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Abstract 

Herein, we report preparation of water soluble CdSe quantum dots (coated with 3-

mercaptopropionic acid, MPA) of variable size (2.43-5.09 nm) based on hot injection kinetic 

synthesis.  A comprehensive spectroscopic analysis of these nanoparticles by steady state and 

time resolved fluorescence spectroscopy yielded interesting results. Since the internalization of 

QDs by prokaryotes has not been well-understood, as yet, the activity of the variable sized QDs 

was assessed against Escherichia coli DH5α (gram-negative) and Staphylococcus aureus (gram-

positive bacteria), ATCC 13709 by agar disc assay and MTT assay. The mechanisms of toxicity 

were evaluated by measuring the reactive oxygen species (ROS) generated by the QDs alone and 

investigating the oxidative damage to bacteria. The sensitivity of S. aureus was higher compared 

to E. coli and a significant size dependent increase in intracellular ROS generation compared to 

control was noted. Statistically significant size-dependent increase in the Zone of inhibition was 

observed in S. aureus and E. coli by Agar disc diffusion assay.  

Since, reduced glutathione (GSH) is the primary line of defence against acute toxicities of 

electrophiles and ROS and has a detrimental role in conferring cellular protection, hence the 

GSH depletion was quantified. GSH in S. aureus and E. coli by QD-A (2.43 nm =0.055 ± 

0.0007, 0.053 ± 0.0002), QD-C (5.09 nm =0.057 ± 0.001, 0.054 ± 0.0046) followed by QD-B 

(3.75 nm =0.060 ± 0.0003, 0.057 ± 0.0005) with respect to control (0.086 ± 0.001, 0.075 ± 

0.0005). ROS was further quantified using DCFH-DA. An increase in the levels of reactive 

oxygen species [QD-A treatment (119.35% ± 5.77 % and 34.58% ± 5.77%), QD-C (62.90% ± 
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11.54% and 23.3% ± 5.77%) followed by QD-B (14.51% ± 15.27% and 12.03% ± 5.77%)]. 

Lactate dehydrogenase release determines the integrity of cell membrane and the LDH release 

was directly proportional to cellular damage [QD-A (104.05% ± 5.77% and 102.61% ± 13.76%) 

and C (68.89% ± 7.21% and 29.4% ± 15.12%) followed by B (51.68% ± 11.54% and 18.45% ± 

15.46%)]. The QDs induced oxidative stress enhanced genotoxicity as evidenced by the DNA 

damage in S. aureus (QD-A>QD-C>QD-B = 53% ± 1.5%, 49% ± 1.15% , 47% ± 1.15%) and E. 

coli (49.5% ± 1.73% , 45% ± 0.57% , 42% ± 1.15%. Results confirmed the role of QDs in 

inducing oxidative stress in microbial system whereby it can be applied to inflict damage to 

many unwanted members of the microbial communities.  

Key words: Water soluble QDs, Cytotoxicity, Antimicrobial properties, LDH, ROS, DNA 

fragmentation. 
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1. Introduction 

Biological applications of semiconductor quantum dots (QDs) have gained considerable attention 

in the recent past. This is because semiconductor nanocrystals, quantum dots, are promising 

nanomaterials, which have found applications in many areas such as photonics, pharmaceutics, 

semiconductor devices etc. The remarkable features of QDs are: possession of broad absorption 

and narrow emission bands, exhibition of size-tunable colour, and presence of large two-photon 

absorption cross-section.
1, 2

 QDs solutions exhibit visible colour changes even by minuscule 

variations in the radius of QDs. This property may be used to exploit their potential for 

concurrent multiple colour labels
3, 4, 5

 The size differences majorly affect their uptake that may 

lead to modifications in cellular activity and cytotoxicity. 
6
 Further, applications in biology and 

pharmaceutics as drug/gene carriers, and imaging agents require water-solubility of this 

luminescent quantum dots.
7-9

 Strong interaction of nanoparticles with intra-cellular proteins may 

cause transmission of biological signals owing to altered protein conformation. This altered 

signal transduction in cells may cause toxicity. Of the quantum dots available, CdSe stands out 

as a promising candidate because its optical band gap is dependent on its particle size. The 

conversion of these QDs from their hydrophobic state to hydrophilic nature is necessary, which 

is achieved by a phase-transfer process.
10

 However, such a process causes the resultant particles 

to have limited stability due to tendency to grow in size, and poor photoluminescence 

efficiency.
11 

Size-dependent photoluminescence (PL) spectral profile spanning   the broad visible 

region of the electromagnetic spectrum
12, 13

 has facilitated the extensive use of 3-

mercaptopropionic acid (MPA)-capped Cadmium Selenide (CdSe) QDs in biology particularly in 

cellular labelling, and imaging applications.  

