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horylated molecules participate in
the biomimetic and biological synthesis of
cadmium sulphide quantum dots by promoting H2S
release from cellular thiols†

F. A. Venegas,‡a L. A. Saona,ab J. P. Monrás,a N. Órdenes-Aenishanslins,ab

M. F. Giordana,c G. Ulloa,ab B. Collao,a D. Bravod and J. M. Pérez-Donoso *a

Developing methods with a low environmental impact for nanoparticle synthesis remains one of the greatest

challenges in nanotechnology. In this context, biomimetic and biological methods have emerged as green

chemistry alternatives, and also contribute to our understanding of how nanomaterials interact with cellular

molecules. Here, we report a phosphate-dependent biomimetic method to synthesize of cadmium

sulphide (CdS) QDs at low temperatures, physiological pH and aerobic conditions, using CdCl2 and thiols

(L-cysteine, glutathione or mercaptosuccinic acid). Inorganic phosphate (Pi) and cellular phosphorylated

intermediates such as adenosine monophosphate, glucose-6-phosphate, glycerol-2-phosphate and

fructose-1,6-biphosphate, can trigger CdS QDs synthesis. The produced QDs are cubic phase nanocrystals

with a tunable fluorescence (450–700 nm), small size (4–12 nm), and are composed of thiols and Pi. In

CdS synthesis, the importance of the phosphate is related to its capacity to release H2S from thiols,

a phenomenon associated with its base-properties. Based on the biomimetic method, we developed a Pi-

based procedure to synthesize CdS QDs in Escherichia coli. As in the biomimetic procedure, Pi favors

QDs-biosynthesis not only by mediating biological generation of H2S, but also by improving Cd2+ cellular

uptake. A role for phosphates in the cellular interaction and green synthesis of metal QDs is discussed.
Introduction

Semiconductor nanoparticles (NPs) or quantum dots (QDs) are
small spheres with sizes between 1 and 6 nm (ref. 1) composed
of different metallic compounds, including lead sulphide, lead
selenide, cadmium sulphide, cadmium selenide, zinc selenide,
iridium arsenide, indium phosphide, and gallium arsenide,
among others. Based on their unique characteristics, QDs are
used in different technologies such as solar cells,2 light-emitting
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diodes,3 in vitro and in vivo labelling of tumours or proteins4–8

and the analytical detection of cations.9,10

Cadmium sulphide (CdS) nanocrystals are one of the most
studied QDs and during the last years numerous colloidal
methods for CdS QDs synthesis with improved properties have
been developed. However, these protocols can be toxic as they
use organic solvents, and also expensive, as they require high
temperatures (more than 200 �C), inert environments (nitrogen
or argon) and expensive ligands.

To overcome these limitations, milder protocols for synthe-
sizing water soluble-CdS QDs that use low temperatures,
aerobic conditions, and thiols as capping agents and/or the
sulphur source11,12 were developed. Nanoparticles produced by
these methods show improved properties that favour their use
in different applications, particularly those related with bio-
logical systems. In general, these “green” protocols using mild
conditions and biomolecules are called “biomimetic”.

Knowledge derived from biomimetic methods contributed to
developing biological methods for the synthesis of NPs
(biosynthesis) in cells (eukaryotic or prokaryotic) or viruses.13,14

In recent years, our laboratory developed a biomimetic method
to synthesize CdTe NPs using the cellular thiol glutathione
(GSH),15 which was later used to biosynthesize CdTe NPs in
Escherichia coli overproducing GSH.16
This journal is © The Royal Society of Chemistry 2017
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In the present work, we explored a novel, simple and
economic “green” protocol to synthesize CdS NPs based on the
source of phosphate and thiols. Inorganic phosphate (Pi) and
several biological phosphorylated molecules such as adenosine
monophosphate (AMP), glucose-6-phosphate (G6P), glycerol-2-
phosphate (G2P) and fructose-1,6-biphosphate (F1,6BP)
promoted the chemical synthesis of water soluble-CdS QDs at
physiological temperature and aerobiosis. Further, in E. coli Pi
stimulated the intracellular biosynthesis of CdS QDs, which was
accompanied by increased Cd2+-uptake and H2S generation.

Experimental section
Reagents

All reagents used in this work were purchased from Sigma-
Aldrich and used without further purications. Ingredients for
bacterial growth media (LB, lysogeny broth) were purchased
from Difco.

