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uantum dots (QDs) are nanoparticles that exhibit the 

property of fluorescence. This unique optical 

property of QDs, coupled with their 

biocompatibility, has caused them to gain attention 

in biomedicine and be used in gene detection. In this 

study, cadmium sulfide (CdS) QDs were synthesized by the 

acidotolerant fungus Trichoderma asperellum, isolated from the 

main crater lake of Taal Volcano, Batangas, Philippines. UV-

Vis and fluorescence spectrophotometry determined absorption 

maximum at 370 nm and emission maximum at 520 nm while 

size approximation determined a size of 2.52 nm. Zeta-potential 

analysis measured an average potential of -23.9 ± 3.39 mV. 

Optimization of reaction conditions revealed promotion of CdS 

QDs synthesis in the presence of phosphate at neutral conditions 

after 72 hours of incubation. Fluorescence detection assay 

conducted with a FAM-labeled leptospirosis-related oligomer 

demonstrated the occurrence of Forster Resonance Energy 

Transfer (FRET) when addition of CdS QDs resulted to 

fluorescence quenching. Fluorescence recovery after addition of 

the target oligomer, down to a concentration of 12 nM supports 

the use of CdS QDs for gene detection. However, further 

analysis showed that the detection was only able to differentiate 

the pyrimidine but not the purine single-base mismatched 

variant of the target oligomer. This study is the first report on T. 

asperellum’s biosynthesis of CdS QDs. 
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INTRODUCTION 

 

Quantum dots (QDs) are an emerging class of nanoparticles, 

which exhibit the property of fluorescence as a result of quantum 

confinement effects. Coupled with their size in the nanoscale, 

this unique optical property of QDs has caused them to gain 

attention and be applied in various fields such as the industry, 

electronics, biomedicine, and pharmaceuticals (Lopez-Serrano 

et al. 2013; Jovin 2003). 

  

Ranging from two to ten nanometers (nm) in diameter, QDs are 

composed of an innermost core, a middle layer shell, and an 

outermost cap (Medintz et al. 2005; Ghasemi et al. 2009). The 

semiconductor core is typically composed of cadmium sulfide 

(CdS), cadmium selenide (CdSe), or cadmium telluride (CdTe). 

This layer is responsible for majority of the QDs’ properties, 

including their fluorescence. The shell, meanwhile, is often 

composed of zinc sulfide (ZnS) and is responsible for containing 

the toxicity and maximizing the optical properties of the core 

(Jamieson et al. 2007; Ghaderi 2012). Finally, the cap is a 

coating of polymeric units, which is used to modify the core’s 
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solubility. This layer also facilitates conjugation processes that 

are conducted on the QDs (Kidane et al. 2009; Iga et al. 2007).  

  

One of the most prominent types of QDs are the cadmium sulfide 

(CdS) QDs. CdS QDs exhibit maximum absorbance at 

wavelengths 450 to 650 nm and maximum fluorescence at 

wavelength 360 to 370 nm. Just like the other QDs, when they 

increase in diameter during their growth, their characteristic 

fluorescence color transitions towards the less energetic side of 

the visible spectrum (i.e. from blue to red) (Ulloa et al. 2016).  

 

The physical and chemical syntheses of QDs require high 

thermodynamic, economic, and environmental costs. In addition, 

most QDs produced using these methods present low 

biocompatibility, low sensitivity to pH and ionic strength, and 

low stability at high osmolarity conditions, thus affecting their 

potential applications (Bruna et al. 2019). Given these 

constraints, there is a growing interest in the use of green and 

eco-friendly approaches for the production of QDs intended for 

various technological applications. These green and sustainable 

approaches solved the typical dilemma faced during QDs 

chemical synthesis and also impart the novel properties of 

biocompatibility and enhanced stability and solubility to the 

nanoparticles (Wang and Wang 2014; Ulloa et al. 2016; 

Gallardo et al. 2014 ; Monras et al. 2012).   

 

Several microorganisms have been reported to biosynthesize 

cadmium- based QDs and most processes reported to date 

involve the use of cell extracts or living cells during the synthesis. 

Most of these microorganisms are non-extremophilic bacteria 

and fungi which include Escherichia coli, Bacillus licheniformis, 

Saccharomyces cerevisiae, Schizosaccharomyces pombe,  

Fusarium oxysporum, and  Pleurotus ostreatus (Bao et al. 

2010b; Ahmad et al. 2002; Monras et al. 2012; Tripathi et al. 

2014; Borovaya et al. 2015). With the aim of producing QDs 

with improved properties, focus is now being directed towards 

the isolation of microorganisms from extreme environments. 

Considering their natural mechanisms of adaptation and novel 

metabolic pathways, extremophiles could potentially serve as 

sources of catalysts for QD synthesis. The low-temperature 

biosynthesis of fluorescent semiconductor CdS using 

psychrotolerant bacteria isolated from Antarctica has  been 

documented (Gallardo et al. 2014; Plaza et al. 2016). Recently, 

Bruna et al. (2019) reported that the halophilic bacterial strains 

under Halobacillus sp. isolated from Atacama Desert, Uyuni 

Salt Flat, and Dead Sea can biosynthesize Cd-QDs under high 

osmolarity conditions.  

