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Abstract: Here, cadmium sulphide quantum dots (CdS QDs) have been synthetized and functionalized
with Bovine Serum Albumin (BSA) in a colloidal aqueous solution with a stability of over 3 months.
Specific synthesis conditions, in homogeneous phase and at low temperature, have allowed limitation
of S2− concentration, hence, as a consequence, there is restricted growth of the nanoparticles (NPs).
This fact allows binding with BSA in the most favorable manner for the biomolecule. The presence
of Cd2+ ions on the surface of the CdS nanoparticle is counteracted by the negatively charged
domains of the BSA, resulting in the formation of small NPs, with little tendency for aggregation.
Temperature and pH have great influence on the fluorescence characteristics of the synthetized
nanoparticles. Working at low temperatures (4 ◦ C) and pH 10–11 have proven the best result as
shown by hydrolysis kinetic control of the thioacetamide precursor of S2− ion. Biological activity of
the coupled BSA is maintained allowing subsequent bioconjugation with other biomolecules such as
antibodies. The chemical conjugation with anti-Glutathione S-transferase (α-GST) antibody, a common
tag employed in human recombinant fusion proteins, produces a strong quenching of fluorescence
that proves the possibilities of its use in biological labelling. Finally, p53, onco-human recombinant
protein (GST tagged in COOH terminus), has been in situ IVTT (in vitro transcription-translation)
expressed and efficiently captured by the α-GST-CdS QD conjugate as a proof of the biocompatibility
on IVTT systems and the functionality of conjugated antibody.
Keywords: CdS-BSA quantum dots; nanoparticles; bovine serum albumin; synthesis; fluorescent
immunoassays; protein detection; IVTT protein expression

1. Introduction
Quantum dots (QDs) are semiconductor nanomaterials that have attracted considerable attention
in several research areas in the last years. Their exclusive optical, electrical and chemical properties
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make them powerful tools for many applications. Their absorption and luminescence properties can
be adjusted from the ultraviolet to the infrared region by changing the size and composition of the
QDs [1–3]. Over the last 20 years, many strategies have been designed and developed for controlled
modifications of QDs to achieve their integration with biological systems [1–3]. After the first studies on
the use of QDs as labels in the biological experiments carried out by Brucher Jr. et al. or Chan and Nie
in 1998 [4,5], the number of biological applications of QDs has exponentially increased, specially related
to chemical reactive functional groups (such as primary amines, carboxylic acids, hydroxyl groups
or thiols) useful for simple and easy bioconjugations strategies [6]. In addition, QDs have a high
specific area, large enough to bind simultaneously multiple biomolecules such as oligonucleotides
and peptides [7,8]. In parallel to the successful synthesis of QDs in organic media, several synthesis
methods of CdS QDs have been developed in an aqueous medium with high-reproducibility, low cost,
ecologically friendly, high solubility and biocompatibility [9]. In the aqueous synthesis of CdS QDs,
several chemical moieties (i.e., phosphates or thiols) have been employed as agents to stop precipitation
in homogeneous phase; similarly to a hydrophilic polymer, micelles have been also adapted [10].
Commonly, in most biological applications, nanomaterials are coated with proteins (as hydrophilic
polymers) to generate biocompatibility and/or adsorbed proteins inherently presented in the biological
fluid (i.e., cell/tissue culture or proximal fluid). Thus, in general, the final biological effect of the
nanoparticles—in a particular application of interest—is reflected from the effect of nanoparticle
per se and the effect of the net protein content [11,12]. Commonly, semiconductor nanocrystals for
biological/biomedical applications are synthetized and coated with proteins [13,14]. On the other
hand, proteins represent a major source in diagnostic and prognostic biomarkers in biomedical,
basic biochemical research and as therapeutic drug targets. Then, among other strategies, fluorescence
labeled proteins are useful to explore fundamental biological processes and also employed in a wide
variety of biomedical applications [15,16]. However, the preparation of protein-conjugated QDs is
a laborious process with multiple stages that usually start with the synthesis of a colloidal QD and
its solubilization, and follow by further functionalization with biomolecules. The direct synthesis
of protein conjugated QDs under mild conditions (pH, incubation times, T, etc.) has been quite
successful in the production of highly luminescent QDs with adequate range of emission wavelengths,
high quantum yield and photostability for bioimaging applications. Recently, for this purpose, it has
been reported that preparation of QDs enriched with some metallic ions could be combined with
some amino acid functional groups (such as carboxylic groups, amino, thiol, etc.) to obtain a covalent
bound between chemically reactive moieties of the protein and QD surface [17]. Serum albumins have
been used as protein models for different biochemical and physicochemical studies, which include
conjugation with nanomaterials, mostly because of their intrinsic function as a carrier biomolecule in
biological proximal fluids. Serum albumins are the most abundant proteins in mammalian proximal
fluids, such as plasma, where represents about 60% of total protein concentration (approximately
42 g/L). As it is well-known, plasma proteins play a critical role as molecular carriers, mainly because
they present binding properties to a wide variety of ligands (i.e., fatty acids, tryptophan, steroids,
analgesics, and some fluorescence dyes among others); in fact, the systemic effect in mammalian body
of many biomolecules is allowed by the carrier capacity of the plasma proteins for efficient delivery,
deposition and accumulation in distal tissues [13,18,19]. As the major soluble protein of the circulatory
system, serum albumin has been used as a model protein for many different biophysical, biochemical
and physicochemical studies [19]. Bovine serum albumin (BSA) is a very important protein in the
blood consisting of 580 amino acid residues with sequence homology to human serum albumin (HSA).
It is a versatile carrier protein with wide hydrophobic, hydrophilic, anionic, and cationic properties.
Due to its low cost, easy availability, biotechnological relevance and biomedicinal importance, BSA is
currently used as a model protein in biomedical research [20]. Aside from these properties, BSA has
also been previously reported as a capping/stabilizing agent for the synthesis of several semiconductor
nanomaterials based on noble metals [21–25]. However, despite being a very dynamic research area, the
use of BSA as ligand in the preparation of colloidal QDs remains relatively unexplored. Here, we explore
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a novel procedure for preparation and biofunctionalization under different conditions of CdS QDs in
an aqueous solution using BSA as a functionalizing coating agent. The novel synthesis procedure being
studied aims to obtain BSA-functionalized CdS QDs, with a very small diameter, high fluorescence,
and sustained stability over time. Subsequently, the conjugation of the synthesized BSA-QDs with a
monoclonal mouse antibody against glutation S-transferase (α-GST) will be tested. This possible novel
conjugate, α-GST-BSA-CdS QD, will be employed in the detection of cell-free in vitro GST tagged p53
human protein, expressed by using in vitro human cell- free transcription-translation system (IVTT).
IVTT enables not only in situ transcription-translation of human proteins directly from cDNA, but
also post-transcriptional and post-translational modifications (PTMs) such as phosphorylation and
glycosylation, among others. Compared to other conventional protein expression systems, IVTT can
produce functional properly folded proteins of any size in a less complex manner while still being a
highly efficient procedure; in fact, it has been adopted as a useful strategy in the Human Proteome
Project (www.hupo.org) [26,27].
2. Materials and Methods
2.1. Reagents and Solutions
All chemicals used were of analytical grade and were prepared with ultra-high quality deionized
water. Bovine Serum Albumin, BSA, (Sigma-Aldrich, www.sigmaaldrich.com, St. Louis. MI, USA).
Aqueous solutions of the following reagents, prepared by direct weighing of the species indicated and
dissolution in water until the desired concentration was reached: Cd(ClO4 )2 ·6H2 O and Thioacetamide,
C2 H5 NS, 99% (Sigma Aldrich, Darmstadt, Germany), NaOH, KCl, KH2 PO4 and Quinine sulfate
(2:1) (salt) dihydrate (Scharlab, Barcelona, Spain): 10−5 mol/L solution in 0.5 H2 SO4 , NaCl (Panreac,
Barcelona, Spain), Na2 HPO4 ·12H2 O (Prolabo, Barcelona, Spain, Mouse Monoclonal Antibody Anti-GST
(vial 250 µg) Immunostep, SL (Salamanca, Spain). Human IVTT reagents from ThermoFischerScientific.
(Waltham, MA, USA).
2.2. Instrumentation
Fluorescence spectra were measured using a Shimadzu (Tokyo Japan) Model RF-5000
spectrofluorophotometer with a Model DR-15 controller unit and a 150 W Xenon lamp as a light
source. The UV-visible absorption measurements of the samples were carried out on a Shimadzu
UV/Vis-160 spectrophotometer. The pH was measured with a Crison (Barcelona, Spain) GLP 21 pHmeter.
Transmission electron microscopy (TEM) was performed on a ZEISS EM-900 device (Oberkochen,
Germany). X-ray powder diffraction (XRD) patterns were recorded on a Siemens (Berlin, Germany)
D500 X-ray powder diffractometer equipped with graphite monochromatized high-intensity Cu-Kα
radiation (λ = 154.050 pm). The refraction index of the samples was determined with an Abbé
refractometer (refractometer.com/abbe-refractometer). The infrared spectra (IR) of the samples were
measured using a FT-IR Perkin-Elmer Model 1700 spectrometer and the KBr pellets technique with
100 mg of KBr and approximately 0.5 mg of the substance that is being studied.
2.3. Synthesis of CdS-BSA QDs in Aqueous Solution
Synthesis of CdS nanoparticles in aqueous solution was as follows: a solution of BSA (3.32 g) in
PBS (100 mL, pH = 7.4) was prepared and stirred for 2 h until completely dissolved.
For pH adjusting, 1 M NaOH was added, to final working conditions: a.-pH 10 and room
temperature, b.-pH = 11 and low temperature. Nitrogen was bubbled through the solution in order to
avoid the possible oxidation of the S2− ions and this was maintained throughout the experiment.
With these conditions being maintained, 4 mL of a solution containing the Cd2+ 10−2 mol/L
(from Cd(ClO4 )2 ·6H2 O and distilled water) were added and the mixture was maintained in ice. Finally,
2.5 mL of a solution containing C2 H5 NS 8 × 10−3 mol/L were added and no pH changes was observed.
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The simplified reactions of the hydrolysis of the precursor and the formation of the nanoparticles are
shown in the following equations:
CH3 CSNH2 + 3OH− → CH3 − COO− + NH3 + S2− + H2 O

