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between ways how they behave in the presence of Cd and/
or Cd and Te. The biosynthesis in earthworms can be con-
sidered as its own protective mechanism; however, in E. 
coli, it is probably a by-product of protective mechanisms.

Keywords Biosynthesis · Quantum dots · CdTe · 
Collembola · Eisenia fetida · Escherichia coli

Introduction

Quantum dots (QDs) are considered as nanomaterials, 
which can be synthesized using various approaches and 
ways [1] including electron beam irradiation, polyol-
hydrolysis method, chemical precipitation method, photo-
chemical synthesis, γ-radiation route or microwave-assisted 
aqueous synthesis [2, 3]. After their synthesis, these nano-
materials can be further modified by various inorganic and 
organic substances. Due to the fact that QDs are made of 
metallic substances, their potential toxic properties are dis-
cussed, whereas these depend on modifications, too [1, 4]. 
Negative effects of QDs have been determined in bacte-
ria, algae, invertebrates, fishes and also in some mammals 
[5–7].

In spite of the fact that some of toxic effects are dis-
cussed, these are not so great to be an obstacle to use them 
to treat an organism. However, one-step-way to produce 
QDs with none toxic effects are still looked for. Biosyn-
thesis sometimes also called as green synthesis fulfilling 
this presumption is one of the newest ways for QDs syn-
thesis, [8–12]. Some of the organisms are capable of QDs 
biosynthesis such as Escherichia coli [10, 13–15], Rhodo-
bactersphaeroides [16], Klebsiella pneumoniae [17], Kleb-
siella aerogenes [18], Gluconoacetobacter xylinus [19] 
and yeasts [20] including Saccharomyces cerevisiae [21], 

Abstract Biosynthesis belongs to one of the new pos-
sibilities of nanoparticles preparation, whereas its main 
advantage is biocompatibility. In addition, the ability of 
obtaining the raw material for such synthesis from the soil 
environment is beneficial and could be useful for remedia-
tion. However, the knowledge of mechanisms that are nec-
essary for the biosynthesis or effect on the bio-synthesizing 
organisms is still insufficient. In this study, we attempted 
to evaluate the effect of quantum dots (QDs) not only on 
a model organism of collembolans, but also on another 
soil organism—earthworm Eisenia fetida—and in also one 
widespread microorganism such as Escherichia coli. Pri-
marily, we determined 28EC50 as 72.4 μmol L−1 for CdTe 
QDs in collembolans. Further, we studied the effect of QDs 
biosynthesis in E. fetida and E. coli. Using determination 
of QDs, low-molecular thiols and antioxidant activities, 
we found differences between both organisms and also 
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Schizosaccharomyces pombe [22], Torulopsis species [23], 
Rhodosporidium diobovatum [12] and Fusarium oxyspo-
rum [24, 25]. Although these organisms can produce vari-
ous types of QDs (ZnS, PdS, CdS and CdSe), CdTe is one 
of the most commonly biosynthesized type of QDs [26]. 
As s strain, recombinant E. coli expressing metal-binding 
peptides and proteins, such as phytochelatin and/or metal-
lothionein, belong to the most popular [10, 13–15]. Besides 
the above mentioned organisms, plants can be also used 
for green synthesis of QDs, in which their extract is used 
as the reducing agent [27–29]. The biosynthesis has been 
also found in animals, of which rats [9, 30], mice [31] and 
earthworms [32] have been able to produce these nanopar-
ticles [33, 34].

Green synthesis of QDs in an organism is associated with 
the ability of an organism to resist metals adverse effects 
[35]. It was found that during the biosynthesis of CdTe in 
organisms, the gene expression of the metal-binding poly-
peptides and proteins such as phytochelatin and metal-
lothionein was enhanced [8, 10, 15]. The studies also show 
that oxidative stress and other negative effects on organ-
isms exposed to the action of a heavy metal can be reduced 
through the biosynthesis. If QDs are not biosynthesised in 
a body of an organism in the presence of Cd(II), stability 
of lysosomal membrane may be disturbed, changes in gene 
expression can occur, oxidative stress may increase, growth, 
sexual development, cocoon production and hatchability 
and juvenile viability can be reduced, and the mortality 
may increase [36, 37]. Therefore, biosynthesis of QDs can 
be considered a protective mechanism against metal ions, 
which occur mainly in organisms living in polluted environ-
ment [38, 39]. As one of the indicator of soil pollution, col-
lembola (Folsomia candida), an arthropod occurring in soils 
worldwide, can be employed. These organisms are used as 
the standard test organisms for ecotoxicological tests; earth-
worms may be used in this case, too [43, 44].