Biomimetic synthesis of CdS QDs

For biomimetic tests, 1 mL of each solution was prepared in
1.5 mL microcentrifuge tubes using the following compounds:
cadmium chloride (CdCl2), glutathione (GSH), L-cysteine (CYS),
mercaptosuccinic acid (MSA), dibasic potassium phosphate
(K2HPO4), monobasic potassium phosphate (KH2PO4), phos-
phate buffer pH 7.4 (in this work as PB: KH2PO4/K2HPO4),
tribasic dihydrate sodium citrate (citrate), MOPS pH 7.4, Tris–
HCl pH 7.4, HEPES pH 7.4, triethylamine (Et3N) or the organic
phosphorylated molecules (G6P, G2P, F1,6BP, AMP, ADP or
ATP). Incubation time of days or hours were required depend-
ing on temperatures used for synthesis (37 or 80 �C,
respectively).

The qualitative uorescence emission over time was evalu-
ated exposing microcentrifuge tubes directly on a (UV) trans-
illuminator (lexc 365 nm).

To remove the remaining metal salts and reagents from
synthesis solutions, each reaction was ltered using Amicon
lters (ultra-4 centrifugal lter units of Millipore), with a pore
size of 0.3–0.5 nm and centrifuged at 98.3 Hz until a �200 mL
solution was obtained. Each solution was washed twice with
milliQ water and used for characterization experiments (see
below).

A standard biomimetic synthesis protocol was composed of
5 mMMSA, 54.5 mMCdCl2 and 10mM of a phosphate source (Pi
or a phosphorylated molecule), at 37 �C.

Absorbance and uorescence spectroscopy

Spectroscopic characteristics of synthesized NPs were deter-
mined using a spectrophotometer/spectrouorimeter Synergy
H1 (Biotek). UV-Vis spectra of CdS nanoparticles were used to
determine the band gap (Ebg) by the Tauc relation.17 For
quantum yield (QY) determination, 4 to 5 samples were
prepared with different absorbance values between 0.01 and 0.1
at an excitation wavelength of 360 nm. The procedure was
applied for green and red puried NPs dissolved in water and
for uorescein diacetate in ethanol (QY ¼ 0.9). Fluorescence
This journal is © The Royal Society of Chemistry 2017
spectra were recorded by obtaining the integrated uorescence
intensity (IFI). IFI was plotted versus the absorbance of the
solution. The slope for each curve (m) and the refractive index of
the solvent (n) (water: 1.333, and ethanol: 1.335) were used to
calculate NPs QY considering uorescein diacetate as a refer-
ence, using the following equation: QYNPs ¼ QYR[mNPs/mR]
[nNPs

2/nR
2].

Fourier transform infrared spectroscopy (FT-IR)

Samples were lyophilized and NPs powder in KBr pellets were
measured in a solid FT-IR spectrometer between 4000 and
400 cm�1 (Spectrum Two, Perkin Elmer). Appropriate controls
(thiols, phosphate, CdCl2, phosphorylated molecules, among
others) were measured in the same way as described above.

Dynamic light scattering (DLS)

DLS measurements of NPs samples were carried out in 4 optical
path cuvettes using a Zetasizer Nano ZS (Malvern Instrument
Limited, UK).

Transmission electron microscopy (TEM) and high resolution
transmission electron microscopy (HR-TEM)

The size and crystalline structure of puried NPs were deter-
mined using a TEM FEI Tecnai F20 G2 with a eld emission gun
operated at 200 kV. QDs solutions were dispersed ultrasonically
and some drops of the suspension were deposited on an
ultrathin holey carbon copper grid.

CdS QDs biosynthesis

A single colony of E. coli BW25113 was grown overnight in liquid
LB medium with a constant agitation (4.17 Hz) at 37 �C. A 1/100
dilution from the saturated culture was prepared in LB medium
(100 mL) and incubated at 37 �C (4.17 Hz) to an optical density
at 600 nm (DO600) between 1.5 and 2.0. Then, cells were
centrifuged at 123 Hz during 10 min, the supernatant was dis-
carded, and the cellular pellet was washed twice with 10 mL of
500 mM Tris–HCl pH 7.4. The resulting culture was divided
in different fractions, supplemented with CdCl2 (327.2 mM or
60 mg mL�1

nal concentration) and/or Pi and incubated at
37 �C (4.17 Hz). Pi concentrations of 0; 1; 2.5; 5; 7.5; 10; 20; 30;
40 and 50 mM were used. To evaluate CdS QDs biosynthesis
over time, uorescence emission was evaluated by exposing cell
pellets to UV light (lexc 365 nm), as previously described by
Monrás et al., 2013.