(1)

Cd2+ + CH3 C(S)NH2 + H2 O → CdS + CH3 C(O)NH2 + 2H +

(2)

Both the absorption spectra and the fluorescence excitation-emission spectra were periodically
tracked in order to assess the characteristics and stability of the QDs.
2.4. Conjugation QD-BSA-α-GST
For the conjugation of QDs and α-GST antibody, both were together incubated in a rotatory shaker
for 2 h at 4 ◦ C. Then, 4 different solutions were prepared in which the final antibody concentration
ranged from 7.7 × 10−8 mol/L to 3.1 × 10−7 mol/L and the concentration of QDs was the same in all
cases (2.7 × 10−6 mol/L). Their fluorescence spectra were recorded in order to study this conjugation.
2.5. Clones and Plasmids
All employed clones, encoding full-length human p53, are from pANT7_cGST clone collection
distributed by plasmid repository at Biodesign Institute at Arizona State University (www.dnasu.org).
Full-length cDNA clones contain a T7 transcriptional start sequence as well as an internal ribosome
entry site (IRES), which is compatible with in vitro transcriptional-translational reagents. In addition,
each clone contains an in-frame fused C-terminal GST tag. Each bacterial clone was grown overnight in
5 mL of Luria broth with 100 µg/mL ampicillin. -Plasmid DNA was extracted using Mini-Prep Kit from
Promega Inc. (Madison, WI, USA), following manufacture instructions. All plasmids were sequence at
Centro de Investigación del Cancer, Genomics Unit (Salamanca, Spain), using a-M13 and T7 primers to
confirm the identity of the insert and to ensure that there was not contamination of plasmids stocks.
2.6. Human In Vitro p53 Recombinant Protein IVTT Production
Proteins were synthesized from plasmid DNA using Human In Vitro Protein Expression
kit (ThermoFischer, Waltham, MA, USA) following manufacture’s protocol with a few minimal
modifications in order to adapt for 1.5 mL eppendorf tubes. Around 1 µg of plasmid DNA was
incubated in 25 µL of coupled transcription/translation reaction mix at 30 ◦ C for 90 min. Several amounts
of conjugate QD-BSA-α-GST (in DPEC water) were added (final volume 25 µL) to IVTT mix and
incubated as described in manufacturer´s protocol.
Expression vectors (pANT7_cGST) containing an insert corresponding to a protein-coding gene
(human p53 is employed here as model) with a glutathione-S-transferase (GST) tag at the carboxyl
terminus (Supplementary Figure S1) were acquired from the human expression clone collection of
the DNASU Plasmid Repository at Arizona State University (https://dnasu.org). All clones from the
DNASU repository are full-sequence validated as described above. Proteins were synthesized from
plasmid cDNA using the 1-Step Human In Vitro Translation kit (Thermo-Pierce, Waltham, MA, USA)
according to manufacturer’s protocol. One µg of plasmid DNA was added to 25 µL of reaction mix
and incubated at 30 ◦ C for 1.5 h; as it was described above.
2.7. Enrichment of Human GST-Tagged Recombinant Protein Expressed by the IVTT System
To enrich human recombinant GST-fusion human recombinant proteins, 8 µL of slurry (2 µL settled
resin) of Pierce Glutathione Magnetic Beads (Thermo-Pierce, Waltham, USA) were used per sample,
equilibrated 3 times with 25 µL slurry volume phosphate-buffered saline (PBS), and re-suspended in
12.5 µL slurry volume with PBS at room temperature. A 100 µL aliquot of the equilibrated slurry was
added to each well (2 mL). Microbeads were pulled down by a 96-well plate magnet and supernatant
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PL intensity (a.u.)