Of  the two component ions Cd
+2

 and Se
-2

 , Cd
+2

 belongs to the heavy metal group,  and the  

consolidated impact of these ions  on plasma proteins is poorly understood. The hydrophobic 

nature of CdSe nanoparticles requires surface modification to enable these to be hydrophilic 

(achievable through ligand exchange). In the past, capping agents belonging to both the organic 

and inorganic compounds like polymers, amines, tri-n-octyl phosphine oxide (TOPO) and thiols 

were used. Moreover, such surface capping prevents non-radiative recombination at the surface 

sites, and raises the coagulation barrier, inhibiting aggregation due to stearic hindrance
14

. It is 

important to note that the QD interface environment (capping) has specific property that plays 

significant role in determining its spectroscopic signature like luminescence.
11

 In particular, the 
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water-soluble and biocompatible QDs have found use in a wide range of applications spanning 

pharmaceutics, cellular imaging etc.
16, 17

 Peng et al have comprehensively analyzed the cellular 

uptake, elimination and toxicity of four CdSe/ZnS QDs in HepG2 cells by using high sensitive 

and element-selective ICP-MS measurement, MTT assay, AO/EB staining, and glutathione level 

and gene expression analysis. This work provides a systematic assay for the evaluation of the 

cytotoxicity of specific QDs, based on a variety of chemical and biological technologies, and the 

obtained results can be correlated
18

. 

Herein, we have conducted a systematic and comprehensive study to understand size 

dependent toxicity and antimicrobial properties of MPA capped QDs. There are limited number 

of experimental studies devoted to size dependent cytotoxicity, and antimicrobial efficacy of 

QDs reported in the literature. Therefore, our knowledge of size dependent interaction of these 

moieties with cells and microbes remain poorly understood which has motivated the present 

work. 

2. Materials and Methods 

The chemicals, cadmium oxide CdO, oleic acid, octadecene, selenium powder, trioctylphosphine 

(TOP) and mercaptopropionic acid (MPA), were bought from Sigma-Aldrich and were used as 

received. Deionized water from Organo Biotech Laboratories, India, was used to prepare the 

solutions. CdSe quantum dots (QDs) were synthesized from CdO and elemental Se using a 

kinetic growth method pioneered by Peng and others.
19-28

 This approach has several advantages 

relative to conventional CdSe QD synthesis methods.
29

 In particular, the typical precursor 

material, especially dimethyl cadmium, is extremely toxic, expensive, unstable, explosive, or 

pyrophoric in nature, making the system difficult to handle.
22, 29

 Although the hazards associated 

with the CdO and Se should not be overlooked, the kinetic synthesis method we employ is 

viewed as an example of green chemistry with improved safety and reduced toxicity.  

A stock solution of Se precursor was prepared ahead of time by combining 30 mg of Se 

and 5 mL of 1-octadecene (ODE) in a 10-mL round-bottom flask clamped over a hot plate. A 

syringe was used to measure 0.4 mL of trioctylphosphine from its Sure-Seal bottle and added to 

the same flask, and the solution was stirred. It was warmed to facilitate speedy dissolution of the 

Se. The stock solution was stored at room temperature (25 
0
C) in a sealed container, and had 

enough Se precursors for five preparations. 
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Cd precursor was prepared by adding 13 mg of CdO to a 25-mL round-bottom flask 

clamped on a heating mantle. To the same flask 0.6 mL of oleic acid and 10 mL of octadecene 

were added and the flask was heated. When the temperature reached 225 
0
C, 1mL of the room-

temperature selenium solution was transferred to the hot cadmium solution. Because the physical 

characteristic of the nanoparticles strongly depends on reaction time, timing began when the 

selenium solution was added. A 2 mL disposable syringe was used to remove and quench 

approximately 1mL samples at specific time intervals, as quickly as possible at the beginning of 

the synthesis and at later times when noticeable color change was detected. 