The aim of this study was to determine the effect of QDs 
on collembolans reproduction and the possibilities and 
influence of biosynthesis of these particles in E. coli and 
earthworm Eisenia fetida.

Experimental

Tested Organisms

The collembola (Folsomia candida) and earthworm (Eise-
nia fetida andrei) originated from cultures from the Eco-
toxicological Laboratory of the University of Veterinary 
and Pharmaceutical Sciences Brno, Czech Republic. E. coli 
(NCTC 13216) were obtained from the Czech Collection of 
Microorganisms, Faculty of Science, Masaryk University, 
Brno, Czech Republic.

Chemicals

Cadmium chloride (CdCl2), sodium tellurite (Na2TeO3), 
sodium borohydride (NaBH4) and other chemicals listed 
in the text were purchased from Sigma-Aldrich (St. Louis, 
MO, USA) and meet the specification of American Chemi-
cal Society (ACS), unless stated otherwise. The deionised 
water was prepared using reverse osmosis equipment Aqual 
25 (Aquals.r.o., Brno, Czech Republic). The deionised 
water was further purified using apparatus Milli-Q Direct 
QUV equipped with an UV lamp from Millipore (Billerica, 
MA, USA). The resistance was 18 MΩ. The pH was meas-
ured using pH meter WTW inoLab (Weilheim, Germany).

Synthesis of QDs and Determination of Inhibition 
of Springtails’ Reproduction

The microwave synthesis of QDs was performed according 
to Skalickova et al. [45]. The inhibition test of springtail (Col-
lembola) reproduction was carried out according to Nemcova 
et al. [46, 47]. Nominal concentrations of 5, 10, 100, 500, 
1,000 µmol L−1 QDs per vessel were applied into the soil. Five 
replicates were used for each of tested concentrations and five 
repetitions were made to determine the concentration of Cd(II) 
in springtails. The EC50 (median effective concentration) was 
determined after 28 days. Simultaneously, the control sample 
containing CdCl2 (100 µmol L−1) was also prepared.

Biosynthesis of QDs by E. coli and Earthworms

The strains were stored as a spore suspension in 20 % glyc-
erol (v/v) at −20 °C. Prior to use, the strains were thawed 
and the glycerol was removed by washing with distilled 
water. The cultivation medium consisted of meat peptone 
5 g L−1, NaCl 5 g L−1, bovine extract 1.5 g L−1, yeast extract 
1.5 g L−1 (HIMEDIA, Mumbai, India) and sterilized MilliQ 
water with 18 MΩ. The pH of the cultivation medium was 
adjusted to 7.4 before sterilization. The sterilization of the 
media was carried out at 121 °C for 30 min in a sterilizer 
(Tuttnauer 2450EL, Israel). The prepared cultivation media 
were inoculated with bacterial cultures into 25 mL Erlen-
meyer flasks. After the inoculation, the bacterial cultures 
were cultivated for 24 h on a shaker at 600 rpm and 37 °C. 
The bacterial culture cultivated under these conditions was 
diluted with cultivation medium to OD600 = 0.6 and used 
in the following experiment: 1 mL of E. coli solution was 
diluted to 45 mL with LB medium in a Erlenmeyer flask 
and then 4 mL of 0.04 mol L−1 cadmium chloride (CdCl2), 
100 mg of trisodium citrate dihydrate, 1 mL of 0.04 mol L−1 
sodium tellurite (Na2TeO3), 60 mg of mercaptosuccinic acid 
(MSA) and 50 mg sodium borohydride (NaBH4) were added 
under constant stirring, followed by an incubation for 24 h at 
37 °C on a rotary shaker (130 rpm) [26].
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The earthworms, E. fetida, were kept for 11 days in the 
reference 30 % moisture soil. This humidity was achieved 
by addition of water containing CdCl2 and Na2TeO3 (CdCl2 
and Na2TeO3, all the additions were at a concentration of 
50 µg g−1 of soil). After the exposure time, the earthworms 
were transferred to wet filter paper and cultivated for 2 days 
to make clean their intestinal tract [32]. Part of the earth-
worms prepared in this way was subsequently used for the 
various tests.