The maximum of the absorption band of the QDs could be seen to be well-defined as their
amount in solution increases and their size distribution around the mean value decreases. The value
of absorbance at 338.5 nm is A = 1.134; at that wavelength, it is proportional to the concentration of
nanoparticles in solution although the absorption coefficient depends on the nanoparticle diameter.
For wavelengths lower than 300 nm, a non-specific band was observed due to more energetic electronic
transitions. It is possible to determinate the mean value of the QDs’ diameter from the wavelength
Nanomaterials
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On the other hand, the chemical process of the appearance of hydroxylated species must also be
considered. The Cd2+ ions, which are in excess compared with S2− ions, may take part in other
reactions such as the formation of hydrated oxides which will be deposited on the surface of the
nanoparticles, hence this explains why turbidity is not observed in the solution during days. Then,
there is an indication that no cadmium hydroxide precipitate Cd(OH)2 is in the solution.
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On the other hand, the chemical process of the appearance of hydroxylated species must also
be considered. The Cd2+ ions, which are in excess compared with S2− ions, may take part in other
reactions such as the formation of hydrated oxides which will be deposited on the surface of the
nanoparticles, hence this explains why turbidity is not observed in the solution during days. Then,
there is an indication that no cadmium hydroxide precipitate Cd(OH)2 is in the solution.
The initial pH differences will essentially affect the starting availability of S2− concentration to
form the nanonuclei, together with the possible formation of a nanoshell of Cd(OH)2 , which we have
already observed in other QD synthesis procedures. These previous studies also demonstrated that the
process will be more thermodynamically favourable at higher pH values [29].
The formation of this nanoshell has a considerable effect on the fluorescence of the resulting
nanoparticles. The chemical process leads to nanoparticles that maintain their size and surface
modificaton, which also might affect the radiation absorption processes. This phenomenon may be
positive when the surface alteration is minimal and will be negative when the size of deposit exceeds a
critical value.
The behaviour of the BSA as coating agent -under different pH conditions during synthesis- must
also be taken into consideration. BSA has accesible several chemical moieties –SH, –NH, –OH and
other chemictal groups which have excellent adsorbability and can sequester, entrap and interact with
Cd2+ [24]. There is a certain chelation time to complete the reaction between BSA and Cd2+ .
Under the experimental conditions of this study, pH between 9 and 11.0, the NPs obtained
throughout present small differences during the evolution process varying their diameter from 2.71 to
3.26 nm. The number of CdS molecules contained in their interior ranges from N = 206 to N = 349.
The size of the nanoparticles explains the fact that all their solutions are colourless (Supplementary
Materials, S4, Tables S1–S4).
The turbidity observed in the evolution process may be related to the formation of intermediate
species (between the Cd2+ and the BSA) and their solubility. In an alkaline medium, moslty of the
proteins have a negative net charge; thus the charged metallic ions can be bound to the protein
molecules to precipitate metal proteinates. This tendency of precipitating proteins is the basis of
the toxicity attributed to ions such as Cd2+ , which has affinity with the carboxylate and sulfhydryl
groups of many proteins [24,30,31]. The appareance of these species is in competition with the CdS
nanoparticles formation’s reaction.
As the generation speed of the S2− ion by the thioacetamide hydrolysis is greater at pH 10,
this condition would be the best for the stability of QDs (Figure 3b).
Different solutions of QDs at different pH were tested for their stability. From the point of view of
the fluorescence intensity, at pH 7.0 and 8.0, very low and almost identical fluorescence intensities
values are observed. As from pH 9.0 a significant increment of IFmax can be observed, which evolves
from blue to yellow after 13 days. When the appearance of turbidity begins to be noticeable and the
fluorescence intensity decreases.
At pH 10 the IFmax of the sysnthetized nanoparticles increases during the first 15 days of evolution,
which is probably due to an increament in their concentration together with the possible formation
of the nanocrust of Cd(OH)2 , confirming that it is more favourable at pH 10. This pH is practically
constant during 28 days.
However, at pH of 10.5 and 11.0, the value of IFmax and the stability of the solution decrease.
These results also confirm that shape and surface state depend on the pH, which has an influence
not only on kinetic aspects of nucleation and growth but also on the formation of the nanoshell of
Cd(OH)2 . The decrease in fluorescence could confirm the hypothesis of the relationship between the
latter and the nanoshell of Cd(OH)2 of a specific size deposited on the surface of the QD.
In this study, the results provide an evidence that CdS QDs are stabilised by BSA in a colloidal
aqueous solution over a long period of time in the most favourable conditions. This stabilization could
be a consequence of the homogeneous synthesis conditions in which the thermodynamic and kinetic
aspects (associated with the formation of CdS-BSA) are highly favourable. The pH variation allows
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the control of the concentration of S2− ions in solution, limiting the possibility of the instantaneous
growth of the NPs and allowing the appropriate induced 3D shaping of the BSA, and subsequently the
NPs [13]. The presence of Cd2+ ions on the CdS NPs surface is counteracted by the negative charge
areas of the BSA. The evolution in NPs size appears to indicate that the growth is due to an Ostwald
ripening process (Supplementary Material, S5, Figure S1).
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3.1.3. Effect of the pH of the Medium on the Synthesis of CdS QDs at 4 °C
3.1.3. Effect of the pH of the Medium on the Synthesis of CdS QDs at 4 ◦ C
Influence of Temperature
Influence of Temperature
Temperature is a critical parameter in the formation of nanocrystal and also in the hydrolysis
Temperature is a critical parameter in the formation of nanocrystal and also in the hydrolysis
reaction of thioacetamide, because it plays an important role in the study of CdS. In this study, among
reaction of thioacetamide, because it plays an important role in the study of CdS. In this study,
the studied synthesis methods [26], it was observed that better synthesis yields are achieved at low
among the studied synthesis methods [26], it was observed that better synthesis yields are achieved
temperature. In these cases, small CdS nanoparticles are obtained with high stability and
at low temperature. In these cases, small CdS nanoparticles are obtained with high stability and
fluorescence. A study was carried out in order to determine the influence of this variable on the
fluorescence. A study was carried out in order to determine the influence of this variable on the
characteristics of the CdS QDs at adjusting pH to 9, 10 and 11 values and different concentrations of
characteristics of the CdS QDs at adjusting pH to 9, 10 and 11 values and different concentrations of
thioacetamide and BSA.
thioacetamide and BSA.
After addition of the Cd2+ 2+
precursor, solutions were cooled in an ice bath until the temperature
After addition of the Cd precursor, solutions were cooled in an ice bath until the temperature
reached 4 °C.
These
solutions
were kept at 4 °C in a refrigerator. From t = 0, aliquots were taken
reached 4 ◦ C. These solutions were kept at 4 ◦ C in a refrigerator. From t = 0, aliquots were taken
periodically to record their absorption spectra and their luminescence spectra (Figure 4). At low
periodically to record their absorption spectra and their luminescence spectra (Figure 4). At low
temperature and pH 9 or pH 10, the thioacetamide hydrolysis reaction is slowed in generating
temperature and pH 9 or pH 10, the thioacetamide hydrolysis reaction is slowed in generating sulphur
sulphur ions. Hence, a low concentration is generated and the nanoparticles form more slowly with
ions. Hence, a low concentration is generated and the nanoparticles form more slowly with smaller
smaller diameters (Supplementary Material, S6).
At 4 °C, an incubation of 35 days is required to
diameters (Supplementary Material, S6). At 4 ◦ C, an incubation of 35 days is required to observe the
observe the formation of nanoparticles with a size approx. 3 nm.
formation of nanoparticles with a size approx. 3 nm.
At pH 11, during 3 days of incubation, highly stable nanoparticles are also obtained. The mean
radius is constant and of ca. 1.5 nm is maintained for at least 82 days. The number of molecules per
nanoparticle varies very slightly between 282 and 300. No significant changes occur to the λmax
absorption during all the studied period (nearly 3 months). A CdS QD coated with BSA has been
obtained with a very small size and high stability over time (Supplementary Material S6, Table S7;
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At pH 11, during 3 days of incubation, highly stable nanoparticles are also obtained. The mean
radius is constant and of ca. 1.5 nm is maintained for at least 82 days. The number of molecules
per nanoparticle varies very slightly between 282 and 300. No significant changes occur to the λmax
absorption during all the studied period (nearly 3 months). A CdS QD coated with BSA has been
obtained with a very small size and high stability over time (Supplementary Material S6, Table S7;
Figure S2). At pH 11 under the optimum conditions, the nanoparticles do not grow according to the
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Ostwald model; there is rather a stable dispersal over time of small NPs.
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The fluorescence intensity at maximum emission increased with the pH (Figure 4b) and the best
The fluorescence intensity at maximum emission increased with the pH (Figure 4b) and the best
results were achieved at pH 11. In all cases, it was initially increased and constant after a certain
results were achieved at pH 11. In all cases, it was initially increased and constant after a certain
evolution time which is different for each pH. It is interesting to note the evolution of the size of the NPs,
evolution time which is different for each pH. It is interesting to note the evolution of the size of the
which is maintained practically constant during all this time; due to the optimum slow hydrolysis for
NPs, which is maintained practically constant during all this time; due to the optimum slow
the formation of the nanoparticles of thioacetamide at this pH and 4 ◦ C. The size distribution around
hydrolysis for the formation of the nanoparticles of thioacetamide at this pH and 4 °C. The size
the mean value ∆ is kept in the 93–108 nm range under optimal conditions (Supplementary Material S8,
distribution around the mean value Δ is kept in the 93–108 nm range under optimal conditions
Tables S8–S10).
(Supplementary Material S8, Tables S8–S10). Δ
This indicates that the shape and surface status are highly influenced by the solution conditions
This indicates that the shape and surface status are highly influenced by the solution conditions
such as pH and the temperature; because they are mainly led by kinetic aspects of nucleation and
such as pH and the temperature; because they are mainly led by kinetic aspects of nucleation and
growth and the formation of a nanoshell of Cd(OH)2. Once again, it is confirmed that there must be
an optimum size for this nanoshell related to the radiant and no radiant emission processes. This
nanoshell seems much more homogeneous during work at low temperatures.