Intracellular Cd quantication by ame atomic absorption
spectroscopy (FAAS)

Bacterial pellets from 10 mL cultures were degraded using 7 N
HNO3 for 16 h at 37 �C. One hundred microliter samples were
diluted to 4 mL in milliQ water and measured in a ame
emission spectrometer AA6200 (Shimadzu). A Cd calibration
curve was built using a commercial standard (Sigma Aldrich).
Intracellular Cd values were normalized by protein concentra-
tion. Proteins were quantied by the Bradford method (Brad-
ford, 1976).
RSC Adv., 2017, 7, 40270–40278 | 40271
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H2S release measurement

A white lter paper (paper matrix) wasmoistened with a 5% lead
acetate solution, dried (60 �C) and then xed to the lid of the
tubes under the different conditions (in three or more inde-
pendent tubes). PbS formation was visualized by a change in the
colour, according to the lead acetate method.18 Pictures for all
different paper matrixes were taken and the results were plotted
in duplicates considering the following: for each image a rect-
angular zone (with the same number of pixels) was selected,
within these zones, pixel intensity was quantied considering
a grayscale. A value between 0 and 255 was assigned for each
pixel, where 0 represents black and 255 white. The nal values
were plotted as the inverse of the intensity of the total selected
pixels to facilitate interpretation. Analyses were made using the
ImageJ soware (http://imagej.nih.gov/ij/).
Fig. 1 Effect of Pi, Cd and temperature on the fluorescence of
Statistical analysis

Statistically signicant differences (P < 0.05) were determined
using the Test student (t-test) with the GraphPad Prims v5.0
soware.
biomimetic CdS QDs. (A) Reaction tubes containing 10mM Pi, 54.5 mM
(10 mg mL�1) CdCl2 and 5 mMGSH were incubated at 37 �C from 1 to 4
days. In (B) solutions containing CdCl2 150 mM, MSA 5mM and Pi 0, 7.5,
10, 20 or 75 mM, were incubated at 37 �C during 6 days. (C) Solutions
containing Pi 10 mM, CdCl2 30, 150 or 300 mM, and MSA 5 mM, were
incubated at 37 �C (1 to 6 days) or at 80 �C (0.5, 1, 1.5, 2, 2.5, 3 and 4 h).

Fig. 2 Characterization of CdS QDs. (A) Absorbance and (B) fluores-
cence spectra of blue-green NPs (continuous line) and orange-red
(dashed line). DLS determination of blue-green (C) and orange-red
NPs (D); number% corresponds to volume%. Complete DLS analysis in
Fig. S1.†
Results and discussion
Phosphate is required to trigger the biomimetic synthesis of
CdS QDs

The “quantum connement effect” establishes a relationship
between the distances in the energy levels in which electrons are
conned in the nanocrystals19 of QDs. Because of this effect,
small QDs absorb light and emit uorescence at lower wave-
lengths than bigger QDs and show differences in the emission
colours. This characteristic was used as a screening for potential
NPs synthesis.

The uorescence of solutions composed by a thiol [L-cysteine
(CYS), GSH or mercaptosuccinic acid (MSA)], a cadmium salt
and PBS pH 7.0 evolved over time from green-yellow to orange-
red (data not shown). To explore more conditions and establish
a simple biomimetic system for QDs synthesis, different Cd
concentrations, two temperatures, and only Pi in the form of
K2HPO4 (component of PBS with intrinsic pH between 8.9 and
9.5) and MSA (the fastest of the three thiols to produce QDs)
were used as substrates. As shown in Fig. 1, the tested condi-
tions had different effects over the uorescence of the solutions:
Pi generated uorescent solutions that changed their emission
colours over time from green to red (Fig. 1A), Pi concentration
modulated the colour of the solution at a xed time (Fig. 1B),
the amount of Cd regulated the uorescence colour (Fig. 1C),
and temperature modulated the time at which solutions
became uorescent; at low temperatures this was observed
within days (37 �C or even 15 �C, data not shown), while at
temperatures between 80 and 100 �C within hours (Fig. 1C).