Fluorescence Measurement by Camera and Absorption 
and Fluorescence Spectra

The fluorescence was analysed by Carestream In vivo Xtreme 
Imaging System (Rochester, USA) under the following con-
ditions: exposition time 10 s, binning 2 × 2 pixels, f-Stop 1.1, 
field of view 15 × 15, excitation 410 nm, emission 510 nm.

The absorption and fluorescence spectra were meas-
ured by multifunctional microplate reader Tecan Infinite 
200 PRO (TECAN, Switzerland). The absorption scan was 
measured within the range from 230 to 800 nm per 5 nm 
steps. The detector gain was set to 100. For the fluorescence 
spectra measurement, 300 and/or 650 nm was used as exci-
tation wavelengths and the fluorescence scan was meas-
ured within the range from 230 to 850 nm. The detector 
gain was set to 100, too. The extracts were placed in UV-
transparent 96 well microplate with flat bottom by CoStar 
(Corning, USA). In each well, 100 μL of sample was pipet-
ted. All measurements were performed at 30 °C controlled 
by Tecan Infinite 200 PRO (TECAN, Switzerland).

Determination of Cd(II) and of Reduced and Oxidized 
Glutathione Ratio (GSH/GSSG)

The determination of Cd(II) in tissues and cells was car-
ried out using the method of differential pulse voltammetry, 
as described previously [45]. The determination of GSH/
GSSG in tissues and cells was carried out using the high-
performance liquid chromatography with electrochemical 
detection (HPLC-ED), as described previously [48].

Determination of Antioxidant Activity

The determination of antioxidant activity in the tissues and 
cells was performed using the automatic spectrophotom-
eter, as described previously [49].

Determination of Metallothionein and Expression of MT 
Gene

Metallothioneins in tissues and cells were determined using 
differential pulse voltammetry Brdicka reaction, as previ-
ously described [50].

Expression of MT Gene

Earthworms were transferred to the sieve and rinsed 
with milliQ water to remove any residues coming from 
cultivation media. These worms were then moved to the 
cellulose, where they were kept to dry. One earthworm 
was used as the sample, which was cut into pieces and 
put into the tube with RNA later (Ambion, USA). These 
pieces were ground in a mortar with liquid nitrogen. 
Further, 1–10 mg of the sample was used for the isola-
tion of RNA according to the manufacturer’s instruc-
tions (MagNA, Roche, Switzerland). The mRNA was 
converted to DNA using PrimeScript One Step RT-PCR 
Kit Ver.2 (TaKaRa, Japan) according to the manufactur-
er’s instructions. The obtained DNA mixed with loading 
buffer was pipetted into the wells and run in 2 % aga-
rose gel in 1 × TAE buffer with ethidium bromide for 
90 min, 90 V. The bands were visualized with a UV tran-
silluminator (Transilluminator Multiband TFX-35.MC, 
Torcy, France, excitation: 312 nm). The intensities of the 
bands on agarose gel were measured using Carestream 
Molecular Imaging Software Xtreme Edition (Rochester, 
USA).

Descriptive Statistics

Mathematical analysis of the data and their graphical inter-
pretation were realized by Microsoft Excel®, Microsoft 
Word® and Microsoft PowerPoint®. Results are expressed 
as mean ± standard deviation (SD) unless noted otherwise.