Influence of the Molar Cd2+/thioacetamide Ratio at 4 °C
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growth and the formation of a nanoshell of Cd(OH)2 . Once again, it is confirmed that there must be an
optimum size for this nanoshell related to the radiant and no radiant emission processes. This nanoshell
seems much more homogeneous during work at low temperatures.
Influence of the Molar Cd2+ /thioacetamide Ratio at 4 ◦ C
The concentration of S2− precursor (thioacetamide) could produce a significant influence on
the synthesis process of CdS-BSA nanoparticles when it takes place in a homogeneous phase at low
temperature.
Then,
different
solutions were prepared with a final concentration of thioacetamide
Nanomaterials 2020,
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3.2. Characterization of the CdS QDs
The shape of the CdS QDs was studied with Transmission Electron Microscopy (TEM) after
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In Figure 7, it is displayed the diffractogram and diffraction angles, the corresponding distances between
3.3. Conjugation QD-BSA-α-GST
crystallographic planes and the corresponding Miller indices (notation system in crystallography for
In order to study the fluorescence changes of the synthetized QD-BSA in its conjugation with
the α-GST antibody, 4 different solutions were prepared in which the final antibody concentration
ranged from 7.7 × 10−8 to 3.1 × 10−7 mol/L and the same concentration of QDs in all cases (2.7 × 10−6
mol/L). Their fluorescence spectra were recorded in order to determine the conjugation. (Figure 8 and
S12)
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Figure 8. CdS-BSA-α-GST interaction. Variation in fluorescence for the different antibody concentrations
Figure 8. CdS-BSA-α-GST interaction. Variation in fluorescence for the different antibody
studied. Concentration of CdS-BSA: 2.7 × 10−6 mol/L. Concentration
of α-GST: Range from 7.7 × 10−8 mol/L
concentrations
studied. Concentration of CdS-BSA: 2.7 × 10−6 mol/L. Concentration of α-GST: Range
−7
to 3.1 × 10 mol/L.
from 7.7 × 10−8 mol/L to 3.1 × 10−7 mol/L.