To demonstrate that the uorescent solutions contained
QDs, nanoparticulated material from two different uorescent
solutions (orange-red and blue-green) was puried and char-
acterized. Both solutions showed a maximal absorbance
between 380 and 360 nm and the typical surface plasmon
absorbance shoulder (below 400 nm; Fig. 2A) described for
40272 | RSC Adv., 2017, 7, 40270–40278
water soluble CdS QDs. Further, blue-green solutions emitted at
450 nm and orange-red at 560 nm (Fig. 2B), as previously re-
ported for CdS QDs.20 The observed differences in absorbance
and uorescence between both solutions are related to NP size.
The average size of orange-red and blue-green solutions was 7.5
and 3.5 nm, respectively (Fig. 2C and D). A wide size distribution
was determined in both QDs synthesis, a result that agrees with
the observed broad emission spectra. In addition, DLS analysis
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03578k


Fig. 3 Structural analysis of CdS QDs. (a) Ring diffraction patterns of
biomimetic NPs. (b) and (c) HR-TEM image of particles oriented along
the zone axis [1�0 0] for (b) and [1 1 1] for (c). The indexed Fourier
transform are shown in the insets. And (d) shows an FT-IR spectrum of
biomimetic CdSQDs. From top to the bottom; Pi, MSA and orange-red
NPs. Characteristic signals of each compound are shown in each
graph.
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shows higher size peaks (near 230 nm), most probably corre-
sponding to NPs aggregates (Fig. S1†). QDs self-aggregation is
consequence of non-covalent interactions between capping
materials, a phenomenon that is commonly observed when
biological molecules are used in QDs synthesis.15,16 Despite the
differences in size, NPs quantum yield was similar for both
solutions (15.8 and 14.1% for green and red NPs, respectively).

Analyses of the crystal structures of quantum dot nanocrystals
are scarce and, to date, only two have been described.21–25 The rst
is a cubic metastable phase that belongs to the F4�3m space group,
and the second is a hexagonal phase that belongs to the P63mc
space group (known as a-CdS). In a previous study, CdS NPs were
synthesized through a mechanochemical method, nding
a mixture between both phases (Tolia et al., 2012). By analysing
the cubic phase by X-ray diffraction and using the Scherrer
formula, a lattice parameter of the phase equal to 0.577 nm was
obtained. Favero et al., 2006 performed rst-principle calculations
for bulk CdS and found a ¼ 0.588 nm value for the cubic phase
and a ¼ 0.411 nm and c ¼ 0.674 nm values for the hexagonal
phase. To identify the crystal structure of biomimetic NPs, we
analysed a blue-green solution by TEM and HR-TEM. The ring
diffraction pattern (RDP) of the synthesized NPs could be indexed
considering the cubic phase (Fig. 3a). Further, HR-TEM analysis
of Fig. 3b showed a NP along [�1 0 0] the zone axis and the Fourier
transform of the image is shown in the inset. The spots indexed as
0 0 2 and 0 2 0 directions are associated with the family plane
displaying an interplanar distance of 0.29 � 0.01 nm, in agree-
ment with the direct measurements performed by HR-TEM.
Another HR-TEM image of a NP is shown in Fig. 3C, in this
case the NP is oriented along [1 1 1] and three different crystal-
lographic planes can be identied, each one oriented sixty degrees
with respect to the other. Interplanar distances of 0.21 � 0.01 nm
were determined for the three cases. These results were conrmed
by the Fourier transform shown in the inset of the gure, where
the different vectors were indexed as 2 2 0. Together, our results
show that NPs produced by the biomimetic method described
herein are cubic phase CdS nanocrystals.

The chemical nature of the produced NPs was evaluated by
FT-IR spectroscopy (Fig. 3C). Signals for Pi and MSA were
observed, suggesting that NPs have Pi and thiol in their shell.
For Pi, the signals corresponding to the phosphate group PO4

3�

(1085 cm�1) and the P–O–P stretching (996 cm�1) were found.
For MSA, the signals for the CH and CH2 stretching (between
3000 and 1800 cm�1), C–S stretching (1390 cm�1), and the shi
from COOH (pure MSA) / COO� (NPs) (1700 / 1563 cm�1)
were observed. Previous studies also reported signals for the
C–S stretching and the shi from COOH (pure MSA) / COO�

(NPs) in water soluble-CdS QDs capped with mercaptopropionic
acid.4 Moreover, S–H stretching of MSA (2569 and 2566 cm�1)
disappeared in the NPs sample, suggesting the presence of
a covalent bond between the thiol and the NP through the
sulydryl group. Finally, a robust O–H stretching band is
observed (3400 cm�1), suggesting the presence of water mole-
cules at the surface of NPs, as previously reported for water
soluble CdS QDs.4,20,26,27

In summation, the results conrm that our Pi-dependent
biomimetic approach provides a simple, clean and safe method
This journal is © The Royal Society of Chemistry 2017
to produce water soluble-CdS QDs at low temperatures, physio-
logical pH and aerobic conditions. To the best of our knowledge,
this is one of the simplest methods described to date. Based on
our results, we decided to explore if other phosphate sources
could also allow the production of NPs. We focused on biological
phosphorylated molecules for several reasons: rst, as a way of
strengthening our green biomimetic method; second, to provide
insights into the mechanism of the biological synthesis of QDs;
and nally, to identify novel biological targets that could be
involved in the cellular interactions of QDs and/or the metals of
which they are composed (cadmium in this case).
Biological phosphorylated molecules trigger the biomimetic
synthesis of CdS QDs

Several phosphorylated molecules including G6P, G2P, F1,6BP,
AMP, ADP and ATP were tested as phosphate sources for NP
production. Cd-MSA solutions supplemented with AMP,
RSC Adv., 2017, 7, 40270–40278 | 40273
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F1,6BP, G6P or G2P, but not ATP or ADP, showed uorescence
of variable colours over time (Fig. 4A), suggesting that CdS QDs
were produced.

As proof of principal, we used G6P to demonstrate that
phosphorylated molecules can mediate CdS QDs production.
For this purpose, the photophysical properties, composition,
and size of the generated NPs was evaluated. For green NPs, the
absorbance and uorescence spectra matched the expected
pattern for CdS QDs, with an absorbance shoulder between 350
and 400 nm and a uorescence emission peak at 500 nm
(Fig. 4B). FT-IR analysis showed the presence of the stretching
bands of CH and CH2 (between 3000 and 1800 cm�1) and C–S
(1390 cm�1), characteristic of MSA. The sulydryl group band
was not observed, suggesting the presence of an oxidized thiol.
Further, the phosphate group signals and the asymmetrical and
symmetrical stretching of P–O–C were observed between 1090
and 1100 cm�1 and �816 cm�1, respectively (Fig. 4C). As ex-
pected, the G6P control also displayed a band between 1090 and
1100 cm�1, which corresponds to the asymmetrical and
symmetrical P–O–C stretching. Finally, a DLS size analysis
shows that green G6P-NPs have an average size of 35 nm (data
not shown). This size is not that expected for single QDs;
however, this might be due to aggregation of NPs as has been
described previously for water soluble-QDs.28–30

Interestingly, metabolic intermediates of the glycolytic
pathway, such as G6P and F1,6BP, have not been used before for
QDs synthesis. This simple biomimetic protocol could be used
to nd other phosphorylated molecules that allow the synthesis
of novel organic phosphorylated-QDs. Besides, these results
Fig. 4 Biomimetic synthesis of CdS QDs using phosphorylated
biomolecules. (A) Fluorescence emission kinetics of different synthesis
of CdS QDs in witch Pi was replaced by different phosphorylated
molecules: ATP, ADP, AMP, F1,6BP, G2P and G6P. (B) absorbance and
fluorescence (excitation at 350 nm) spectra of green NPs purified from
a reaction of 5 mM MSA, 54.5 mM CdCl2 and 10 mM G6P. (C) FT-IR
spectrum of G6P and purified green NPs produced in the presence of
G6P (G6P-NPs).

