/mL and a pH of 5.5., this ratio is seen to stabilise at 

a value of 0.8 after 2 minutes. This point of stabilisation can be used as a characteristic formation 

time, and Figure 2E demonstrates that, as a function of pH, this formation time is strongly pH 

dependent. In the presence of 16 CFU/ml Aspergillus niger, when the pH value of the Chloroauric 
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acid and HEPES buffer suspension is below 5.0, DLS measurements indicate that the size of gold 

nanoparticle increases. The Zeta potential changed from 26mV at pH 5.5 to 16 mV at pH 5. This 

result is consistent with literature results on the relationship of gold nanoparticle size with pH value 

and Zeta potential [30, 31]. UV/ 

Notably, there is a lowest time point at pH 5.5 for the duration of gold nanoparticle formulation. The 

colour is easily identified and distinguishable with the naked eye, as it turns a blue in colour within 2 

min. The duration is optimized to produce a rapid test in 2 mins. The pH is set at 5.5 in the following 

experiment for fungi detection.   

The aggregation process can also be induced by 5 mM NaNO3 (Figure 2E). DLS measurements show 

an increase in the average particle size from 35.0 ±5.6 to 402±29 nm as NaNO3 concentration is 

increased from 0-200 mM. The Zeta potential changes from 26mV to 6 mV when NaNO3 

concentration is increased over the same range. Notably, however, the gold nanoparticle formulation 

time also increases significantly. When the NaNO3 concentration is equal to 0, the particle 

formulation takes 10 mins (Figure 2E). When the NaNO3 concentration is increased, it takes over 

200 mins to form large nanoparticles (400 nm in diameter, see Figure 2E and ESM Fig. S5). The 

salt-induced aggregation arises due to shielding of the electrostatic repulsion between the negatively 

charged nanoconjugate systems. The electrostatic repulsion is mediated by formation of an electrical 

double layer to form a large nanoparticle [30, 31]. The colour of the solution appears grey or 

transparent due to large nanoparticle formulation [20]. 

The images of living fungi typically exhibit many long hyphae connected on the core of Aspergillus 

niger. Gold nanoparticles are deposited on the glass substrate or trapped between hyphae (Figure 3B-

D). Some gold nanoparticles have been found also on the fungi hypha mixing fungi with Chloroauric 

acid and HEPES buffer after 2 minutes of incubation (Figures 3A). An enlargement of the 

rectangular area shows star shaped gold nanoparticle on of the fungi hyphae (Figure 3A). The right 

side of the panel shows the rectangular area of the left panel of Figure 3A. 
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Figure 3. (A) SEM images of hyphae of Aspergillus niger growing in gold nanoparticle solution 
after 2 minutes of incubation. The right side of the panel shows the nanoparticles’ morphology on the 
hyphae of Aspergillus niger. Images of Aspergillus niger and gold nanoparticles under light 
microscopy, under a 4× microscope objective, (B) 10× microscope objective and (C) 100× 
microscope objective (D). The images of living fungi typically exhibit several long hyphae 
connected on the core of fungi (B, C). 
  

 

Generation of coloured solutions for Aspergillus niger detection with the naked eye  

A change in colour from red to blue was detected in a number of human samples, indicating the 

presence of fungal infection. The efficiency of the colloidal gold diagnostic reagent in detecting 

Aspergillus niger contamination is 100% in comparison to microscopy observation. A blue colour 

indicated fungi contamination (from top second to third line in the of the 96-well plate image in 

Figure 4A). Detection with the naked eye seems perfectly suited for analyses in laboratories or public 

places with fewer resources. The colour changed from bright red to blue (indicating the nano star 

formation) in 120 seconds. These results show that the red colour is directly attributable to the sphere 

shaped gold nanoparticles, whereas, when in contact with the Aspergillus niger, the spherical shaped 

nanoparticles change to star shaped with a concomitant change in colour from red to blue. Therefore, 

it is deemed possible to measure fungi contamination by controlling the colour of the nanoparticle 

solution from red to blue (Figure 4A and 4B).  