A strong interaction occurs between the QD-BSA and the antibody, which produces a significant
A strong interaction occurs between the QD-BSA and the antibody, which produces a significant
fluorescence quenching to allow its use in the other goal of this work, making QDs biological markers,
fluorescence quenching to allow its use in the other goal of this work, making QDs biological markers,
as it can be observed in the next experiments.
as it can be observed in the next experiments.
3.4. Human Recombinant Protein IVTT Expressed
Human IVTT is a cell-free translation and transcriptional system to in situ synthesizes proteins
within any size in a highly efficient manner [27]. Another advantage of this system is the production of
properly folded proteins with a similar activity as proteins produced by conventional mammalian
and/or bacterial expression strategies but with no use of any cell as a fully complete system for
the synthesis.
First, it should be noted that the protocol used for protein expression is focused on the production
of recombinant proteins from a clone (Supplementary material, S13). Recombinant fusion proteins are

Human IVTT is a cell-free translation and transcriptional system to in situ synthesizes proteins
within any size in a highly efficient manner [27]. Another advantage of this system is the production
of properly folded proteins with a similar activity as proteins produced by conventional mammalian
and/or bacterial expression strategies but with no use of any cell as a fully complete system for the
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synthesis.
First, it should be noted that the protocol used for protein expression is focused on the
production of recombinant proteins from a clone (Supplementary material, S13). Recombinant fusion
polypeptides originated by translation of two or more genes previously linked in reading frame to give
proteins are polypeptides originated by translation of two or more genes previously linked in reading
rise to a single protein. When it comes to detecting a fusion protein, the simplest thing is to use them
frame to give rise to a single protein. When it comes to detecting a fusion protein, the simplest thing
fused to other proteins, acting as protein markers or tags, by means of the amino- or carboxyl-terminal
is to use them fused to other proteins, acting as protein markers or tags, by means of the amino- or
end, thus preventing inclusion bodies from forming, improving the protein folding and reducing
carboxyl-terminal end, thus preventing inclusion bodies from forming, improving the protein folding
proteolytic degradation [38]. One of the most popular proteins for this role is glutathione S-transferase
and reducing proteolytic degradation [38]. One of the most popular proteins for this role is
(GST) [39,40]. In this work, the fusion protein was p53 linked to the C ’terminal end of the GST tag,
glutathione S-transferase (GST) [39,40].
In this work, the fusion protein was p53 linked to the C
so that the reading frame from the N0 terminal end to the C0 terminal of the obtained fusion protein
’terminal end of the GST tag, so that the reading frame from the N′ terminal end to the C′ terminal of
was facilitated; and detecting the presence of the GST tag would ensure that p53 protein has been also
the obtained fusion protein was facilitated; and detecting the presence of the GST tag would ensure
previously expressed.
that p53 protein has been also previously expressed.
As QD-BSA has been successfully conjugated with α-GST antibody, it was possible to carry out
As QD-BSA has been successfully conjugated with α-GST antibody, it was possible to carry out
one of the main objectives of this work, the evaluation of the cytotoxicity of CdS-BSA NPs in a cell-free
one of the main objectives of this work, the evaluation of the cytotoxicity of CdS-BSA NPs in a cellsystem, using an in vitro expression system for human recombinant proteins.
free system, using an in vitro expression system for human recombinant proteins.
For this objective, there are two possibilities to successfully detect the IVTT expressed protein,
For this objective, there are two possibilities to successfully detect the IVTT expressed protein,
either detect GST domain that serves as a control of the correct full-length protein expression or detect
either detect GST domain that serves as a control of the correct full-length protein expression or detect
p53 domain, which is the protein of interest. Both proteins are included in the recombinant fusion
p53 domain, which is the protein of interest. Both proteins are included in the recombinant fusion
protein as displayed in Figure 9.
protein as displayed in Figure 9.

fluorescent-conjugated
antibody

fluorescent-conjugated
antibody

Figure 9. Scheme of detection of in vitro human cell- free transcription-translation (IVTT) expressed
Figure 9. Scheme of detection of in vitro human cell- free transcription-translation (IVTT) expressed
human recombinant p53 GST tagged protein. Western Blot detection carried in our study based on novel
human recombinant p53 GST tagged protein. Western Blot detection carried in our study based on
NPs (CdS-BSA). In both cases, antibody against GST conjugated with the novel QDs (blue), catch the
novel NPs (CdS-BSA). In both cases, antibody against GST conjugated with the novel QDs (blue),
GST domain of the IVTT protein. (a) When the goal is detecting the GST domain, another α-GST
catch the GST domain of the IVTT protein. (a) When the goal is detecting the GST domain, another αantibody is used (red) and final detection with a fluorescence dye labeled antibody (orange). (b) For
GST antibody is used (red) and final detection with a fluorescence dye labeled antibody (orange). (b)
specific recognition of the p53 human recombinant protein, an α-p53 antibody is used (green) and
For specific recognition of the p53 human recombinant protein, an α-p53 antibody is used (green) and
detected with a fluorescence dye labeled antibody (purple).
detected with a fluorescence dye labeled antibody (purple).