Results and Discussion

Collembolans

In spite of the fact that QD using has been growing, their 
effect on organisms remains not fully understood [51].
Therefore, we focused on studying of the influence of QDs 
and their biosynthesis on bacterial and invertebrate organ-
isms. In this case, we selected a typical soil test organism, 
collembolans (Folsomia candida), to evaluate the effect 
of QDs (Fig. 1aa). These organisms were kept on artifi-
cial soil, where different concentrations of cadmium in the 
form of CdTe QDs (0, 5, 10, 100, 500 and 1,000 μmol L−1) 
were applied. After the end of the reproductive test, the 
collembolans together with a pattern of land were sam-
pled for determination of cadmium and for acquisition of 
fluorescence micrographs. For the purpose of obtaining 
the fluorescence micrographs of the collembolans, the test 
control group was prepared simultaneously. The control 
collembolans were kept in the presence of 100 μmol L−1 
cadmium. From the results obtained we can observe the 
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increase in fluorescence in the intestine area of the collem-
bolans exposed to 100 μmol L−1 QDs (Fig. 1ab). Intestine 
is an area, where the detoxification of heavy metals takes 
place in the test organism through intestinal exfoliation 
[52]. This phenomenon was not observed in intestines of 
control collembolans. Therefore, the absorption of QDs in 
the test organism was confirmed.

Further, the confirmation of entering of QDs into the 
body was performed by determination of cadmium in col-
lembolans and soil (Fig. 1ac). When 5 μmol L−1 concen-
tration of QDs was applied, 280 μg mg−1 of cadmium was 
found in the body of collembolans, whereas only a trace 
concentration of cadmium was found in the soil. For the 
applied concentrations of 10 and 100 μmol L−1 of QDs, 
an equal quantity of cadmium in the body of collembolans 
(335 μg mg−1) was determined, but the content of cad-
mium for the applied concentration of 100 μmol L−1 was 

ten times higher compared to the values found in the soil 
exposed to 10 μmol L−1. These results imply that the col-
lembolans were able to extract certain amount of CdTe 
QDs from soil and keep them in the body.

According to the reproductive tests, 28EC50 was set at 
72.4 μmol L−1 (Fig. 1ad) and no significant effect on mor-
tality was found. This result corresponds to 2.9 μg g−1 
after conversion, which is several fold lower when com-
pared to EC50 values for cadmium mentioned in the litera-
ture ranging from 40 to 850 μg g−1 [53–56]. These values 
reveal that CdTe QDs are more toxic to the organism than 
Cd(II) alone. This effect was also observed in cell lines by 
Chen et al., who associated this effect to an increased local 
concentration of Cd(II) in QDs [57]. Another option, why 
cadmium ions are less toxic to the organisms, may be a bio-
synthesis, which is apparently not involved in the defence 
mechanism against application of QDs.
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Fig. 1  (aa) Photos of springtail (Folsomia candida) used in the tests, 
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sion 510–550 nm), (ac) concentration of cadmium, (ac) EC50. (ba) 
Photos of E. coli, (bb) microscopic fluorescence photos (excitation 
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ment of cadmium compounds and (CdTe) organism living in the envi-
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Biosynthesis

It was mentioned in the “Introduction” that biosynthesis 
is considered as new way to hot synthetize QDs, however, 
the potential of this technology is still not fully under-
stood. Microorganisms can be especially used for biosyn-
thesis of quantum dots. E. coli is one of numerous micro-
organism, whose biosynthetic capabilities for various kind 
of QDs have been described [13–15]. The mechanism of 
biosynthesis is not yet fully understood, but it is assumed 
that these microorganisms utilize bacteria-secreted pro-
teins for QDs biosynthesis [10, 20, 26]. However, some 
published studies show on the regulation of QDs through 
the glutathione metabolic pathway [58]. It is expected 
that invertebrates and even vertebrates can synthesize 
QDs through the path of glutathione [32]. Therefore, two 
model organisms, microorganisms E. coli (Fig. 1ba) and 
earthworms E. fetida (Fig. 1ca), were selected to study the 
synthesis of CdTe QDs. The three groups of organisms 
were marked throughout the study as follows: a control 
group that contained no supplement (C), the group with 
the addition of CdCl2 (Cd) and the group with CdCl2 and 
Na2TeO3 (CdTe).