Notably, Escherichia coli, Bacillus cereus and Staphylococcus aureus show different colour changes 

at the same concentration and same bacterial concentration (S2). Bacterial experiments have the 

same order as fungi in 96 well plates and use same concentration as in the fungi experiments, from 0 

CFU to 16 CFU/mL. The colour of the solution in bacteria samples changes from pale yellow to pink 

in 50 mins, at the same concentration as that of the fungi experiment (see ESM, Fig. S2). Since the 

difference in biomass of fungi and bacteria is large, it is difficult to compare the bacteria and fungi 

mechanism of gold nanoparticle formulation [38,39]. Particularly at low pH, biosorption on fungal 

biomass is higher than on bacteria [40, 41].  
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Figure 4. The correlation between colorimetric, surface plasmon resonance and Raman spectroscopy 
of Plasmonic fungi Gold nanoparticle. (A) Colorimetric assay of Gold nanoparticle in 96 well plate. 
(Upper panel) The concentration of fungi increases from left to right from 0 to 16 CFU/mL. And 
Aspergillus niger, Aspergillus oryzae, Penicillium chrysogenum and Mucor hiemalis were loaded 
from top to bottom, respectively. (Lower panel) The concentration of Aspergillus niger increases 
from left to right from 0 to 16 CFU/mL and the wells from 2nd row to 5th row are replicates. The 
colour changes from red to pink-purple and to blue indicated the increase in fungi concentration. (B) 
The surface plasmon resonance spectra under spectrometer reader of negative and positive samples 
for fungal infection. The negative one shows red colour and the positive shows blue colour. (C) 
Ratio between non-aggregated/negative sample (at 520 nm) and aggregated/positive GNPs (at 620 
nm). The ratio of absorbances exhibits a plateau below ~ 4 CFU/mL, and above 10 CFU/mL, which 
define the limits of detectability, which an approximately linear region in between. (D) Raman 
spectra of a Blank, Negative and Positive samples. No Raman spectra is present in the Blank and 
Negative samples; however an intensive Raman spectra can be observed in Positive samples. 
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The change in colour was correlated with a change in the surface plasmon resonance peak. The 

surface plasmon resonance peak of the solution without fungi occurs at 520 nm, whereas in the 

solution with fungi the peak was shifted to higher wavelengths (i.e. 620 nm) (Figure 4B). Therefore, 

the absorbance ratio between non-aggregated/negative sample (at 520 nm) and aggregated 

stars/positive GNPs (at 620 nm) are correlated with the colour change. In order to find the 

relationship between concentration of fungi and colour density, the ratio of absorbance at 520 nm/ 

620 nm was again employed as an indicator of the process. The ratios of absorbance at the two 

wavelengths were calculated and the mean values were plotted as a function of concentration of 

fungi. When the concentration varies from 4-10 CFU/mL, the colour appears ‘purple’. When the 

concentration is higher than 10 CFU/mL, the colour appears blue. The ratio of absorbances exhibits a 

plateau below ~ 4 CFU/mL, and above 10 CFU/mL, which define the limits of detectability, with an 

approximately linear region in between (Figure 4C). These results were also corroborated by Raman 

spectroscopy.  Figure 4D depicts the Raman spectra of Blank, Negative and Positive samples. No 

Raman spectra can be found in blank and negative samples, whereas in the positive sample 

characteristic peaks and high intensity Raman shifts can be observed (Figure 4D), indicating SERS 

of Aspergillus niger contamination. The coherence of colour changes, surface plasmon resonance 

and Raman spectra confirm the robustness of the gold nanoparticle for detection of fungal infections. 