Results obtained for the expression of the fusion human protein p53-GST in the presence of
Results obtained for the expression of the fusion human protein p53-GST in the presence of QDQD-BSA-α-GST synthesized in the cell-free transcription-translation system in Western Blot are
BSA-α-GST synthesized in the cell-free transcription-translation system in Western Blot are displayed
displayed in Figure 10. They compare the detection of the protein tag, GST, and the protein of interest,
in Figure 10. They compare the detection of the protein tag, GST, and the protein of interest, p53, at
p53, at different concentrations of QDs (dilution 1:1 (v/v)—dilution 1:2000 (v/v)), volumes of IVTT mix
(5 µL and 25 µL) and cDNA encoding the human p53 onco-protein (1 µg).
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that shows more defined results for tested conditions in comparison with 680 nm (Figure 10a,b)
(Supplementary Material, S14). This analysis confirms the successful of the IVTT and the possibility
(Supplementary Material, S14). This analysis confirms the successful of the IVTT and the possibility
of using this cell-free translation and transcriptional system to synthesize proteins coupling with the
of using this cell-free translation and transcriptional system to synthesize proteins coupling with the
QD-BSA at the same time that contributes with the optimization of the protocol adjusting
QD-BSA at the same time that contributes with the optimization of the protocol adjusting concentrations
concentrations of reagents and the way of final detection.
of reagents and the way of final detection.
3.5. Characterization of the QD-GST-p53 Conjugated
3.5. Characterization of the QD-GST-p53 Conjugated
An important point is to decipher if the expressed protein conjugated maintains their optical
An important point is to decipher if the expressed protein conjugated maintains their optical
properties in order to be use its fluorescence as a tool for further applications of the system.
properties in order to be use its fluorescence as a tool for further applications of the system.
Therefore, in order to evaluate the characteristic optical properties of QDs after protein
Therefore, in order to evaluate the characteristic optical properties of QDs after protein expression,
expression, it was decided to perform an experiment based on fluorescence spectroscopy. Previously
it was decided to perform an experiment based on fluorescence spectroscopy. Previously in this work,
in this work, we have determined the fluorescence of the QD-BSA-α-GST, noting that the antibody
we have determined the fluorescence of the QD-BSA-α-GST, noting that the antibody attached to
attached to the QD undergoes a fluorescence quenching in the complex (Figure 8). Considering these
the QD undergoes a fluorescence quenching in the complex (Figure 8). Considering these results,
results, we carried out an experiment based on paramagnetic microspheres, a micro-sized system
we carried out an experiment based on paramagnetic microspheres, a micro-sized system formed by
formed by methacrylate coated with gamma-magnetite nanoparticles (super-paramagnetic
methacrylate coated with gamma-magnetite nanoparticles (super-paramagnetic properties).
properties).
These microspheres are coated with glutathione affinity groups that react with the active site of
These microspheres are coated with glutathione affinity groups that react with the active site of
the GST protein through an enzyme-substrate reaction, capturing the QDs that have expressed the
the GST protein through an enzyme-substrate reaction, capturing the QDs that have expressed the
proteins, forming a multi-complex represented in Figure 11.
proteins, forming a multi-complex represented in Figure 11.
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With this reaction, it is confirmed that IVTT expressed protein is presented in the complex
With this reaction, it is confirmed that IVTT expressed protein is presented in the complex
analysis the complex studies, and not only the QD-BSA-α-GST conjugate. The results obtained in the
analysis the complex studies, and not only the QD-BSA-α-GST conjugate. The results obtained in the
fluorescence experiments are displayed in Figure 12, where different fluorescence is observed between
fluorescence experiments are displayed in Figure 12, where different fluorescence is observed
the glutathione affinity microspheres as a negative control and the microspheres with the QDs.
between the glutathione affinity microspheres as a negative control and the microspheres with the
QDs.
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First spectrum represents the behavior of the microspheres as a negative control (Figure 12a).
First spectrum represents the behavior of the microspheres as a negative control (Figure 12a). As
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biological activity that is evaluated by the conjugation with the antibody α-GST, which produces a
significant quenching of fluorescence.
The combination of IVTT with CdS QDs has been successfully demonstrated. QDs-BSA-α-GST
are biocompatible with the expression of oncogenic human proteins, e.g., p53 and it opens a new
perspective that could be used to express a huge number of human recombinant proteins. Moreover,
QDs-BSA-α-GST maintain their characteristic optical properties even after being incubated with IVTT,
which contributes to the establishment of this platform for the detection of protein-protein interactions