 

Acidophilic and acidotolerant  microorganisms can withstand 

and grow at environments with pH less than or equal to 4. In 

their evolutionary trajectory, they have developed unique 

adaptations such as powerful proton pumps, impermeable 

membranes, and acid stable enzymes to thrive in extreme 

conditions where excess of hydrogen ions, often coupled with 

excess of metal ions, exists (Johnson 2007; Golyshina and 

Timmis 2005). As a result of their peculiar physiology, 

acidophilic and acidotolerant microorganisms have found their 

applications in the fields of mining, food industry, 

pharmaceuticals, medicine, and nanotechnology. Ulloa et al. 

(2016) reported the use of acidophilic bacterial strains  from the 

genus Acidithiobacillus for the production of fluorescent CdS 

QDs with high biocompatibility, stability, solubility, and the 

newly reported property of acid tolerance. Moreover, Ulloa et al. 

(2018) reported the enhanced synthesis of CdS QDs by the 

acidophilic bacteria Acidithiobacillus thiooxidans in the 

presence of phosphate. Although several bacterial strains from 

acidic environments with the ability to synthesize CdS QDs have 

been documented, the use of acidophilic and acidotolerant 

fungal species for this purpose is currently less explored. 

Fluorescence assay through QDs provides not just a rapid and 

simple but also a sensitive and economical, way to detect the 

presence of nucleic acids that may be employed for disease 

detection and diagnostics through sensing of virulence or unique 

genes of pathogenic organisms (Lu et al. 2011). In the 

Philippines, leptospirosis detection can be used as a model for 

this application of QDs. In particular, fluorescence assay can be 

utilized to detect the gene LA0202 of Leptospira interrogans, a 

newly discovered protein coding region of the leptospire that 

codes for a hemolysin protein, a biomolecule demonstrated to be 

possibly involved in the virulence of the disease (Victoriano et 

al. 2009; Ren et al. 2003; Yang et al. 2009). 

 

Fluorescence assay often operates through fluorescence 

quenching, which involves two compounds that interact through 

FRET to decrease the level of fluorescence of one of them 

(Valeur 2001). When FRET takes place under the condition of 

close proximity, an excited fluorescent donor, transfers some of 

its absorbed energy to an acceptor quencher compound. This 

generally leads to a decrease in fluorescence of the donor and 

possible increase in fluorescence of the quencher. To detect 

nucleic acids, DNAs or RNAs are often conjugated with dyes 

that interact with quenchers (Gadella 2009; Helms 2008; Chou 

and Dennis 2015). Among the particles that are used as 

quenchers, QDs have been one of the most recent to attract 

attention. During FRET events, QDs can act as an acceptor or a 

donor. Zhou et al. (2008) utilized QDs as FRET donors in the 

detection of DNA. Meanwhile, Lu et al. (2011) and Feng et al. 

(2017) utilized CdS QDs as FRET acceptors to detect an HIV-

related oligonucleotide in concentration as low as 1nM. 

 

This study aimed to synthesize CdS QDs using the acidotolerant 

fungus T. asperellum isolated from Taal Volcano, Philippines 

via cadmium, sulfide, and glutathione supplementation. It also 

aimed to determine the effects of pH, incubation period, 

phosphate, and citrate on the biosynthesis of CdS QDs.  

Furthermore, we  applied the resultant nanoparticles in the 

fluorescence detection of Leptospira interrogans’ LA0202 gene 

and its single-based mismatched variants.  

 

 

MATERIALS AND METHODS 

 

Sample collection and isolation of acidotolerant/acidophilic 

microbes  

In sterile water bottles, surface water samples were collected 

from the main crater lake of Taal Volcano, Batangas, Philippines 

(14° 0′ 7″ N, 120° 59′ 34″ E). In the site, the temperature, and 

pH were recorded. Enrichment culture was prepared by adding 

10 mL of water sample to 90 mL of liquid medium (pH 2.3) 

composed of 0.02 g yeast extract, 0.5 g MgSO4, 0.15 g 

(NH4)2S04, 0.10 g KCl, 0.01 g Ca(N03)2, and 0.5 mL 500mM 

FeSO4 (Johnson, 1995). The enrichment culture was incubated 

at 30 °C for five days and then plated on solid medium (Gallardo 

et al. 2014). Morphologically distinct colonies were selected and 

then purified. Pure cultures were transferred on slants and were 

maintained in glycerol for further utilization.  

 

Biosynthesis of Cds QDs    

Biosynthesis of CdS QDs was conducted following the method 

described by Ulloa et al. (2016) with some modifications. Each 

oxidative stress-resistant isolate was grown for five days in its 

respective growth medium at pH 2.3. After which, the isolates 

were centrifuged and resuspended in phosphate buffers of pH 

7.25 with 25 mM of cadmium sulfate (CdSO4), 500 mM sodium 

sulfide (NaS), and 10 mM of glutathione. The samples were 

incubated for 72 hours and then centrifuged at 10000 rpm for 5 

minutes. After centrifugation, the pellets were washed twice 

with phosphate buffer of pH 7.25. Fluorescence of the 

supernatant and pellets were evaluated through a UV-
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transilluminator (302 nm) and a microplate reader (Fluorostar 

Omega) by excitation at 360 nm. 

 

To test for the effect of reaction components such as sodium 

sulfide, cadmium sulfate, glutathione, and fungal cells on the 

synthesis of CdS QDs, five different treatments, each with a 

reagent removed from the reaction mixture, were utilized for the 

synthesis. To test for the effect of medium on the synthesis of 

CdS QDs, distilled water, growth medium, and sodium citrate 

buffer of pH 7.8 were utilized for the synthesis. To test for the 

effect of incubation period and pH, biosynthesis in phosphate 

buffers was conducted for various incubation periods (12, 24, 48, 

and 72 hours) and pH (4.55, 7.25, 7.85), respectively. 