40274 | RSC Adv., 2017, 7, 40270–40278
open a possibility for evaluating new compounds that could
participate in biological synthesis of CdS NPs, such as inorganic
and/or organic phosphate sources. To date, cellular thiols are
the main factor inuencing the biosynthesis of sulphide metal-
QDs, but not other aspects/molecules have been evaluated.16,31

Although all tested phosphorylated molecules have in
common the presence of at least one phosphate group, the
synthetic prole differs among them (Fig. 4A). Dooley et al.
described in 2007 that under specic conditions guanosine
triphosphate (GTP) was the only nucleotide able to conduct the
synthesis of aqueous soluble CdS QDs. The samewas observed for
PbS QDs using GTP.32 This report is in agreement with the results
obtained here with ATP and ADP. On the other hand, it has been
reported that guanine mono or di-phosphate nucleotides are not
as good as GTP for the synthesis of CdS and PbS QDs;33 never-
theless, we observed the opposite effect using adenine nucleo-
tides AMP, ADP and ATP; the monophosphate nucleotide was the
only capable to synthesize QDs (Fig. 4A). In this context, it is well
known that intramolecular coordination produce more stable
complexes than coordination through independent ligands, so in
the case of ATP and ADP putative formed complexes between Cd
and di or tri-phosphate nucleotides present more stability (two
coordination sites versus one) than an AMP–Cd complex (at the
same conditions) sequestering the metal and competing with the
nanocrystalline formation of CdS. Contrarily, the previous refer-
enced study33 suggest that phosphate groups on nucleotides are
important to control the degree of supersaturation, nucleation
and growth of NPs, probably due to their capability to bind
metallic atoms. Authors indicate that triphosphates of GTP act in
a concerted way with other functional groups of the phosphory-
lated nucleoside. In fact, GTP molecules with truncated func-
tional groups are unable to bind Pb ions. Thus, a nitrogen atom
from the nitrogen-base is relevant for triggering the synthesis of
PbS QDs.32

Based on this, we also decided to evaluate if other(s) prop-
erties of phosphate, different to its “metal-chelating nature”,
are important for QDs synthesis.
On the mechanism of Pi-dependent biomimetic synthesis of
CdS QDs

As mentioned before, several protocols to synthesize water
soluble-QDs have been developed, but the importance of only
one phosphorylated molecule has been suggested to date; the
nucleotide GTP (discussed above). In this context, it is impor-
tant to note that phosphate and the nitrogen atom near the N2-
chelating of the guanine moiety in GTP are both “good bases”.32

To evaluate if the effect of Pi in biomimetic synthesis is
consequence of its good base nature, three experiments were
performed; in the rst one we evaluated the synthesis of QDs
using PB (K2HPO4/KH2PO4), K2HPO4 or KH2PO4; in the second
we used citrate (a good base/chelating molecule) to conduct NPs
synthesis, and in the third we tested if triethylamine (Et3N),
a classical good base molecule unable to chelate cations, can
trigger NPs synthesis.

PB (pH 7.4) and K2HPO4 (pH 8.9–9.5) trigger the synthesis of
QDs; nevertheless, KH2PO4 (pH 3.0–4.0) did not presents the
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Effect of pH, citrate and Et3N on biomimetic synthesis of CdS
QDs. (A) Reactions involving CdCl2 54.5 mM, MSA 5 mM and phosphate
buffer (PB), KH2PO4 or K2HPO4 at their intrinsic pHs (left) or at pH 7.4
(right). From left to right concentrations of Pi sources are increased (10,
20 and 40 mM). (B) Reactions involving CdCl2 54.5 mM, MSA 5 mM and
Et3N (1, 2.5, 5.0, 10 and 20 mM). Control reactions were performed in
the absence of CdCl2 (middle) or MSA (down). (C) Reaction involving
CdCl2 54.5 mM, MSA 5 mM and citrate 10 mM. PB and Tris–HCl pH 7.4
were used as positive and negative controls, respectively. Fluores-
cence emission was evaluated after 48 h incubation at 37 �C.

Fig. 6 Phosphate-dependent H2S release from thiols. The generation
of H2S was evaluated in different synthesis conditions. For the top
graphs, tubes containing Pi or Et3N mM, and 5 mM CYS, GSH or MSA
were tested. Bottom graph corresponds to the experiment using Pi,
G6P or glucose and GSH 5mM. Negative controls were prepared using
thiols 5 mM in Tris–HCl 10 mM (upper) and Pi, G6P or glucose 10 mM
(bottom). All solutions were incubated at 37 �C during 24 h. For
statistical analysis, a P value below 0.05was considerable as significant.
Every dataset was compared against its control. No significant (NS)
conditions are labelled at the top of the bars, and non-labelled
conditions are statistical significant than the controls.
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same effects (Fig. 5A, le). This result supports the hypothesis
that the good base nature of Pi is important for CdS QDs
synthesis because K2HPO4 behaves as a good base at pH values
higher than 7.0, suggesting that the presence of HPO4