Colloidal CdSe QDs prepared in TOP (trioctylphosphine/dodecylamine) were transferred 

into water medium by the use of amino-ethanethiol. HCl (AET) or mercaptopropionic acid 

(MPA).
30, 31

 To prepare CdSe QDs with a negatively charged MPA capping, 100 µL of the crude 

solution of CdSe QDs in the TOP coordinating mixture was dissolved in 5 mL of chloroform. 

Subsequently, a 0.5 M methanolic solution of MPA-KOH (with 20 mol % excess of KOH) was 

added until the particles flocculated. Directly after the flocculation, ultrapure water was added to 

the suspension, resulting in a two-phase system (water above chloroform). Upon shaking, the 

QDs were transferred into the water phase. The KOH solution was added to the MPA solution in 

order to deprotonate the carboxylic groups of MPA. No post-preparative steps were required to 

clean up the CdSe QDs solution, since TOP stay in the chloroform phase rather than in the water 

phase. The pH of CdSe quantum dot dispersion was ~ 9.0±0.5. 

UV-Vis absorption spectra were obtained using spectrophotometer (Model CE-7300, 

Cecil Instruments, U. K.) operating in the wavelength range from 190 to 900 nm. FTIR spectra 

from all samples were recorded on a FT-IR/ Raman Spectrometer (1064 nm) attached to a 

microscope (Varian 7000 FT-Raman and Varian 600 UMA). We adopted FT-IR Spectroscopy to 

investigate structure of water in various solutions because vibrational spectra are very sensitive 

to the local molecular environment. Average particle sizing was done by using a JEOL 2100F, 

TEM (Digital TEM with image analysis system at a maximum magnification of 1, 50,000X 

operating at a voltage 200 kV). The dispersion state particle sizing was also done by dynamic 

light scattering (DLS) technique. The instrument used for this purpose is described elsewhere. 
32

 

Further details about the principle of operation of the DLS instrument and data analysis of 

correlation function can be obtained from ref. 
33

. 
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The steady state fluorescence measurements were performed using Varian Cary Eclipse 

fluorescence spectrophotometer having spectral range from 190 to 1000 nm, and lifetime decay 

experiments were performed using time-correlated single photon counting (TCSPC) setup 

(FL920, Edinburgh Instrument). All samples were excited with diode lasers and the emission 

decays were collected at emission peak wavelength at magic angle polarization (55
0
). Here, we 

have used pico-second time resolved fluorescence spectrometer (TRFS) to probe the solvent 

effect on the lifetime of relaxations. All the measurements were performed with 100 nm TAC 

(Time to Amplitude Convertor) at excitation wavelengths of 375 and 405 nm LED source. The 

time resolution for TCSPC setup was ~ 120 ps (measured with LUDOX solution). The decay 

curves were least-squares fitted to the single-exponential decay function given by  

    

  F�t� = a� + a	exp	�− �
��      (1) 

 

where a0 defines the time shift between instrument response function, and the sample. The mean 

relaxation time τ corresponds to the average lifetime of characteristic excited states. The 

goodness-of-fit χ
2
 chi-square parameter obtained was greater than 99 % indicating robust and 

reproducible least square fitting of the data.  

2.1 Preparation of bacterial culture 

The bacterial cultures (E. coli-DH5α, Gram-negative bacteria) and (S. aureus, Gram-positive 

bacteria) were maintained in nutrient agar at 37°C. Bacterial inoculations were prepared to 0.5 

McFarland standards before performing the antimicrobial assays. Briefly, the primary 

inoculation was performed in nutrient broth at 37 °C and was kept overnight at 180 rpm in the 

shaker incubator. Secondary inoculation was also done and the flask was incubated at 37 °C for 

4h. The turbidity of the resulting suspension was observed and optical density (O.D) was 

measured at 600 nm using UV spectrophotometer (Agilent Technology, Germany). These 

bacterial cultures were used for further experiments. 