Fluorescence of the samples was evaluated by the same set of 

procedures described above (Gallardo et al. 2014; Ulloa et al. 

2016). 

 

Extraction of extracellularly-produced CdS QDs  

Fifty mL of the CdS QDs-producing isolate was centrifuged at 

10000 rpm for 5 minutes. After centrifugation, the pellets were 

washed twice with phosphate buffer of pH 7.25 and stored for 

characterization. As for the supernatant, they were syringe 

filtered twice and were stored for characterization and the 

fluorescence detection assay. 

 

Characterization of CdS QD-synthesizing isolate 

The single isolate that was able to synthesize CdS QDs was 

preliminarily described based on its morphological and 

biochemical characteristics. For macroscopic characterization, 

the colony pigmentation, form, diameter, elevation, and margin 

were noted. For microscopic characterization, morphological 

characterization of cells was conducted under the microscope. 

For the biochemical characterization, the isolate was subjected 

to catalase test, amylase test, and protease test (Gallardo et al. 

2014). 

 

Characterization of the synthesized CdS QDs 

The synthesized CdS QDs were subjected to various 

characterization techniques. Absorption spectrum from 200 nm 

to 700 nm and fluorescence spectrum at 360 nm excitation of the 

purified CdS QDs was determined through a microplate reader 

(FLUOstar Omega) (Monras et al. 2012; Ulloa et al. 2016). 

To determine the particle size and concentration of the CdS QDs 

synthesized, sizing and approximation curves generated by Yu 

et al. (2003) were utilized.  Meanwhile, analysis of Zeta potential 

was conducted under ¼ scale, 50 V voltage and 7417 µS/cm 

specific conductance.  

 

Acid tolerance of CdS QDs  

To test for the acid tolerance of the synthesized CdS QDs, 100 

μL of 660 nM purified CdS QDs was exposed to phosphate 

buffer solutions of pH 1 to 7. In adjusting the pH, 6 M HCl was 

used. The samples were then incubated at 25°C for a period of 

60 minutes. The fluorescence of each sample at 520 nm was 

determined using a microplate reader (FLUOstar Omega). 

 

Molecular identification of CdS QD-synthesizing isolate 

Pure culture of the biosynthesizing isolate was sent to Macrogen, 

South Korea for the amplification and sequencing of ITS1 and 

ITS4. Gene sequencing was performed using Big Dye 

Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, 

USA) and evaluation of the sequences and removal of low 

quality regions were done using ChromasPro software 

(http://www.technelysium.com). The DNA sequences were 

analyzed using NCBI BLAST (Basic Local Alignment Search 

Tool) software (http://blast.ncbi.nlm.nih.gov). Reference 

sequences from the GenBank database were used for multiple 

alignments using Muscle. Using the Tamura-Nei model of 

MEGA X, a phylogenetic tree was constructed by utilizing the 

Maximum Likelihood method (Tamura and Nei 1993) and 

Bootstrap analysis was used to evaluate the generated 

phylogenetic tree.  

 

Synthesis of LA0202-related oligomer and its mismatched 

variants 

The 200051st  to the 200080th  nucleotide bases of  Leptospira 

interrogans serovar Lai str. 56601 (strain: 56601, serovar: Lai)’s 

chromosome one, which corresponds to the first 30 nucleotide 

bases of the LA0202 gene, was utilized in this study. Five single 

stranded oligonucleotides, shown below, were chemically 

synthesized by Macrogen, South Korea 

(https://dna.macrogen.com/kor/support/oligo/guide/price_info.j

sp). The first oligomer (P), labelled with FAM dye, corresponds 

to the parent strand. The second oligomer (T0) is the 

complementary target to P. The third and fourth oligomer (T1A, 

T1C) served as the single base mismatched variants of the target 

oligomer. 

 
P 5’ – FAM – ATG ATT TCT TAC ATA TCT CAT CCA ATT GCT – 3’ 

T0 5’ – AGC AAT TGG ATG AGA TAT GTA AGA AAT CAT – 3’ 

T1A 5’ – AGC AAT TGG ATG AGA AAT GTA AGA AAT CAT – 3’ 

T1C 5’ – AGC AAT TGG ATG AGA CAT GTA AGA AAT CAT – 3’ 

 

Fluorescence detection of LA0202-related oligomer and its 

mismatched variants  

Prior to the detection, 200 nM of P, 200 nM of T0, T1A, T1B, 

and T1C, and 660 nM of CdS QDs were prepared in 20 mM Tris-

HCl buffer of pH 7.4. Six samples were utilized, each containing 

40 μL of 200 nM P. The first sample, without CdS QDs, served 

as the control. The remaining five samples were added with 40 

μL of 660 nM of CdS QDs. The second sample was left as is and 

served as a basis for fluorescence quenching in the absence of 

the target oligomer. The third, fourth, fifth, and sixth samples 

were supplemented with 40 μL of 200 nM T0, T1A, T1B, and 

T1C, respectively. All samples were added with the prepared 

Tris-HCl buffer until a final volume of 330 μL is reached. To 

test for difference in level of fluorescence, each sample was 

excited at 485 nm and the fluorescence at 520 nm was 

determined. Fluorescence intensity at 520 nm was recorded and 

fluorescence intensity change (FIC) of the third to sixth samples 

were derived using the formula: FIC = FT /F0 – 1, where 𝐹0 is 

the fluorescence intensity of the second sample and  𝐹𝑇 is the 

fluorescence intensity of the third to sixth samples (Lu et al. 