The Raman features in the region of 990 cm−1 and at 1084 cm−1 correspond to P=O symmetric and 

P=O symmetric stretching, respectively, and indicate the presence of protein phosphate groups. Two 

bands are seen at 1250 and 1350 cm−1. These bands may be assigned to the amide II bands of 

proteins. The intense bands at 1555 and 1605 cm−1, correspond to aromatic skeletal vibration plus 

C=C stretching (amide I and II bands). The peak at 1398 cm−1 is assigned to the COO− symmetric 

stretch from proteins with carboxyl side groups in the amino acid residues. The presence of amide 

linkages suggests that there are some proteins in the reaction mixture from fungi [30, 42, 43]. These 

proteins may play an important role in the morphological transformation of nanoparticles [44, 45]. 
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Comparison of four fungi on gold nano particle formulation 
 
Table 2. Physico-chemical characteristics of gold nanoparticles mixing different fungi (N=4) 

Samples Hydrodynamic 
Diameter (nm) 

Zeta  
Potential (mV) 

λmax (nm) 

 
Aspergillus niger  
  

 
40±9.2 

 
7.5±0.4 

 
560±8 
 

Aspergillus oryzae  
 

38±7.1 7.8±0.2 560±12 

Penicillium chrysogenum 
 

40±13 11.6±1.9 563±12 

Mucor hiemalis 
 

51±11   9.6±3.6 565±15 

 

Hydrodynamic diameters of gold nanoparticles were measured from mixing different fungi at a 

concentration of 16 CFU/ml with Chloroauric acid and HEPES buffer after 2 minutes of incubation. 

The average sizes range from 38±7.1 nm to 51±11 nm. The zeta potential of four types of gold 

nanoparticles is around 7.5 mV to 11.6 mV.  The peaks of surface plasma resonance are from 560 

nm to 565 nm. Bhambure and co-authors have employed Aspergillus niger with uric chloride to 

produce gold nanoparticles at diameter of 12.79 nm [42].  The particle formulation is related with pH 

value [30, 31]. The Aspergillus niger had a rather narrow pH optimum around pH 5.5 to active 

phytase [46]. In this experiment, a pH value equal to 5.5 is optimized to shorten the synthesis time 

and aimed a rapid colour changing.  

Since A.niger and A.oryzae are all aspergillus, the colour changes observed are the same (see ESM, 

Fig. S1). The wells of 4th row are P. chrysogenum and 5th rows are M. hiemalis (Figure 4A). 

Different fungi have different impact on the gold nanoparticle formulation. The composition of 

protein phosphate groups and amino acid are large different on fungi. Aspergillus fumigatus, 

Emericella nidulans, and Myceliophthora thermophile phytases exhibited considerable activity with 

a broad range of phosphate compounds.  It has been considered that more phosphate is liberated by 

the A. fumigatus phytase than by the A. niger phytase [46]. The different enzyme activity from 

different fungi cause gold nanoparticle formulation slight different, but all of fungi, such as A.niger , 

A.oryzae and M.hiemalis, are able to detect at the concentration of 10 CFU/mL. 
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Comparison between Gold nanoparticle and KOH on Athlete’s foot from human patients 

The current gold standard for the screening of superficial fungal infections is the KOH test. The 

infected sample incubated with potassium hydroxide can be observed under a fluorescence 

microscope.  

Standard fungi cultures with agar plates are accurate but can take up to seven days to positively 

identify the contaminating fungus. The diagnosis of infection versus colonization with these fungi is 

time consuming. The agar plate incubation is slow and expensive, but useful to confirm the diagnosis 

of onychomycosis when long-term oral therapy is being considered. The culture usually takes 5 days 

to be declared positive; it must be held for 21 days until being declared negative. If fungal infections 

are mistreated as other diseases, the different drugs used may cause fungal resistance and will 

challenge the treatment. ELISA and Real-time PCR are much faster but require expensive equipment 

and reagents [19].  