Escherichia coli

The photo of E. coli in LB medium (Fig. 1bb), taken by a 
fluorescence microscope, shows that no fluorescence was 
detected compared to CdTe in C and Cd groups. These 
micrographs confirm the presence of QDs. Similarly, in the 
case of earthworms, an increased fluorescence and thereby 
the presence of biosynthesised QDs in CdTe group were 
confirmed (Fig. 1cb). Further, an analysis of fluorescence 
of the medium, in which E. coli was grown, was carried out 
(Fig. 2h). There is an apparent change in the emission spec-
trum with a maximum at 480 nm for CdTe group. Based on 
the increased fluorescence and changes of emission spec-
trum for CdTe experimental group only and not for C and 
Cd groups we can assume that the biosynthesis of CdTe QDs 
occurred, which is in good agreement with the previously 
published studies [20, 34]. The Cd(II) concentration in E. 
coli (Fig. 2a) was almost three times higher in CdTe group 
compared to Cd group. These results confirmed that although 
QDs were not able to penetrate the cell wall without suitable 
modification, biosynthesized dots were aggregated on the 
membrane of E. coli [26]. This is also shown in micrographs 
(Fig. 1bb), where higher fluorescence is detected.
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Fig. 2  Determination of cadmium concentrations and antioxidant 
activity of E. coli: control (C) green, living in the environment of 
cadmium compounds (Cd) red, and living in the environment of cad-
mium and tellurium compounds (CdTe) blue. Parameters from the 
analysis of samples: (a) determined concentration of cadmium, (b) 

GSH/GSSG ratio, (c) DPPH, (d) thiol compounds, (e) free radical, (f) 
FRAP, (g) ABTS, (h) fluorescence (excitation 300 nm, emission scan 
350–800 nm). Inserted curves represent the results of measurements, 
black dashed line identifies areas for evaluation
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The metabolic changes in E. coli was evaluated using 
indicators of oxidative stress as the ratio of reduced and 
oxidized glutathione (GSH/GSSG) and antioxidant activ-
ity tests (DPPH, Free Radical, FRAP, ABTS). GSH/
GSSG ratio was approximately 2 times lower in CdTe 
group compared to Cd group; however, it was more than 
6 times lower compared to the control (Fig. 2b). More-
over, the antioxidant activity tests showed that both 
groups of Cd and CdTe had a similar influence on E. coli 
(Fig. 2c–g). The analysis of the content of thiol com-
pounds (Fig. 2c), which are involved in the main detoxi-
fication mechanisms [59], revealed a significant differ-
ence between control and other experimental groups. It 
clearly follows from the results obtained that, protective 
mechanisms, where thiol compounds are included in, 
were exhausted in Cd group, while the CdTe group is still 
able to cope with heavy metals. In the case of group of 
CdTe, where QDs were created, unlike in the other two 
groups, no significant negative influence was observed, 
when compared to Cd alone. In more complex organisms, 
we expect the involvement of other protective mecha-
nisms, which were tested in the following experiment on 
earthworms.

Earthworms

The ability of QDs biosynthesis was further evaluated 
in earthworms E. fetida. The earthworms living in condi-
tions of C, Cd and CdTe were washed with distilled water 
prior to analysis and then killed with chloroform. The cad-
mium accumulated from the environment was determined 
(Fig. 3a). Determined content was approximately 4 times 
lower in the earthworm living in CdTe environment than 
that in the area with Cd(II) only. Even the parameters of 
oxidative stress and antioxidant activity suggest that the 
earthworms were not so negatively affected in CdTe envi-
ronment compared to the earthworms kept in Cd(II) envi-
ronment only. The GSH/GSSG ratio (Fig. 3b) of Cd and 
CdTe groups was significantly reduced compared to the 
control. On the other hand, this parameter had 2× higher 
ratio of glutathione in CdTe compared to Cd. Besides low-
molecular mass thiols, according to the tests (DPPH, Free 
Radical, FRAP, ABTS) showed in Fig. 3c–f, the antioxi-
dant activity is even comparable in CdTe group to the con-
trol one. C earthworms showed significant differences com-
pared to the other two experimental groups. A similar effect 
of reduction of the oxidative stress caused by Cd(II) after 
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Te(-II) addition was observed in rats [9, 30] and mice [31]. 
All these results are confirmed by the expression of metal-
lothionein gene (Fig. 4a, b) and its concentration (Fig. 4c), 
which is partly responsible for the ability of organisms to 
cope with heavy metals [37]. Its concentration is increased 
in Cd group, and the gene expression of the protein is also 
higher in this group compared to others (Fig. 4a, b). The 
results obtained from the evaluation of earthworms show 
different trends than that for E. coli. For this reason, it 
was necessary to evaluate the differences in both tested 
organism.