2011; Feng et al. 2017). 

 

To determine the sensitivity of the target oligomer’s detection, 

varying T0 concentrations were employed for the fluorescence 

detection assay.  Final reaction concentrations of 3.03 nM, 6.06 

nM, 12.12 nM, and 24.24 nM of the target oligomer were used 

to assess the sensitivity of detection at 485 nm excitation.  

 

Statistical analysis   

The fluorescence detection assay and the test for its sensitivity 

were conducted in six replicates and the data obtained were used 

to derive the mean values, which will be expressed along with 

their corresponding standard deviation (mean ± SD). To test for 

the presence of significant difference, one-way analysis of 

variance (ANOVA) at α=0.01 was carried out using IBM® 

SPSS® (Statistical Package for the Social Sciences) Statistics 

version 25.0.  

 

 

RESULTS AND DISCUSSION 

 

Isolation and identification of CdS QD-synthesizing microbe 

Water samples were collected from the main crater lake of Taal 

Volcano, Batangas, Philippines. The measured pH of the surface 

water was 2.05 and the surface water temperature was about 

30°C. Physico-chemical analyses conducted on the surface 
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water of the main crater lake by Delmelle et al. (1998) and 

Hernandez et al. (2017) revealed high concentrations of sulfate, 

chloride, sodium, potassium, calcium, and magnesium. Both 

studies also revealed low pH ranging from 2.4 to 2.9 as a result 

of underwater volcanic activity. 

 

Using different enrichment media, twelve bacterial and fungal 

isolates were cultured on the basis of their ability to withstand 

acidic conditions and iron-induced oxidative stress. The selected 

isolates were able to grow at pH 2 in the presence of 2.5 mM of 

iron (Fe2+). These isolates were further screened for the 

synthesis of CdS QDs by exposing them to the presence of 

cadmium, sulfide, and glutathione. Synthesis of CdS QDs was 

evaluated through UV transillumination and fluorescence 

spectrophotometry. Only isolate UPB 2A.1 showed the ability 

to synthesize CdS QDs as indicated by the observed 

fluorescence of both its supernatant and pellet after three days of 

incubation. Based on phenotypic characterization (Table 1), ITS 

sequencing, and phylogenetic analysis (Figure 1), the isolate is 

closely related to T. asperellum, a fungus of the family 

Hypocreaceae. Basic alignment search of ITS1 sequence 

revealed 100% similarity with T. asperellum isolate CTCCSJ-

G-DK40568. 

 
Table 1: Phenotypic characteristics of the CdS QD synthesizing 
isolate 

Parameter Characteristics 

Mycelium color 
white (surface), pale yellow 

(reverse) 

Spore color and shape green and subglobose 

Conidia color and shape green and ellipsoidal 

Hyphae  septate and branched 

Colony form filamentous 

Colony elevation crateriform 

Colony margin  filiform 

Diameter 5 to 14 mm 

Catalase production positive 

Amylase production positive 

Protease production positive 

pH change of medium after incubation from 2.28 to 1.98 

 

 

 

The genus Trichoderma, predominantly found in soils, is present 

in a diverse array of habitats. Members of this phylogenetically 

diverse group are often utilized as biocontrol agents due to their 

mycoparasitic properties (Druzhinina et al. 2006). Numerous 

studies have already noted the acidotolerant and metal tolerant 

growth of T. asperellum. In a study conducted by Kawai et al. 

(2000), they were able to isolate and grow T. asperellum in 

media adjusted to pH levels ranging from 2.2 to 7.0 in the 

presence of a significant level of aluminum. T. asperellum was 

also isolated by Gillings et al. (2006) from an iron-containing 

groundwater source of pH 4.8 to 5.3. Finally, Singh et al. (2014) 

were able to culture T. asperellum under conditions of pH 4.0 to 

8.0 in their study that determined the optimal growth condition 

of Trichoderma spp. 

 

In this study, we observed a higher tolerance of T. asperellum to 

acidic conditions as manifested by its isolation in pH 2.05 and 

growth in medium of pH 1.98 to 2.28. The ability of T. 

asperellum to tolerate acid and/or metal-induced stress may be 

related to its broad tolerance to environmental extremes and its 

ability to produce resistant spores under stressful conditions.  

 

The ability of T. asperellum to synthesize silver nanoparticles 

has been previously documented (Devi et al. 2013; Ahmed and 

Dutta 2019). Although several fungal species have demonstrated 

their ability to synthesize CdS QDs (Borovaya et al. 2015; 

Tripathi et al. 2014), no studies on T. asperellum’s ability to 

produce CdS QDs have been published yet. This is the first 

report on T. asperellum’s synthesis of CdS QDs through 

exposure to cadmium, sulfide, and glutathione at pH 7.25. 