Notably, the GNPs method is much simpler and faster, and most importantly revealed no statistical 

difference between this method and the existing KOH method (Table 3). In fact, specificity and 

sensitivity of GNPs have been evaluated against the existing clinic method, KOH, on the same 

samples. The KOH test has 71.3% sensitivity and a 94.4% specificity for the diagnosis of Athlete’s 

foot, compared with an 80 % sensitivity and 95% specificity for gold nanoparticle method (Table 3). 

The negative predictive value (NPV) is the percentage of patients with a negative test who do not 

have the disease. In 2×2 table (Table 3), Cell “d” are the “True Negatives” and Cell “c” are the 

“False Negatives”. NPV tells us how many of the test negatives true negatives are; and if this number 

is 90%, then it suggests that this new test is doing as well as the “Gold Standard”.  Moreover, the 

GNPs (200 µl per test) represent a dramatic reduction in the cost of generating results, and the GNPs 

delivers precise results of fungi detection after 2 minutes of incubation only. 

Furthermore, the GNP method offers incubation free and storage at room temperature, eliminating 

the need for an incubator and refrigeration space. It requires low cost and no complex equipment to 

achieve precise results. The main factor of this test is the fact that detection of a microbial 

contaminant can be made with the naked eye, perfectly suited for analyses in laboratories, public 

places or farms/livestock infrastructures with fewer resources in only 2 minutes. The small sample 

size has been tested on both methods. The predictions give means the KOH method can successfully 

predict the outcome (p value =0.0022). The predictions give means the gold nanoparticle method can 

more successfully predict the outcome (p value =0.0019). 
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Table 3 Comparison between Gold nanoparticle test and KOH on Athlete’s foot from human 
patients.  
 
Two-tail analysis with Fisher’s test  
KOH method 

5 (a) 1(b) 
2 (c) 17 (d) 
 
P value =0.0022  
The predictions given means the method can successfully predict the outcome.  
 
Gold nanoparticle method 

4 (a) 1(b) 
1 (c) 19 (d) 
Exact p-value=0.0019 
  
The predictions given means the method can successfully predict the outcome.  
 
 

 KOH   Nanoparticles 
Statistic Value  95% CL Value  95% CL 
Sensitivity 71.4% 29.0 % to 96.3 % 80%                        28.2 % to 99.5 %            

Specificity 94.4 % 72.7 % to 99.9 %  95%  75.1 % to 99.9 % 

Positive Predictive 
Value (PPV) 

83.3%  41.3 % to 97.3 % 80% 36.0% to 96.6 % 

Negative Predictive 
Value (NPV) 

89.5 %  72.4 % to 96.5 % 95% 76.7 % to 99.1 % 

 

  

It is known that microorganisms such as bacteria [39] and fungus [40] are capable of producing gold 

nanoparticles from solutions containing ionic gold. Notably, while the time required for the process 

in the presence of bacteria ranges from 24 to 48 h [39]. The mechanism of gold nanoparticles 

formation in the presence of fungi/bacteria is still not well known, however. Raman spectroscopy 

shows there are phosphate, aromatic and carboxyl side groups in amino acid residues in the reaction 

mixture of fungi, consistent with literature [30,45,46]. These amino acid residues may play an 

important role in the formation and morphological transformation of nanoparticles [47,48].  
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The differing spectral evolution patterns for fungal pathogens compared to bacteria and other factors 

such as salt concentrations, render the test specific to such infections. Table 3 demonstrates that the 

test is comparable in terms of specificity to the KOH test, but has the advantage of being 

significantly more rapid and convenient. Neither the KOH test nor the GNPs method allows specific 

identification of a specific fungal pathogen. Further microbiological testing must be performed to 

permit identification of a specific pathogen. However, the knowledge can be transferable and 

applicable to other health problems related to fungal infections as well. The system described here 

has been initially developed, tested and implemented for athlete’s foot.  The sensitivity (10 CFU/ml) 

achieved with the GNPs is not only sufficient to diagnose athlete’s foot in order to target bathing 

water regulations, but can also provide information on waterborne disease outbreaks [47,48]. 