 

Toxicity assessment 

2.2 Bactericidal assay 

Bacteriocidal activity by disc diffusion assay (Kirbey-Bauer method) against E. coli and S. 

aureus was performed as per previously published protocol 
34, 35

. Briefly, hard agar using Luria 
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agar (3.5 %) and Agar agar (0.8 %) were prepared and autoclaved. After cooling, the hard agar 

was poured onto the petri-plates and was allowed to solidify. Agar agar containing bacterial 

inoculum was prepared. This was evenly poured on the previously prepared solidified agar 

plates. 20 µL of QDs were impregnated onto 3 mm sterile blank discs and allowed to dry before 

placing onto the culture plates on the marked areas. Plates inoculated with bacteria were 

incubated overnight at 37 ºC. Bacteriocidal activity was directly proportional to the diameter of 

inhibition zone. Gentamycin sulphate (1 x10
-3

 µg/ml) was used as positive control. 

2.3 Cytotoxicity assessment 

Percentage reduction in cellular viability after the interaction period (24 h) was determined using 

MTT assay as described by Mossman
36

. In the recent past, the MTT assay has been employed as 

a method for analyzing cellular viability of prokaryotes
37

. Interference shown by QDs with MTT 

dye was subtracted from the results. The increase in bacterial cytotoxicity in treated samples was 

calculated with respect to control. Cell culturability was determined using standard plate count 

assay on LB agar medium. EC50 value was calculated by MTT assay. 

 

Exposure of bacterial cultures to QDs 

S. aureus and E. coli (5×10
9
 cells; concentrated 5 ml culture) were treated with QDs at 37 °C for 

24 h.  

Oxidative stress markers 

2.4 Lactate dehydrogenase (LDH) release/membrane integrity  

Membrane integrity of the treated culture was assessed by extracellular LDH release assay. Data 

were reported as percentage release of LDH compared to control LDH release. The level of 

extracellular LDH release was assessed as an indicator of membrane permeability and 

cytotoxicity. As per the protocol by Kumar A. et al. 2011 
38

, the interacted bacterial cell 

suspension was centrifuged (7000g, 10 min), and the LDH level in the supernatant was measured 

following the standard protocol. To 100 µL of supernatant, 100 µL of 30 mM sodium pyruvate 

and 2.8 mL of 0.2 M Tris-HCl was added. One hundred microliters of 6.6 mM NADH were 

added prior to use. The rate of decrease in absorbance at 340 nm in a 96-well plate using a (KC4) 

Synergy HT multiwell plate reader (Bio-Tek) to determine the LDH release activity. 
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2.5 Determination of reactive oxygen species (ROS) 

Intracellular ROS in the bacterial cells were measured using dichlorofluorescein diacetate 

(DCFH-DA) as described by Lyon et al. 
39

 with minor modifications. Bacterial culture (1 ml) 

was pelleted by centrifugation at 5000g for 5 min. The pellet was resuspended in PBS containing 

30 µg/ml DCFHDA dye at 37 °C for 30 min in shaker. Further, the treated culture was pelleted 

and resuspended in 450 µl of PBS, and fluorescence values were measured at an excitation 

wavelength of 485 nm and emission wavelength of 528 nm in a 96-well plate using a (KC4) 

Synergy HT multiwell plate reader (Bio-Tek). 

 

2.6 Glutathione levels 

Reduced glutathione levels were estimated by method previously described by Scott et al. 
40

, 

with slight modification. Bacteria were cultured to 1×10
9
 cfu/ml and treated with QDs. An 

aliquot of 1ml was extracted with 50 µl of 100% TCA. The mixture was kept in ice for 10 min 

and centrifuged at 10,000g for 5 min. After precipitation, 200 µl of 30 mM Tris–HCl (pH 8.9) 

buffer was used to neutralize the sample. Further, GSH was quantified by measuring absorbance 

at 412 nm by reaction between 500 µl of supernatant and 2.5 ml of 0.01% dithionitrobenzoate 

after incubation for 15–20 min; simultaneously, a 0.4 ml portion of the remaining treated culture 

was used for determination of protein using the Bradford method. Glutathione levels were 

estimated after normalization to cellular protein levels and expressed as GSH µmol/mg protein. 