 

Optimization of conditions (reaction components, pH, 

incubation period and media) on the synthesis of CdS QDs 

Extracellular and intracellular syntheses of CdS QDs were not 

attained in the absence of reaction components such as sodium 

sulfide, cadmium sulfate, or glutathione as indicated by the lack 

of visible fluorescence and the presence of a significant 

difference (p<0.01) with respect to the mixture with complete 

reaction components (Figure 2A and Figure 2B). While 

cadmium sulfate serves as a prerequisite source for the cadmium 

of the CdS QDs, the sulfide of the CdS QDs may not necessarily 

come from sodium sulfide. Sulfide may also be produced by the 

release of sulfate-reducing enzymes or by metabolism of 

glutathione (Gallardo et al. 2014). Monras et al. (2012) 

demonstrated that overexpression of gshA in Escherichia coli, 

the gene responsible for the synthesis of glutathione, facilitated 

CdTe QD synthesis. However, the lack of observed synthesis in 

the absence of sulfide indicates that the isolate cannot produce 

the required enzymes for sulfide generation; hence, the need for 

an external sulfide source. Aside from possibly providing a 

source of sulfide, glutathione allows the fungal cells to tolerate 

the presence of metals (Ulloa et al. 2016, Gallardo et al. 2014). 

Death of cells in its absence due to oxidative stress may account 

for the lack of synthesis. Finally, the lack of extracellular 

synthesis in the absence of fungal cells supports that synthesis 

of CdS QDs is facilitated by the isolate and not just a product of 

a non-biosynthetic chemical reaction.  

 

By exposing T. asperellum at pH 4.55, 7.25,  and 7.85, we 

observed that the extracellular and intracellular syntheses of CdS 

QDs occurred only in neutral pH 7.25 and 7.85 but not in the 

weakly acidic pH 4.55. Although both extracellular and 

intracellular syntheses occurred at pH 7.25, there was a reduced 

intracellular synthesis observed at pH 7.85 (Figure 3). The 

absence of synthesis in pH 4.55 may be attributed to the 

acidotolerant growth of the isolate with optimum growth at pH 

6.5 (Singh et al. 2014). In addition, metals have increased 

solubility at lower pH, (Chuan et al. 1996) hindering the 

precipitation of cadmium to form CdS QDs. Ulloa et al. (2016) 

reported the synthesis of CdS QDs at pH 3.5-7 by the acidophilic 

bacteria of the genus Acidithiobacillus which grow optimally at 

the aforementioned pH condition.  However, no synthesis 

occurred at pH 2 and 3 and this may be associated with the 

increased solubility of cadmium at these more acidic conditions.  

 

The exact mechanism of QD biosynthesis is still unknown. Bao 

et al. (2010a) hypothesized that the initial phase of CdTe QD 

synthesis in fungal cells is extracellular in nature. As oxidative  

Figure 1: Phylogenetic tree based on ITS1 sequences, 
highlighting the phylogenetic position of the isolate relative to 
other Trichoderma isolates/species. Emericellopsis alkalina, 
Neurospora crassa, and Sodiomyces tronii were used as outgroups. 
The evolutionary history was inferred by using the Maximum 
Likelihood method based on the Tamura-Nei model. The tree is drawn 
to scale, with branch lengths measured in the number of substitutions 
per site. Evolutionary analyses were conducted in MEGA X. 
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stress is imposed upon the cells by the cadmium ions, fungal 

cells release enzymes that coordinate the metal and the telluride 

to produce the CdTe QDs that are capped with biocompatible 

compounds. After extracellular synthesis, the CdTe QDs can 

then be taken in via endocytosis or other transport mechanisms 

and undergo intracellular growth via Ostwald ripening process.  

Meanwhile, Ahmad et al. (2002) proposed the possible use of 

sulfate-reducing enzymes by the filamentous fungus Fusarium 

oxysporum in the extracellular synthesis of CdS QDs. Reduction 

of intracellular synthesis in pH 7.85 may indicate the inability or 

difficulty of T. asperellum to endocytose at such condition.  

 

Analysis done after exposing T. asperellum to the reaction 

conditions for 12, 24, 48, and 72 hours revealed an increase in 

fluorescence of supernatant and pellet with increasing length of 

incubation. Significant difference in both extracellular (Figure 

4A) and intracellular (Figure 4B) with respect to the control was 

observed after 12, 24, 48, and 72 hours incubation. Maximum 

fluorescence of extracellularly and intracellularly produced CdS 

QDs was attained after 72 hours of incubation. The increase in 

fluorescence observed can be accounted for by the increased 

amount of time for T. asperellum to facilitate the synthesis of 

CdS QDs. However, we also observed that no significant change 

in the emission maximum was observed in the various lengths 

of time considered. This indicates that the CdS QDs produced 

by T. asperellum may not be size-tunable as they do not undergo 

growth with time to increase in size. This may be caused by the 

release of capping proteins that prevent Ostwald ripening from 

taking place (Sanklha et al.  2016). This report differs from that 

of several studies that showed ripening of biosynthesized CdS 

QDs from green to red (i.e. small to large QDs) (Gallardo et al. 

2014; Ulloa et al. 2016; Mi et al. 2011; Monras et al. 2012). 

 

Finally, the effect of media on the synthesis of CdS QDs was 

studied by exposing T. asperellum to different media, which 

include phosphate buffer, citrate buffer, the growth medium, and 

distilled water. CdS QD synthesis was only observed in 

phosphate buffer or citrate buffer as indicated by the presence of 

a significant difference with respect to the control (Figure 5). 

Phosphate and citrate ions increase the uptake of metals by 

facilitating the phosphate inorganic transport system and the 

metal/citrate-complex transport system, respectively. Ulloa et al. 