Aspergillus fumigatus, Emericella nidulans, and Myceliophthora thermophile phytases exhibited 

considerable activity with a broad range of phosphate compounds. The Aspergillus niger had a rather 

narrow pH optimum around pH 5.5 to active phytase [46]. However, the knowledge of the 

interaction between fungal enzyme activities with gold nanoparticle is still at an early stage. The 

large and relatively unexplored fungal enzyme activity is an advantage because of the role that 

extracellular proteins and enzymes have in Au reduction and GNP capping. We plan to implement a 

systematic study such as protein phosphate groups and amino acid on mechanism of fungi on colour 

changing of gold nanoparticles in the near future. 

 

 

CONCLUSIONS 

A novel Gold nanoparticle based, rapid detection system has been developed to diagnose fungi 

infection in a fast and simple way. The correlation of the colour change (absorbance of 

520nm/620nm) is related to fungi concentration. The cut of ration is 0.8 on 520nm/620 nm. There 

was a significant colour change from red to blue when the fungi concentration increased from 0 to 16 

CFU/mL. When the fungi concentration at 10 CFU/mL, the ration of 520nm/620nm was significant 

decrease. When the bacterial concentration increase, the ration of 520nm/620nm was slowly 

decrease.  There is a linear relationship between concentration of E.coli and the ration from 0-16 

CFU/mL with a low slope on the curve. The resolution of this test was 10 CFU/mL. The current gold 

standard KOH was compared with the GNP method for the diagnosis of fungal infection. The GNP 

method has an 80% sensitivity and a 95% negative predictive value for the diagnosis of athlete’s foot 



 
 

21 
 

from human donors. We found no statistical difference between our method and the gold standard 

method KOH. The gold nanoparticles application has an outstanding potential to contribute for 

surface hygiene at home or public places simply by monitoring a colour change with naked eye.  

This approach requires no extraneous instrumentation or prior sample preparation and has a rapid 

and simple diagnostic readout that could be used in clinical settings for testing patient samples or in 

field tests to monitor food and water sources. 
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Layout of concentration of fungi and bacteria on 96 well plates 

The mixture with 2 mM Chloroauric acid (10 µl) and 2 µl HEPES buffer in 88 µl distilled 

water was added to the 96 well plate. The wells of the first row were blank, containing 100 µl 

Ultrapure deionized water. The wells from the second to fifth row were filled with 100 µl fungi 

suspensions. The concentration of fungi were 0, 1, 2, 4, 6, 8, 10, 12, 14, 16 CFU/ml from left 

to right in each row. Four replicates have been measured for each data point. A plate layout 

of four fungi from top to bottom was comprised of A. niger, A. oryzae, P. chrysogenum and 

M. hiemalis. The wells from second to fifth row were replicas for each fungi 96-well plate 

(Fig. S1).  
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Fig. S1 Colorimetric assay of Gold nanoparticle on four different fungi in 96 well plate. The 
concentration of fungi increases from left to right from 0 to 16 CFU/mL and the wells from 
2nd row to 5th row are replicates. The colour changes from red to pink-purple and to blue 
indicated the increase in fungi concentration 
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Layout of concentration of bacteria on 96 well plates 

The mixture with 2 mM Chloroauric acid (10 µl) and 2 µl HEPES buffer in 88 µl distilled 

water was added to the 96 well plate. The wells of the first row were blank, containing 100 µl 

Ultrapure deionized water. The wells from the second to fifth row were filled with 100 µl 

bacteria suspensions. The plate layout of three bacterial samples starting from the second row 

to fourth row were Escherichia coli, Bacillus cereus and Staphylococcus aureus (Fig. S2). 