2� instead
of H2PO4

� is required for Pi-mediated QDs synthesis. In fact,
when H2PO4

� (bad base solution) is forced to switch to HPO4
2�

(good base solution) by increasing the pH from 3.0–4.0 to 7.4,
the synthesis works properly (Fig. 5A, right). In this context,
Tris–HCl buffer is not capable to trigger the synthesis of CdS at
pHs higher than 7.0, but citrate does (Fig. 5B). These results
suggest that besides the intrinsic pH driving effect of the
synthesis' conducting molecules, the coordination of free Cd2+

atoms could be also an important feature to consider; for
example, considering ATP versus AMP complexes (see above), or
in this case tris(hydroxymethyl)aminomethane (Tris-buffer
molecule) versus citrate or phosphate coordination. However,
Et3N also mediates the synthesis of QDs (Fig. 5C), suggesting
that the basic characteristic of Pi (pH driving effect) is more
important than its chelating capability for QDs synthesis, since
Et3N is unable to chelate Cd2+ ions.

On the other hand, another relevant issue for the synthesis of
metal sulphide NPs is the necessity of H2S.34–36 Based on this,
H2S required for the biomimetic synthesis should be obtained
from CYS, GSH or MSA. We evaluated if Pi (and Et3N as
a control) inuences H2S release from thiols under biomimetic
conditions.

We determined that H2S release, from the different thiol
sources, increases as the concentration of Pi or Et3N increases
(Fig. 6, top graphs). The only exception was MSA and Pi at
concentrations above 10 mM, in which H2S was not detected
(same as negative control).

Interestingly, the amount of H2S detected strongly decreases
in the presence of Cd (data not shown), probably as conse-
quence of CdS nanocrystallization associated to the interaction
of Cd2+ and sulphur. Moreover, sulphide production is also
observed in the presence of G6P and thiols (Fig. 6, bottom
graph). No sulphide release was obtained in presence of
This journal is © The Royal Society of Chemistry 2017
glucose, conrming that the phosphate group contained on
G6P molecule is required for H2S release. In conclusion, the
importance of phosphates in CdS QDs synthesis is related, at
least in part, with the release of H2S from thiols as consequence
of its basic characteristics.

H2S gas release from thiols can occur through different
mechanisms, being the most common the temperature-
promoted decomposition. For instance, CYS and GSH release
H2S during thermal treatment at 110 �C.37 Besides, eukaryote
and prokaryote organisms can release H2S enzymatically.38

Nevertheless, no studies that directly relate – especially
organic-phosphates with the generation of H2S from thiols have
been reported. Some indirect evidences relating H2S generation
from biological thiols and phosphate have been published. H2S
is produced from cysteine activated hydrogen sulphide donors
in the presence of PBS.39 Similar results were obtained recently
using chemical thiols that produce sulphide in the presence of
PBS.40 Finally, a modied-diclofenac molecule with an H2S
releasing moiety on it, produces sulphide in presence of a rat
liver homogenate dissolved on PBS buffer.41 Surprisingly, all
these studies use PBS only as a buffer, but do not discuss
a possible participation of phosphates on H2S production.
Inorganic phosphate controls the bacterial synthesis of CdS
QDs

Previously, we used a genetically modied E. coli strain that
overexpressed gshA (involved in GSH synthesis) to synthesize
CdS QDs. This strain had increased GSH levels allowing intra-
cellular CdS NPs synthesis in cells exposed to a Cd salt.16 Based
on the results from the biomimetic method, we hypothesized
that Pi could favour CdS NPs biosynthesis in a not genetically
RSC Adv., 2017, 7, 40270–40278 | 40275
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Fig. 8 Effect of Pi on Cd content and H2S release of E. coli cells
biosynthesizing CdS QDs. (A) FAAS quantification of Cd inside cells
exposed to 327.2 mM CdCl2 (60 mg mL�1) during 24 h, in absence
(control) and presence of 10 or 50 mM Pi. Both treatments were
compared with the control by t-test (*) ¼ p < 0.05 and (**) ¼ p <
0.0005. (B) H2S production in bacterial pellets of cells exposed (or not)
to 327.2 mMCdCl2 (60 mgmL�1) during 24 h, in presence of Pi (0; 1; 2.5;
5; 7.5; 10; 20; 30; 40 and 50mM). A bacterial pellet obtained from cells
exposed to 327.2 mM CdCl2 and 0.5 mM CYS was used as positive
control.
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modied E. coli strain by increasing the basal levels of thiols. To
test this, we varied Pi concentrations and evaluated CdS QDs
production in wild type E. coli. The results showed that; (i) in the
absence of Cd or Pi uorescence was not detected, (ii) at a xed
Cd concentration, cells turned uorescent in a Pi-dependent
way; green at low Pi concentrations (1 to 2.5 mM), yellow
between 5 and 20 mM Pi, and red at high Pi concentrations (40
to 50 mM), and (iii) when Pi was not added to cultures exposed
to Cd, uorescence was similar to untreated control cells
(Fig. 7A). We also evaluated changes in the colour of cell uo-
rescence over time. Cells treated with Cd2+ in the absence of Pi
did not change, while the uorescence of cells treated with Cd
and Pi (50 mM, Fig. 7A) changed from green (2 h), to yellow (8 h)
and nally to orange at 24 h (Fig. 7B). This change in colour is
typical of QDs as previously described using different bacterial
species.16,30,42