 

2.7 DNA fragmentation 

DNA fragmentation was measured using the DPA assay. The DNA from the QD-treated bacteria 

was isolated using the described protocol. The diphenylamine (DPA) reaction was performed 

according to the method described by Paradones et al. and Sally et al. 
41, 42

. Perchloric acid (0.5 

M) was added to the cell pellets containing uncut DNA (resuspended in 200 µL of hypotonic 

lysis buffer) and to the other half of the supernatant containing DNA fragments. Then two 

volumes of a solution consisting of 0.088 M DPA, 98% (v/v) glacial acetic acid, 1.5% (v/v) 

sulphuric acid, and a 0.5% (v/v) concentration of 1.6% acetaldehyde solution were added. The 

samples were stored at 4°C for 48 h. The reaction was quantified spectrophotometrically at 575 

nm. The percentage of fragmentation was calculated as the ratio of DNA in the supernatants to 

the total DNA.  
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3. Results and Discussion  

3.1 Characterization of CdSe quantum dots 

Fig. 1(a) depicts the photographs of QDs taken in normal light and under UV illumination which 

clearly indicate the fluorescent property of these nanoparticles. A representative TEM image is 

shown Fig. 1(b). DLS study indicated that the mean hydrodynamic diameter of these particles 

was 6.8 ± 0.4 nm. In comparison, TEM analysis revealed the presence of nearly monodisperse 

particles having average diameter of 6.5 ± 0.4 nm. The observed difference in the two sizes was 

remarkably small regardless of the fact that TEM data corresponded to dehydrated samples. 

Therefore, we concluded that the average particle size observed from TEM was more likely to 

represent the actual size of QDs whereas DLS result referred to the size of hydrated particles. 

The size of the QDs can be controlled by regulating the nucleation temperature and the growth 

time, but not continuously. By this method, we could prepare QDs of three distinct sizes only 

(2.43, 3.75 and 5.09 nm). 

  λ / λ / λ / λ / nm

450 500 550 600 650 700
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b
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0.15
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   λ    λ    λ    λ = 586 nm
(size=5.09 nm)

 

Fig. 1. (a) Photographs (normal light (top left) and UV-illumination (bottom right)) and (b) TEM 

image (middle) and (c) UV-vis absorption spectra of water soluble CdSe QDs (right). 

 

Fig. 1(c) depicts the UV–vis absorption spectra of QD samples. The absorption edge of the 

curves showed a clear blue-shift from bulk band gap, indicating the quantum nature of the 

nanoparticles. A well-resolved absorption maximum of the first electronic transition was 

observed that attributed a narrow size distribution to these preparations. The particle diameters D 

(a) (c) 
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of QDs were determined from the first absorption maximum of the UV–vis absorption spectra 

according to the following empirical formula given by 
 

  

D�nm� = 59.60816 − 0.54736λ + 1.8873x10!"λ# − 2.85743x10!%λ" + 1.62974x10!&λ' (3) 

 

where D (nm) is the diameter of a given QD particle, and λ (nm) is the wavelength of the first 

excitonic absorption peak of the concerned sample.  The diameter values are listed in Table-I. 

Results showed that the particle diameters of the as prepared CdSe QDs were about 2.43, 

3.75 and 5.09 nm corresponding to the first absorption maximum of 497, 573 and 586 nm 

respectively. The concentrations of the CdSe dispersions were determined from the UV-Vis data 

using Beer-Lambert’s law. Zeta potential (ζ) of these nanoparticles were measured using 

electrophoresis instrument (Zeecom–2000, Microtek, Japan) from which, in principle, one could 

determine the surface charge on these particles if their morphologies are known. The particle 

size, and their distribution were determined using dynamic light scattering (DLS), and 

transmission electron microscopy (TEM) techniques. These results are listed in Table 1. 

Table 1: Physical characteristics of the samples used in this study measured at room temperature 

20 
0
C. Sizes reported are mean values. 

Sample 

ID 

DLS  

size/nm 

TEM  

size/nm 

UV-vis  

size/nm 

pH Zeta 

potential/mV 

Fluorescence 

lifetime/ns 

A 3.8±0.2 3.5±0.2 2.43±0.08 9.0±0.5 -50±2 0.010±0.001 

B 4.9±0.3 4.7±0.3 3.75±0.09 9.0±0.5 -56±3 0.011±0.001 

C 6.8±0.4 6.5±0.4 5.09±0.07 9.0±0.5 -60±3 0.013±0.001 

 

3.2 Steady state and Time Resolve Fluorescence spectroscopy  
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Fig. 2. (a) Steady state (left) and (b) time resolved fluorescence spectra of QD samples of 

different size recorded at room temperature(right).  