and the in vitro synthesis of human recombinant proteins with clinical and biomedical interest.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/5/984/s1,
Figure S1: The obtaining of CdS nanoparticles using thioacetamide as a precursor. The evolution of the mean
diameter of the nanoparticles at different evolution times for different pHs. [Cd2+ ] = 7.477 × 10−4 mol/L;
[BSA] = 3.738 × 10−4 mol/L; [Thioac.] = 3.738 × 10−4 mol/L; [Cd2+ ]F /[Thioac.]F = 2.0; [Cd2+ ]F /[BSA]F = 2.0 room
temperature, Figure S2: The obtaining of CdS nanoparticles using thioacetamide as a precursor. The evolution of the
mean diameter of the nanoparticles at different times for different pHs. [Cd2+ ] = 7.477 × 10−4 mol/L; [BSA] = 3.738
× 10−4 mol/L; [Thioac.] = 3.738 × 10−4 mol/L; [Cd2+ ]F /[Thioac.]F = 2.0; [Cd2+ ]F /[BSA]F = 2.0. Temperature =
4 ◦ C, Figure S3: Quantum Efficiency: Representation of the absorbance values compared with the emission area,
Figure S4: The influence of [Cd2+ ]F /[BSA]F at 4 ◦ C. The temporal evolution of Absorbance of CdS-BSA QDs
solutions with different [Cd2+ ]F /[BSA]F ratios, Figure S5: The influence of [Cd2+ ]F /[BSA]F ratio at 4 ◦ C. The
temporal evolution of diameter of CdS-BSA QDs with different [Cd2+ ]F /[BSA]F ratios, Figure S6: The influence of
the Amount of QD on the Intensity of Fluorescence Emission. T = 4 ◦ C; pH = 11, Figure S7: pANT7_cGST map:
Schematic representation of vector features for gene insert, T7 polymerase, cloning-subcloning cassettes or resistant
cassettes, Figure S8: Western Blot analysis of IVTT mix with cDNA 1 µg and 5 µL of IVTT reagents (dilution 1:1 at
1:100 v/v) for the detection of GST at 680 nm, Table S1: The obtaining of CdS nanoparticles using thioacetamide as a
precursor. Calculating the mean size of the nanoparticles and the number of molecules per nanoparticle at different
evolution times. pH = 9. [Cd2+ ] = 7.477 × 10−4 mol/L; [BSA] = 3.738 × 10−4 mol/L; [Thioac.] = 3.738 × 10−4 mol/L;
[Cd2+ ]F /[Thioac.]F = 2.0; [Cd2+ ]F /[BSA]F = 2.0 room temperature, Table S2: The obtaining of CdS nanoparticles
using thioacetamide as a precursor. Calculating the mean size of the nanoparticles and the number of molecules
per nanoparticle at different evolution times. pH = 10. [Cd2+ ] = 7.477 × 10−4 mol/L; [BSA] = 3.738 × 10−4 mol/L;
[Thioac.] = 3.738 × 10−4 M; [Cd2+ ]F /[Thioac.]F = 2.0; [Cd2+ ]F /[BSA]F = 2.0 room temperature, Table S3: The
obtaining of CdS nanoparticles using thioacetamide as a precursor. Calculating the mean size of the nanoparticles
and the number of molecules per nanoparticle at different evolution times. pH = 10.5. [Cd2+ ] = 7.477 × 10−4 mol/L;
[BSA] = 3.738 × 10−4 mol/L; [Thioac.] = 3.738 × 10−4 mol/L; [Cd2+ ]F /[Thioac.]F = 2.0; [Cd2+ ]F /[BSA]F = 2.0 room
temperature, Table S4: The obtaining of CdS nanoparticles using thioacetamide as a precursor. Calculating the
mean size of the nanoparticles and the number of molecules per nanoparticle at different evolution times. pH = 11.
[Cd2+ ] = 7.477 × 10−4 mol/L; [BSA] = 3.738 × 10−4 mol/L; [Thioac.] = 3.738 × 10−4 mol/L; [Cd2+ ]F /[Thioac.]F = 2.0;
[Cd2+ ]F /[BSA]F = 2.0 room temperature, Table S5: The obtaining of CdS nanoparticles using thioacetamide as
a precursor. Calculating the mean size of the nanoparticles and the number of molecules per nanoparticle at
different evolution times. pH = 9. [Cd2+ ] = 7.477 × 10−4 mol/L; [BSA] = 3.738 × 10−4 mol/L; [Thioac.] = 3.738
× 10−4 M; [Cd2+ ]F /[Thioac.]F = 2.0; [Cd2+ ]F /[BSA]F = 2.0. Temperature: 4 ◦ C, Table S6: The obtaining of CdS
nanoparticles using Thioacetamide as a precursor. Calculating the mean size of the nanoparticles and the number
of molecules per nanoparticle at different evolution times. pH = 10. [Cd2+ ] = 7.477 × 10−4 mol/L; [BSA] = 3.738
× 10−4 mol/L; [Thioac.] = 3.738 × 10-4 mol/L; [Cd2+ ]F /[Thioac.]F = 2.0; [Cd2+ ]F /[BSA]F = 2.0. Temperature: 4 ◦ C,
Table S7: The obtaining of CdS nanoparticles using thioacetamide as a precursor. Calculating the mean size of the
nanoparticles and the number of molecules per nanoparticle at different evolution times. pH = 11. [Cd2+ ] = 7.477
× 10−4 mol/L; [BSA] = 3.738 × 10−4 mol/L; [Thioac.] = 3.738 × 10−4 mol/L; [Cd2+ ]F /[Thioac.]F = 2.0; [Cd2+ ]F /[BSA]F
= 2.0. Temperature: 4 ◦ C, Table S8: The obtaining of CdS nanoparticles using thioacetamide as a precursor.
Nanoparticles synthesised at an initial pH of 9 and at 4 ◦ C, Table S9: The obtaining of CdS nanoparticles using
thioacetamide as a precursor. Nanoparticles synthesised at an initial pH of 10 and at 4 ◦ C, Table S10: The obtaining
of CdS nanoparticles using thioacetamide as a precursor. Nanoparticles synthesized at an initial pH of 11 and at 4
◦ C, Table S11: The obtaining of CdS nanoparticles using thioacetamide as a precursor. The calculating of the mean
diameter of the nanoparticles obtained using different concentrations of thioacetamide. [Cd2+ ] = 7.477 × 10−4
mol/L; [BSA] = 3.738 × 10−4 mol/L; [Cd2+ ]F /[BSA]F = 2.0. Temperature 4 ◦ C.
Author Contributions: All authors wrote, prepared and revise the Manuscript Project design, M.J.A.P. and
M.F. Chemistry synthesis and characterization of QDs, V.B.-V., M.J.A.P. and J.F.B.-B. Biological experiments,
C.A.-S., P.J.-V., A.L.-V. and R.M.-R. Draft preparation, Á.F.-C. and Á.-P.H. Review and editing, M.J.A.P. and Á.-P.H.
Supervision, M.J.A.P. and M.F. Project administration and funding acquisition, M.J.A.P. and M.F. All authors have
read and agreed to the published version of the manuscript.