 

 
 
Fig S2 Colorimetric assay of Gold nanoparticle on three different bacteria in 96 well plate.  
The concentration of bacteria increases from left to right from 0 to 16 CFU/mL. Escherichia 
coli, Bacillus cereus and Staphylococcus aureus were loaded from top to bottom, 
respectively. The colour of the solution in bacteria samples changes from pale yellow to pink 
in 50 mins 

Concentration depended Surface Plasma Resonance of gold nanoparticles on 

Escherichia coli   

50 minutes after the addition of bacteria with HEPES buffer and HAuCl4, a slow colour 

change was observed. When the bacterial concentration is increased over the range 0-16 

CFU/mL, there is a minor shift of the SPR to higher wavelengths, with a slow decrease in the 

absorbance ratio concentration 520nm / 620nm.  There is a linear relationship between 

concentrations of Escherichia coli and the ratio from 0-16 CFU/mL. The range of ratio 

observed was 2.3-1.6 at bacterial concentrations 0-16 CFU/mL (S3). 
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Fig. S3 SPR of gold nanoparticle formation and morphological transformation incubated with 
increasing concentrations of Escherichia coli at pH=5.5. Absorbance ratio 520nm/620nm 
following incubation of gold nanoparticles with increasing concentrations of Escherichia 
coli, in HEPES buffer 

Time depended GNPs formation and morphological transformation on fungi and 

bacterial  

With increasing time, a sharp and narrow SPR peak was observed at 530 nm within first 0.5 

min of addition of fungi to HAuCl4 with HEPES buffer in pH=5.5. Within 1 min, the 

absorption intensity of SPR peak was found to increase, and it was seen to red shift and 

broaden. This signifies polydispersity and increase in the size of synthesized GNPs within 2 

mins. The ratio of absorbance 520 nm/620 nm was round to rapidly decrease from 4-0.8 in 

the time 0.5 min to 2 mins. At the time point of 2mins, the ratio stabilised at 0.8 (blue bars, 

Fig. S4), suggesting the completion of GNPS formation and morphological transformation. 

In the case of bacteria, a modest and broad SPR peak was observed at 530 nm within the first 

0.5 min of bacteria addition to HAuCl4 with HEPES buffer. Within 2 min the absorption 

intensity of SPR peak was found to increase, at the same wavelength. The ratio of absorbance 

520 nm/620 nm were increased slightly from 1.0-1.08 over the period from 0.5 min to 2 mins 

(red bars, Fig. S4). Bacteria can cause minor cause aggregation and red shifting of the SPR 

over a prolonged period of 50 mins (Fig. S3). This is a major drawback of procedures 

compared to fungi for rapid detection. Hence, the potential of this fungus towards such rapid 

GNP synthesis yielding a specific ratio of absorbance at 520 nm/620 nm at 0.8 presents a 

significant advantage in the context of a biosensor.  
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Fig. S4 Time dependent gold nanoparticle formation and morphological transformation on 
Bacteria (Red) and Fungi (Blue). The formation of gold nanoparticles over time was 
measured by the ratio of absorbance at 520nm/620nm from 0.5 min to 10 mins 

Time depended Surface Plasma Resonance of GNPs on 200 mM of NaNO3  

In the presence of Na+ alone, a different spectral evolution profile is observed, as shown in 

the typical time-course of GNP evolution in the presence of NaNO3 (S5). The initial SPR 

resonance peak at ~530nm is slightly shifted and broadened over a period of ~50minutes and 

a broader resonance with maximum > 800nm evolves, associated with a  colour change from 

pink to grey and transpired (Fig. S5).  

 
Fig. S5 Time dependent surface plasmon resonance (SPR) of gold nanoparticles 
formation and morphological transformation in sodium nitrate (NaNO3). (Left panel) 
Absorbance spectra of nanoparticles after mixture with 200 mM of NaNO3 in HEPES buffer 
at pH=5.5. The dotted lines shown the spectra of GNPs in 20 mins.  (Right panel) The 
absorbance ratio 520 nm/620 nm gradually increased from 0.5 min to 20 mins, and slowly 
decreased at 40 min. At the time point of 200 mins, the ratio 520 nm/620 nm reached 0.8 
(panel right) 
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