 

Size dependent fluorescence of QDs was probed using steady state fluorescence spectroscopy 

where we observed a red-shift in the emission maxima with size (Fig. 2a). The aqueous 

dispersion of MPA capped CdSe quantum dots with increasing size of solution and the 

fluorescence intensity was monitored as shown in Fig. 2(a). 

Fluorescence emission decay spectra reported herein were obtained from TCSPC 

experiments.  A 405 nm LED source was used to excite the samples, and record the time decay 

signal at the emission maximum of 350 nm. These time resolved fluorescence decay curves are 

depicted in Fig. 2(b), and these curves were fitted to exponential decay function given by eq (1). 

The exciton lifetime had minor dependence on size of QDs (Table 1). The decay time 

progressively decreased with increase in the size of QD.  And the decrease was close to 30%. 

 

3.3 Antimicrobial activity  

The results of the antimicrobial activities of quantum dots using disc diffusion assay is 

represented in (Fig.3 and Table 2) 

These inorganic QDs offer distinct advantages over chemical based antimicrobial agents 

that are known to cause time-dependent multidrug resistance. The membrane structure of gram-

positive and gram-negative bacteria has been differentiated based on the thickness of the 

peptido-glycan layer that is a distinct feature of the prokaryotes. The lower efficacy of the QDs 

against S. aureus may possibly be due to the difference in the membrane structure. To further 
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endorse this premise, more differential study between gram-negative and gram-positive bacterial 

species was required.  

Staphylococcus aureus (gram positive), in sample A (2.43 nm), indicated the highest 

inhibition zone of 3.5 mm, sample B (3.75 nm) showed slight inhibition zone of 1.25 mm. 

However, in sample C (5.09 nm) 2.75 mm zone of inhibition was observed. In case of 

Escherichia coliDH5α (gram negative), sample A (2.43 nm), the highest inhibition zone of 5 mm 

was observed on the agar disc assay. Moreover, sample B (3.75 nm) indicated an inhibition zone 

of 2 mm. However, in sample C (5.09 nm) a 4 mm zone of inhibition was observed. Gentamycin 

was used as the positive control (1 x10
-3

 µg/ml) and Distilled water was used as negative control. 

All the QD-stock samples have 20 mg/mL concentration. 

Table 2:  Antibacterial activity of QDs on E. coli and S. aureus. Zone of inhibition reported are 

mean ± S.D values. 

S. 

No. 

Samples (size) Positive control (mm)  Negative 

control 

(mm)   

Zone of Inhibition (mm) 

  S. aureus  E. coli DH5α   S aureus  E. coli DH5α  

1. A (2.43 nm) 6.75±0.09 2.5±0.11 

 

- 3.50 ± 0.10*** 0.5 ± 0.10*** 

2. B (3.75 nm) 6.75±0.12 2.5±0.21 

 

_ 1.25 ± 0.20*** 0.2± 0.07*** 

3. C (5.09 nm) 6.75±0.15 2.5±0.11 _ 2.75 ± 0.15*** 0.4 ± 0.15*** 

*indicates significance difference between control and treated groups. One way ANOVA was 

performed followed by Tukey’s test. Aster-isks indicate levels of significance. ***p<0.001, 

**p≤0.01, *p≤0.05 

3.4 Cell viability assessment 
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Fig 3: Cell viability assessment in S. aureus and E. coli (24 h) by MTT assay. Data are reported 

as mean ± SD from three independent experiments; ***p<0.001, **p≤0.01, treated groups 

compared with control. 

Concentration dependent reduction in cell viability of S.aureus and E.coli upon QDs incubation 

was observed by MTT assay. MTT assay showed a significant increase in cytotoxicity in both 

gram-positive and gram-negative bacteria, S.aureus and E.coli [QD A (2.43 nm, 70.61 ± 0.093% 

and 39.61 ± 0.049%) and C (5.09 nm, 66.65± 0.022%  and 36.65% ± 0.104%) followed by B 

(3.75 nm, 63.08± 0.104% and 33.08% ± 0.043%)], as compared to control, at 10 µg mL
−1

 

concentration (Fig. 3). At these concentrations, the difference in cytotoxicity under conditions 

was found to be significant. One-way ANOVA followed by Tukey’s test was performed to 

calculate the statistical significance in values. EC50 values of QD A (2.43 nm), B (3.75 nm), C 

(5.09 nm) were calculated by MTT assay varied significantly for S. aureus (5.154µg/ml, 

5.882µg/ml and 5.279µg/ml) and E. coli (20.448µg/ml, 22.985 µg/ml and 21.119 µg/ml).  