(2018) demonstrated that phosphate facilitates increased 

intracellular synthesis of CdS QDs in Acidithiobacillus by 

promoting cadmium uptake. They also determined that 

phosphate helps in alleviating cadmium-induced oxidative stress. 

Increased rate of CdS QD intracellular synthesis in the presence 

of phosphate indicates the possible involvement of proteins to 

support the phosphate inorganic transport system in the isolate 

(Van Veen et al. 1994). Citrate, on the other hand, supposedly 

increases intracellular CdS QD synthesis by forming tridentate 

complex with cadmium. The absence of significant difference 

on intracellular synthesis may indicate that the isolate possibly 

lacks the required transporter proteins for citrate-mediated  
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Figure 2: Effect of reaction components on the (A) extracellular and (B) intracellular synthesis of CdS QDs. Also presented is the fluorescence 
of cells that were not exposed to any of the reaction components.  

* indicates presence of significant difference (P<0.01) at 520 nm emission with respect to the reaction mixture containing all the reagents being 
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Figure 3: Effect of pH on the (A) extracellular and (B) intracellular synthesis of CdS QDs. 

* indicates presence of significant difference (P<0.01) at 520 nm emission with respect to the control (at pH 7.25 in the absence of cadmium). 

 

intracellular transport of cadmium (Krom et al. 2000; Gallardo 

et al. 2014). Absence of synthesis in the presence of the growth 

medium, with a measured pH of 1.98, can be accounted for by 

the aforementioned acidity-induced stress and increased 

solubility of cadmium at very low pH. This observation  is not 

consistent with the results of Ulloa et al. (2016), where they 

recorded synthesis of CdS QDs by the acidophilic bacterium 

Acidithiobacillus in its growth medium.  

 

Taking into consideration the effects of reaction components, 

pH, incubation period, and media, the optimal intracellular and 

extracellular syntheses of CdS QDs are attained by 72-hour 

exposure of T. asperellum to cadmium, sulfide, glutathione, and 

phosphate at pH 7.25. 

 

Acid tolerance of CdS QDs 

The pH tolerance of extracellularly-synthesized CdS QDs was 

determined by measuring the fluorescence spectra after 

exposure to various pH. The results showed that the fluorescence 

of the CdS QDs was significantly quenched at pH 1-2 and 4-5 

but not at pH 3 and 6 with respect to the control at pH 7 (Figure 

6). 

 

Tolerance of the CdS QDs at pH 7 and 6 is a reflection of the 

optimum pH for growth of T. asperellum and the reaction 

condition. T. asperellum optimally grows at pH 6.5 (Singh et al. 

2014) and the synthesis was undertaken at a pH of 7.25; hence, 

proteins released by the isolate to coordinate and cap the CdS 

QDs are anticipated to be optimal at neutral and weakly acidic 

conditions (Ahmad et al. 2002; Borovaya et al. 2015). 

Fluorescence degradation occurs when CdS QD is subjected to 

a pH level significantly lower than the pKa of the thiol group in 

its cap (Yang et al. 2016, Priyam et al. 2005); hence, pKa of the 

thiol groups that cap the CdS QDs may be higher than pH 6 and 

this may be responsible for the quenching at pH 1-2 and 4-5. The 

observed tolerance of the CdS QDs at pH 3 may be due to the 

release of another set of proteins with a very narrow tolerance to 

acidity. These proteins may be related to those utilized by the 

isolate to withstand its acidic growth medium. However, further 

studies are needed to verify the mechanism of this observed 

tolerance at pH 3. 

 

Sankhla et al. (2016) showed that proteins play an important role 

in stabilizing CdS QDs. In the presence of proteins as capping 

agents, zeta potential of CdS QDs increases in magnitude, 

providing greater stability to avoid agglomeration and 

flocculation. In addition, proteins also help in restricting the size 

of CdS QDs by limiting Ostwald ripening. Acid tolerance of 

biosynthesized CdS QDs may be accounted for by the release of 

acid tolerant proteins that coordinate the synthesis and capping 

of CdS QDs (Ulloa et al. 2016). The biocompatibility and 

increased stability of acid tolerant CdS QDs produced by  
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Figure 4: Effect of incubation period on the (A) extracellular and (B) intracellular synthesis of CdS QDs. 

* indicates presence of significant difference (P<0.01) at 520 nm emission with respect to the control measured after 72 hours of incubation. 

 

acidophilic and acidotolerant microorganisms  permit their use 

in  a wider array of applications in biomedicine. 

 

Characterization of synthesized CdS QDs  

UV-Vis analysis of the extracellularly-synthesized CdS QDs 

revealed maximum absorbance at the 280 to 400 nm and 

minimal absorbance at 400 to 700 nm. The first excitonic 

absorption peak of the CdS QDs was observed at about 370 nm 

(Figure 7). This peak arises from quantum confinement effects 

that result from the assembly of CdS QDs. The determined peak 

agrees with the established value on the typical absorption peak 

of CdS QDs at about 360 nm (Ulloa et al. 2016; Gallardo et al. 

2014). When increase in size of CdS QDs take place, the first 

excitonic absorption peak nears the visible region, leading to a 

decrease in the effects of quantum confinement and band energy 

(Ulloa et al. 2016).  Using the first excitonic absorption peak, an 

approximate of the particle size, extinction coefficient, and 

particle concentration can be derived from available sizing and 

approximation curves (Yu et al. 2003). Given a peak of 370 nm, 

an estimated CdS QD diameter of 2.52 nm was calculated. On 

the other hand, an estimated CdS QD concentration of 660 nM 

was computed with an extinction coefficient of 181089.51 

L/mol•cm and optical density of 0.12. The size of the CdS QDs 

approximated fits within the lower limit of the range of CdS QD 

size from 2 to 10 nm (Li et al. 2007).  