Regarding the intrinsic characteristics of QDs, the possibility
of controlling the uorescence colour and hence NPs size,
remains understudied in microbial biosynthetic protocols
already published.16,42–51 One study suggests CdS NPs size can be
“tuned” when using an engineered Stenotrophomonas malto-
philia strain that produces extracellular NPs associated with
cystathionine gamma-lyase; which would conduct NPs biosyn-
thesis producing H2S from CYS.52 In this context, herein we
show for the rst time that the uorescence of QDs bio-
synthesized in a wild type strain can be achieved by modulating
the concentration of Pi. These ndings represent an alternative
to developing improvedmethods for NPs biosynthesis for which
genetic tools are not available, and also represents a possibility
to improve bioremediation strategies (towards QDs production
for example) for which using genetically modied organisms is
sometimes restricted to their application in situ.

Because in the “intracellular” biosynthesis of CdS QDs the
divalent cation must rst be transported inside cells, Pi could
play an important role in this process as it is transported across
the cell membrane as a neutral complex MeHPO4 (Me¼Mg, Ca,
Co or Mn), through specic transporters called Pit (PitA and
PitB).53 Pit transporters are also implicated in Cd2+ and Zn2+

uptake in E. coli.54 Based on this, we tested if Pi concentration
Fig. 7 Pi-dependent biosynthesis of CdS QDs by E. coli. (A) Fluores-
cence emission of bacterial pellets obtained from cells exposed to
CdCl2 and Pi during 24 h. (B) Fluorescence of bacterial cell pellets
exposed to different amounts of Pi during 2, 8 or 24 h. Controls do not
contain Cd.

40276 | RSC Adv., 2017, 7, 40270–40278
had an effect on the intracellular accumulation of Cd. The
results showed that Pi stimulates Cd accumulation (Fig. 8A).
Although E. coli can incorporate Cd in the absence of Pi, the
presence of phosphate is required for the intracellular forma-
tion of nanocrystals under the tested conditions. Thus, as we
determined in the biomimetic synthesis method, Pi is also
required for the biosynthesis of CdS QDs in wild type E. coli.

Finally, Pi promoted H2S release from E. coli cultures, in
agreement with our previous results using the biomimetic
method. Even though cells release a basal level of gas in the
absence of Pi, when exposed to Pi in absence of Cd, H2S release
increased as a function of Pi concentration (Fig. 8B). When Pi
and Cd are added simultaneously, less H2S was released, sug-
gesting that Cd sequestered the gas that was generated by the
action of Pi, triggering CdS NPs formation.

Considering all the results presented in this work, we
hypothesize that CdS QDs biosynthesis is a process where Cd is
sequestered and sulphur and phosphorus metabolisms
converge, possibly operating as a detoxifying mechanism.
Understanding the biosynthetic process in detail will contribute
to developing greener and better methods to produce this
nanobiotechnological product of great interest.
Conclusions

In summation, the results presented herein show that Pi and
other biological phosphorylatedmolecules are implicated in the
This journal is © The Royal Society of Chemistry 2017
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biomimetic synthesis of water soluble-CdS QDs at physiological
temperature, and that Pi favours this process in E. coli. The
ability of Pi to act as a good base is key issue in triggering H2S
production from thiols, which in turn is required to form
nanocrystalline CdS by interacting with Cd2+ ions.
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