 

3.5 Effects of QDs on LDH release and membrane integrity 

LDH is an important marker for oxidative stress induced cell death. The effects of QDs 

on LDH release of S. aureus and E. coli cells are indicated in Fig. 4. Bacterial cells exposed to 

QDs demonstrated a size dependent release of LDH (Fig. 4). A significant release of LDH was 

observed after 24 h exposure to the QDs showing an increase in membrane permeability. QDs A 

and C induced release of LDH compared to the control group, and a slight decrease in QD-B 
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(3.75 nm) [LDH level by QD A (2.43 nm, 104.05% ± 5.77% and 102.61% ± 13.76%) and C 

(5.09 nm, 68.89% ± 7.21% and 29.4% ± 15.12%) followed by B (3.75 nm, 51.68% ± 11.54% 

and 18.45% ± 15.46%)]. Interestingly, some differences between Gram positive S. aureus and 

Gram negative E. coli were observed.  

 

Fig 4. Assessment of membrane damage (24 h) by LDH release assay. The cells were exposed to 

20µl QDs for 24 h. Each plot was produced from at least 3 replicate measurements. All values 

are presented as mean ± S.D. (n ≥3). All the QD-stock samples have 20 mg/mL concentration.  

*indicates significance difference between control and treated groups. One way ANOVA was 

performed followed by Tukey’s test. Aster-isks indicate levels of significance. ***p<0.001, 

**p≤0.01, *p≤0.05 

 

3.6 Reduced glutathione assay (GSH) 

In the past few years, there has been increasing interest in the measurement of thiols, glutathione 

as indicators of oxidative stress. The reduced glutathione/oxidized glutathione ratio 

(GSH/GSSG) was used to evaluate the oxidative stress status in biological systems, and 

alterations of this ratio have been demonstrated in cancer and other diseases.
 43
 The decrease in 

the reduced glutathione content might reflect decreased levels of the activity of glutathione 

reductase in S. aureus and E.coli [GSH level in S. aureus and E. coli by QD A (2.43 nm=0.055 ± 

0.0007, 0.053 ± 0.0002), C (5.09 nm=0.057 ± 0.001, 0.054 ± 0.0046) followed by B (3.75 

nm=0.060 ± 0.0003, 0.057 ± 0.0005) in comparison to control (0.086 ± 0.001, 0.075 ± 0.0005)]. 

Consistent with our results, earlier it has been suggested that QDs treatment in S. aureus and 
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E.coli leads to enhanced levels of reactive oxygen intermediates with reduced content of 

glutathione.
44 

The level of reduced glutathione was observed to deplete significantly in interacted 

bacterial cells compared to control (Fig.5). The GSH level in S. aureus and E. coli was found to 

be relatively less in QD A (2.43 nm=0.055 ± 0.0007, 0.053 ± 0.0002) compared to C (5.09 

nm=0.057 ± 0.001, 0.054 ± 0.0046) followed by B (3.75 nm=0.060 ± 0.0003, 0.057 ± 0.0005) in 

both the bacterial strains. Cellular GSH levels were significantly depleted after 24 h exposure to 

QD-A followed by QD-C and than by QD-B respectively, compared to control (0.086 ± 0.001, 

0.075 ± 0.0005).  

 

 

Fig 5. Reduced glutathione (GSH) levels in QDs exposed bacterial cells. The cells were exposed 

to 20µl QDs for 24 h. Each plot was produced from at least 3 replicate measurements. All values 

are presented as mean ± S.D. (n ≥3). All the QD-stock samples have 20 mg/mL concentration. 