Comparison of the Effects on Test Organisms

The values of Cd(II) concentration, the GSH/GSSG ratio 
and antioxidant activity values were converted to percent-
ages, where the highest value represents 100 %. The values 
determined in earthworms were subtracted from the val-
ues of E. coli; thus, we obtained differences comparing the 
influence of the biosynthesis in the selected test organism 
(Fig. 5). The most significant differences were observed 
after treatment with Cd(II). The E. coli accumulated more 
Cd in CdTe group than the earthworms. This effect was 
significantly different due to the different styles of biosyn-
thesis, when earthworms create CdTe within a body and 
E. coli bio-synthesized dots extracellularly. However, this 
would show the opposite trend of Cd(II) accumulation than 
it was found. After the formation of QDs, other processes 
occur in the organisms. One of these processes is probably 

the aggregation of QDs on the membrane of E. coli, and 
this leads to uptake of QDs from the medium [26] and pro-
vides a higher concentration of Cd(II) in CdTe group com-
pared to Cd group. However, QDs created by earthworms 
are synthesized in choragogen cells, which are on the sur-
face of its intestine. Reduction of concentration of Cd(II) 
after the biosynthesis in the earthworm can be caused by 
the partial elimination of CdTe. Glutathione, one of thiol 

Fig. 4  Determination of the 
effect of cadmium and bio-
synthesis on the expression of 
metallothionein in earthworms: 
control(C) green, living in 
the environment of cadmium 
compounds (Cd) red, and living 
in the environment of cadmium 
and tellurium compounds 
(CdTe) blue. (a) The bands 
in gel showing the expression 
of two genes (control β-actin 
and reference MT gene) using 
reverse transcription PCR, (b) 
normalized band intensities 
of MT gene expression, (c) 
concentration of MT measured 
using differential pulse voltam-
metry Brdicka reaction
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Fig. 5  Expression of differences of the influence of biosynthesis on 
the tested organisms. The percentages of values for each group were 
indicated in the graph. The relevant groups of earthworms were sub-
tracted from E. coli
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compounds, which is responsible for detoxification of 
heavy metals [59], shows similar trend in both of the test 
organisms and can be assumed that the mechanism of pro-
tection run similarly during the biosynthesis in both organ-
isms. In addition, significant differences were observed in 
the antioxidant activity. The results suggest that the mecha-
nisms playing a role in the antioxidant activity of the tested 
organisms are activated by distinctly different ways. In 
earthworms, no significant differences between the control 
and CdTe group were observed, whereas the differences 
were found to be significant in E. coli.

Conclusion

CdTe QDs belong to the toxic QDs group due to their cad-
mium content. Compared to the cadmium itself, however, 
these QDs are more toxic to organisms than cadmium ions, 
which was confirmed by the value of 28EC50, which is a 
value much lower than that of cadmium itself. This may 
not be the case if these QDs are the product of protec-
tive mechanisms against heavy metals. There are different 
mechanisms, by which the microorganisms and soil organ-
isms can biosynthesize QDs using the same substance. E. 
coli acts probably only as sources of substances that allow 
the synthesis of QDs. QDs, therefore, are the by-product of 
protective mechanisms and the biosynthesis in earthworms 
is very likely its own protective mechanism, as it is clear 
from our results.
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