 

On the other hand, fluorescence spectrophotometry analysis 

over four filters (460, 520, 590, and 620 nm) revealed emission 

peak at 520 nm after excitation at 355 nm (Figure 8-9). This peak, 

which was observed in both intracellularly- and extracellularly-

synthesized CdS QDs, is in agreement with the possible 

emission spectra of CdS QDs from 450 to 650 nm. It also 

matches with the emission of CdS QDs synthesized by the 

acidophilic bacterium Acidithiobacillus thiooxidans from 470 

nm to 550 nm (Ulloa et al. 2016). An emission maximum at 520 

nm corresponds to a green fluorescence. However, supernatant 

and pellets obtained when exposed to UV light revealed a yellow 

fluorescence. We suspect the presence of an emission peak in 

between 520 nm and 590 nm, which may account for the 

observed color of fluorescence.   

 
Table 2: Average zeta potential measurement of CdS QDs 

Average Zeta 

Potential 

Standard 

Deviation 
Voltage 

Specific 

conductance 

-23.9 mV ±3.39 mV 50 V 7417 µS/cm 

 

Average zeta potential of the extracellularly synthesized CdS 

QDs in phosphate buffer (pH 7.25) was determined to be -23.9 

± 3.39 mV (Table 2). Zeta potential ranging from -27.29 to -

20.51 mV reveals that the stability of the extracellularly 

synthesized CdS QDs is within the threshold of delicate 

dispersion, where the negatively charged surface of the CdS 

QDs facilitates near moderate stability to prevent agglomeration 

(Riddick 1968). However, although stable when constantly 

shaken, prolonged period of storage of the CdS QDs in the 

absence of agitation showed traces of agglomeration. Sankhla et 

al. (2016) showed that at pH 7.25, protein- capped CdS QDs and  
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Figure 5: Effect of media on the (A) extracellular and (B) intracellular synthesis of CdS QDs. 

* indicates presence of significant difference (P<0.01) at 520 nm emission with respect to the control (in phosphate buffer in the absence of cadmium). 

  

 
Figure 6: Effect of pH on the fluorescence of extracellularly synthesized CdS QDs. The assay was conducted in four replicates and repeated 

three times using 660 nM CdS QDs. Error bars represent the standard error while * denotes P-value (P<0.01) with respect to the control at pH 7. 

 
uncapped CdS QDs have a zeta potential of -29 mV and -17.5 

mV, respectively. The derived average zeta potential indicates 

that the CdS QDs are capped with biomolecules such proteins 

that allow their stabilization through electrostatic interaction. 

Presence of proteins as capping agents is supported by 

absorption maximum of the CdS QDs at 280 nm. 

 

 

Fluorescence detection of a leptospirosis-related oligomer 

The ability of CdS QDs to serve as donor and acceptor 

nanoparticles in FRET makes them suitable for FRET-based 

gene detection and disease diagnostic methods. In this study, 

extracellularly synthesized CdS QDs were employed in a 

fluorescence quenching and recovery assay to detect the 

presence of a Leptospirosis-related oligomer, a 20-mer portion 

of the hemolysin-coding gene LA0202, and its single-based 

mismatched variants. Different from the approach utilized by Lu 

et al. (2011) and Feng et al. (2017) that relied on CdS QDs as 

acceptor nanoparticles alone, this study utilized both the donor 

and acceptor properties of CdS QDs.  CdS QDs and FAM-dye 

conjugated oligomer were excited at their maximum absorbance 

wavelength  at 355 nm and 485 nm, respectively. After five 

minutes of incubation at 37°C, results of fluorescence quenching 

and recovery assay using CdS QDs as donor and acceptor 

nanoparticles, respectively, showed fluorescence quenching in 

the presence of the FAM-dye conjugated parent oligomer (P) 

and fluorescence recovery upon addition of the target oligomer 

(T0) (Figure 10). 

 

FRET-based interaction of the CdS QDs and the FAM-dye-

conjugated parent oligomer resulted in a significant fluorescence 

quenching with respect to the individual fluorescence of the 

parent oligomer and the CdS QDs alone. FRET occurs via non-

radiative dipole-dipole coupling (Gadella 2009; Helms 2008; 

Chou and Dennis 2015), which is permitted by the adsorption of 

the parent oligomer on the CdS QDs. Although the CdS QDs 

have a negative zeta potential (23.9 ± 3.39 mV), coordination 

interaction of the nitrogenous backbone of the single-stranded  
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Figure 7: UV-Vis absorption spectrum of the extracellularly-
synthesized CdS QDs (solid line) from 280 nm to 610 nm. The 
peak was observed at about 370 nm. Corresponding absorption 
spectrum of the control (dashed line) with no formed CdS QDs is also 
shown for comparison. 