 

3.7 Determination of intracellular reactive oxygen species (ROS) 

QD-A showed a significant size dependent increase (2.43 nm) in intracellular ROS generation 

when compared to control (Fig.6). Though both QDs A and C showed ROS induction in S. 

aureus and E. coli, it was more pronounced in S. aureus than E. coli. The QDs of 2.43 nm are 

most likely to get entangled in the teichoic acid and lipopolysaccharide. The QDs of 5.09 nm are 

much larger than the bacterial pores and were internalized only when a perturbation occurs in the 

cell membrane. 3.75 nm sized QDs appeared to be optimal sized, as they could penetrate the cell 

walls. Small sized QDs had a better mobility than the larger QDs and were therefore had a better 

chance to contact cells and further caused a higher extent of cytotoxicity. The correlation 

between size and cytotoxicity was observed with CdTe QDs. Lovri´c et al. (2005) 
45
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that the green fluorescence CdTe QDs (2.2±0.1 nm in diameter) exhibited higher cytotoxic 

effects than the red fluorescence QDs (5.2±0.1 nm in diameter), our findings confirmed that QDs 

were internalized by bacterial cells and induced significant oxidative stress [QD-A (119.35% ± 

5.77 % and 34.58% ± 5.77%) > QD-C (62.90% ± 11.54% and 23.3% ± 5.77%) >  QD-B 

(14.51% ± 15.27% and 12.03% ± 5.77%)]. (Fig. 6) 

 

 

Fig.6 Reactive oxygen species (ROS) generation in QDs exposed bacterial cells. The cells were 

exposed to 20µl QDs for 24 h. Each plot was produced from at least 3 replicate measurements. 

All values are presented as mean ± S.D. (n ≥3). All the QD-stock samples have 20 mg/mL 

concentration. 

 

3.8 DNA fragmentation assay  

The molecular mechanism of cell death has further been assessed by DNA fragmentation 

analysis using DPA assay (Fig.7) where the percentage of DNA fragmentation by different 

sized QDs clearly indicated significant DNA damage in both S. aureus (QD-A>QD-C>QD-B = 

53% ± 1.5%, 49% ± 1.15% , 47% ± 1.15%) and E. coli (49.5% ± 1.73% , 45% ± 0.57% , 42% 

± 1.15%). Thus, our study reveals details of death process induced by QDs. Based on these 

observations, a hypothetical mechanism for cellular toxicity could be proposed by the 

generation of OH
•
, O

2 −
, and H2O2 in bacterial cells leading to oxidation of polyunsaturated 

phospholipids. Production of singlet oxygen [O
-
] has been recognized as the cause of oxidative 

stress
46

. The intracellular ROS subsequently causes DNA damage, GSH depletion, and 
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disruption of membrane morphology that eventually leads to cell death.
 47, 48

 Increase in the free 

radicals changes results in phenomenal alternations in the DNA, thereby pushing the cell into 

apoptosis evidenced by percent DNA fragmentation. 

  

 

 

Fig 7. Quantification of DNA fragmentation for S. aureus and E. coli using DPA assay in the 

control and experimental groups. Bars are mean ± S.D. Values in the parenthesis are percent 

change from that of control. All the QD-stock samples have 20 mg/mL concentration. 

 
3.9 Statistical Analysis  

The results were expressed as mean ± SD. Comparison between control and treated groups were 

analyzed by One-way ANOVA followed by Tukey’s test using Prism (5.0) software (Prism 

software Inc.CA). *indicates significance difference between control and treated groups. A p-

value of <0.05 was considered significant. 

 

Conclusions 

We have reported synthesis of CdSe quantum dots by hot injection method and the fluorescent 

QDs were probed for their luminescent signature. The fluorescent lifetime increased with QDs 

size. In vitro results indicated that the antibacterial activity of small sized QDs Sample A (2.43 

nm) was significantly enhanced. The sensitivity of S. aureus was higher in all the different sized 

QDs when compared to E. coli. This question about size dependent toxicity issue came to our 

mind while doing the experiments, particularly when we were comparing the bactericidal activity 
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of the QDs. This paper includes only the antimicrobial assessment of the QD activity. 

Comparison with the in vitro results has not been included in this work. The in vitro results 

indicated that the antibacterial activity of smallest size QD Sample A (2.43 nm) was significantly 

higher which is in consistence with known literature.  

Further mechanistic studies on the toxic response to QDs revealed that LDH release was 

inversely proportional to the reduced glutathione content (GSH) of the organism. The oxidative 

stress induced by QDs post internalization causes the membrane leakage, as well as the DNA 

fragmentation in the cell. These observations reflect the possible perturbations that could 

possibly inflict damage to many unwanted members of microbial communities responsible for 

biogeochemical cycles in aquatic and terrestrial environment. Our observations substantiate the 

need for impact assessment of such novel materials in environmental settings. 
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