 

 

 
Figure 8: Fluorescence of extracellularly (A) and intracellularly 
(C) produced CdS QDs under UV transillumination. Corresponding 
controls without cadmium (B, and D) are also shown for comparison.  

nucleic acid and the shell of the nanoparticle overcomes the 

repulsive forces to facilitate adsorption (Jian et al. 2010). In 

addition, FRET is permitted by an overlap and interaction of 

their respective absorption and emission spectra shown in Figure 

11-12. CdS QDs serve as donor nanoparticles at 355 nm 

excitation and acceptor nanoparticles at 485 nm excitation. At 

355 nm, CdS QDs are excited and are able to serve as donors of 

energy. On the other hand, at 485 nm, CdS QDs are at their 

ground state and are capable of accepting energy from donor 

molecules.  

 

At 355 nm excitation, instead of fluorescing, the excited CdS 

QDs pass their absorbed energy to the FAM dye as they return 

to their ground state, causing about 50% reduction in the 

fluorescence of the nanoparticles. On the other hand, at 485 nm 

excitation, the excited FAM dyes pass their absorbed energy to 

the CdS QDs as they return to their ground state, leading to about 

35% reduction in the fluorescence of the conjugated dye. These 

resulted to the significant fluorescence quenching observed in 

both 9A and 9B when the CdS QDs and the parent oligomer 

interacted with each other.  

 

Addition of the target oligomer allowed base pairing with the 

single-stranded parent oligomer, which it perfectly complements 

with. This led to an increase in distance between the CdS QDs 

and the now-hybridized parent oligomer. As a result, significant 

recovery of fluorescence occurred as FRET can no longer be 

facilitated due to the absence of adsorption and coordination 

interaction between the CdS QDs and the parent oligomer. At 

355 nm and 485 nm excitation, 57% and 91% of the quenched 

fluorescence was recovered, respectively (Figure 10).  

 

In order to determine the selectivity of the fluorescence 

detection assay, we determined the degree of fluorescence 

recovery after addition of the target oligomer’s single base-

mismatched variants. Further analysis showed that the excitation 

at 355 nm and 485 nm were able to differentiate the pyrimidine 

(i.e. cytosine, TC) single-base mismatched variant due to the 

lack of significant fluorescence recovery. At 355 nm and 485 nm 

excitation, -5.4% and 45.2% of the quenched fluorescence was 

recovered, respectively. Interestingly, the assay revealed 

significant fluorescence recovery in the presence of the purine 

(i.e. adenine, TA) single-base mismatched variant. At 355 nm 

and 485 nm excitation, 54.6% and 95.5% of the quenched 

fluorescence was recovered, respectively. This agrees with the 

results of Lu et al. (2011), where their use of CdS QDs for 

detection of an HIV-related gene showed significant 

fluorescence recovery upon addition of the target oligomer, the 

purine (i.e. guanine) single-base mismatched variant, and the 

double-base mismatched variant. Only in the triple-base 

mismatched variant was significant fluorescence recovery not 

observed. The observed phenomenon furthers our 

recommendation on the use of highly specific and longer regions 

pertinent to the virulent gene for more accurate detection and 

diagnosis.  

 

The sensitivity of the fluorescence detection assay was also 

evaluated at 485 nm excitation. Significant fluorescence 

recovery was attained in the presence of the target oligomer 

down to a final reaction concentration of 12.12 nM (Figure 13). 

At 24.24 nM and 12.12 nM, fluorescence recovery was 71.6% 

and 43.7%, respectively. On the other hand, at 6.06 nM and 3.03 

nM, fluorescence recovery was 3.7% and -4.7%, respectively. 

12.12 nM is much less than the 500 nM upper limit of detection 

determined by Feng et al.(2017) making the CdS QDs suitable 

for gene detection and disease diagnosis.   

 

 

CONCLUSION 

 

This study demonstrates the first report on T. asperellum’s 

synthesis of CdS QDs. Optimization of reaction conditions 

reveals that synthesis in the extracellular and intracellular level 

was enhanced at neutral conditions in the presence of cadmium, 

sulfide, glutathione, and phosphate after 72 hours of incubation. 

The synthesized CdS QDs displayed an absorption peak at 370 

nm, emission peak at 520 nm, approximate size of 2.52 nm, and 

zeta potential of -23.9 ± 3.39 mV. Fluorescence detection assay 

conducted shows that the biosynthesized CdS QDs are able to 

serve as both acceptor and donor nanoparticles in FRET-based 

interactions to determine the presence of a leptospirosis-related 

target oligomer, down to a final reaction concentration of 12.12 

nM, through significant recovery (p<0.01) of quenched 

fluorescence. Further studies should consider more intensive 

purification and characterization methods for both 

extracellularly- and intracellularly-synthesized Cds QDs and 

should focus on the optimization of the fluorescence detection 

assay. In addition, further investigation can be carried out on the 

differential selectivity of the assay towards purine and 

pyrimidine single-base mismatched variants of the target 

oligomer and its mechanism.  
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Figure 9: Fluorescence spectra of the extracellularly-synthesized and intracellularly-synthesized  CdS QDs after excitation at 355 nm over 
four filters. The peak was observed at about 520 nm

 

 

Figure 10: Fluorescence detection of a Leptospirosis-related oligomer (200 nM), the target oligomer, and its single-base mismatched variants 
(200 nM) using CdS QDs (660 nM) as (A) acceptor at 355 nm excitation and (B) donor nanoparticles at 485 nm excitation. The assay was 
conducted in six replicates and repeated three times. Error bars represent the standard error while * denotes P-value (P<0.01) with respect to the 
fluorescence of QD + P. P=Parent oligomer, T0=Target oligomer, TA=Adenine single-base mismatched variant, TC=Cytosine single-base mismatched 
variant. 
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