Nanomaterials 2020, 10, 984

18 of 20

Funding: We gratefully acknowledge financial support from the Spanish Health Institute Carlos III (ISCIII) for
the grants: FIS PI17/01930 and CB16/12/00400. Fundación Solórzano FS/38-2017. The Proteomics Unit belongs
to ProteoRed, PRB3-ISCIII, supported by grant PT17/0019/0023, of the PE I + D + I 2017-2020, funded by ISCIII
and FEDER.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.
3.
4.
5.
6.
7.
8.

9.

10.

11.
12.

13.
14.
15.
16.

17.
18.

19.

Kango, S.; Kalia, S.; Celli, A.; Njuguna, J.; Habibi, Y.; Kumar, R. Surface modification of inorganic nanoparticles
for development of organic–inorganic nanocomposites—A review. Prog. Polym. Sci. 2013, 38, 1232–1261.
[CrossRef]
Katz, E.; Willner, I. Integrated nanoparticle—Biomolecule hybrid systems: Synthesis, properties,
and applications. Angew. Chem. Int. Ed. 2004, 43, 6042–6108. [CrossRef] [PubMed]
Karakoti, A.S.; Shukla, R.; Shanker, R.; Singh, S. Surface functionalization of quantum dots for biological
applications. Adv. Colloid Interface Sci. 2015, 215, 28–45. [CrossRef] [PubMed]
Bruchez, M.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A.P. Semiconductor nanocrystals as fluorescent
biological labels. Science 1998, 281, 2013–2016. [CrossRef] [PubMed]
Chan, W.C.; Nie, S. Quantum dot bioconjugates for ultrasensitive nonisotopic detection. Science 1998, 281,
2016–2018. [CrossRef] [PubMed]
Blanco-Canosa, J.B.; Wu, M.; Susumu, K.; Petryayeva, E.; Jennings, T.L.; Dawson, P.E.; Algar, W.R.; Medintz, I.L.
Recent progress in the bioconjugation of quantum dots. Coord. Chem. Rev. 2014, 263, 101–137. [CrossRef]
Niemeyer, C.M. Nanoparticles, proteins, and nucleic acids: Biotechnology meets materials science.
Angew. Chem. Int. Ed. 2001, 40, 4128–4158. [CrossRef]
Liu, X.; Jiang, Y.; Lan, X.; Li, S.; Wu, D.; Han, T.; Zhong, H.; Zhang, Z. Synthesis of high quality and stability
CdS quantum dots with overlapped nucleation-growth process in large scale. J. Colloid Interface Sci. 2011, 354,
15–22. [CrossRef]
Barglik-Chory, C.; Buchold, D.; Schmitt, M.; Kiefer, W.; Heske, C.; Kumpf, C.; Fuchs, O.; Weinhardt, L.; Stahl, A.;
Umbach, E. Synthesis, structure and spectroscopic characterization of water-soluble CdS nanoparticles.
Chem. Phys. Lett. 2003, 379, 443–451. [CrossRef]
Khomane, R.B.; Manna, A.; Mandale, A.B.; Kulkarni, B.D. Synthesis and characterization of
dodecanethiol-capped cadmium sulfide nanoparticles in a Winsor II microemulsion of diethyl
ether/AOT/water. Langmuir 2002, 18, 8237–8240. [CrossRef]
Lynch, I.; Dawson, K.A. Protein-nanoparticle interactions. Nano today 2008, 3, 40–47. [CrossRef]
Lynch, I.; Cedervall, T.; Lundqvist, M.; Cabaleiro-Lago, C.; Linse, S.; Dawson, K.A. The nanoparticle–protein
complex as a biological entity; a complex fluids and surface science challenge for the 21st century. Adv. Colloid
Interface Sci. 2007, 134, 167–174. [CrossRef] [PubMed]
Mansur, H.S.; González, J.C.; Mansur, A.A. Biomolecule-quantum dot systems for bioconjugation applications.
Colloids Surf. B 2011, 84, 360–368. [CrossRef] [PubMed]
Zhao, L.; Liu, R.; Zhao, X.; Yang, B.; Gao, C.; Hao, X.; Wu, Y. New strategy for the evaluation of CdTe
quantum dot toxicity targeted to bovine serum albumin. Sci. Total Environ. 2009, 407, 5019–5023. [CrossRef]
He, X.; Gao, L.; Ma, N. One-step instant synthesis of protein-conjugated quantum dots at room temperature.
Sci. Rep. 2013, 3, 2825. [CrossRef]
Medintz, I.L.; Clapp, A.R.; Brunel, F.M.; Tiefenbrunn, T.; Uyeda, H.T.; Chang, E.L.; Deschamps, J.R.;
Dawson, P.E.; Mattoussi, H. Proteolytic activity monitored by fluorescence resonance energy transfer through
quantum-dot–peptide conjugates. Nat. Mater. 2006, 5, 581–589. [CrossRef]
Ma, N.; Sargent, E.H.; Kelley, S.O. Biotemplated nanostructures: Directed assembly of electronic and optical
materials using nanoscale complementarity. J. Mater. Chem. 2008, 18, 954–964. [CrossRef]
Gelamo, E.L.; Silva, C.; Imasato, H.; Tabak, M. Interaction of bovine (BSA) and human (HSA) serum albumins
with ionic surfactants: Spectroscopy and modelling. Biochim. Biophys. Acta (BBA) Protein Struct. Mol. Enzymol.
2002, 1594, 84–99. [CrossRef]
Xiao, Q.; Huang, S.; Ma, J.; Su, W.; Li, P.; Cui, J.; Liu, Y. Systematically investigation of interactions between
BSA and different charge-capped CdSe/ZnS quantum dots. J. Photochem. Photobiol. A 2012, 249, 53–60.
[CrossRef]

Nanomaterials 2020, 10, 984

20.

21.
22.

23.

24.
25.
26.

27.

28.

29.

30.

31.
32.

33.
34.
35.

36.
37.

38.

19 of 20

Blindauer, C.A.; Harvey, I.; Bunyan, K.E.; Stewart, A.J.; Sleep, D.; Harrison, D.J.; Berezenko, S.; Sadler, P.J.
Structure, properties, and engineering of the major zinc binding site on human albumin. J. Biol. Chem.
2009, 284, 23116–23124. [CrossRef]
Yang, L.; Shen, Q.; Zhou, J.; Jiang, K. Biomimetic synthesis of CdS nanocrystals in the pepsin solution.
Mater. Lett. 2005, 59, 2889–2892. [CrossRef]
Singh, A.; Ahmed, M.; Guleria, A.; Singh, A.K.; Adhikari, S.; Rath, M.C. An insight into the optical properties
of CdSe quantum dots during their growth in bovine serum albumin solution. J. Lumin. 2016, 179, 122–131.
[CrossRef]
Mamedova, N.N.; Kotov, N.A.; Rogach, A.L.; Studer, J. Albumin—CdTe nanoparticle bioconjugates:
Preparation, structure, and interunit energy transfer with antenna effect. Nano Lett. 2001, 1, 281–286.
[CrossRef]
Wang, Q.; Ye, F.; Fang, T.; Niu, W.; Liu, P.; Min, X.; Li, X. Bovine serum albumin-directed synthesis of
biocompatible CdSe quantum dots and bacteria labeling. J. Colloid Interface Sci. 2011, 355, 9–14. [CrossRef]
Huang, D.; Geng, F.; Liu, Y.; Wang, X.; Jiao, J.; Yu, L. Biomimetic interactions of proteins with functionalized
cadmium sulfide quantum dots. Colloids Surf. Phys. Eng. Asp. 2011, 392, 191–197. [CrossRef]
Auría-Soro, C.; Nesma, T.; Juanes-Velasco, P.; Landeira-Viñuela, A.; Fidalgo-Gomez, H.; Acebes-Fernandez, V.;
Gongora, R.; Almendral Parra, M.J.; Manzano-Roman, R.; Fuentes, M. Interactions of nanoparticles
and biosystems: Microenvironment of nanoparticles and biomolecules in nanomedicine. Nanomaterials
2019, 9, 1365. [CrossRef] [PubMed]
Horvatovich, P.; Veégvaári, A.; Saul, J.; Park, J.G.; Qiu, J.; Syring, M.; Pirrotte, P.; Petritis, K.; Tegeler, T.J.;
Aziz, M. In vitro transcription/translation system: A versatile tool in the search for missing proteins.
J. Proteome Res. 2015, 14, 3441–3451. [CrossRef]
Yu, K.; Zaman, B.; Taal, R.; Ripmeester, J.A. Colloidal CdSe nanocrystals from tri-n-octylphosphine with
various Cd sources: Control of a slow growth for high-quality and large-scale production. J. Cryst. Growth
2005, 283, 115–123. [CrossRef]
Almendral-Parra, M.J.;
Alonso-Mateos, A.;
Boyero-Benito, J.F.;
Sánchez-Paradinas, S.;
Rodríguez-Fernández, E. A Novel Approach to the Fabrication of CdSe Quantum Dots in Aqueous Solution:
Procedures for Controlling Size, Fluorescence Intensity, and Stability over Time. J. Nanomater. 2014, 2014,
397469. [CrossRef]
Ahmed, M.; Guleria, A.; Rath, M.C.; Singh, A.K.; Adhikari, S.; Sarkar, S.K. Facile and green synthesis of
CdSe quantum dots in protein matrix: Tuning of morphology and optical properties. J. Nanosci. Nanotechnol.
2014, 14, 5730–5742. [CrossRef]
Vasudevan, D.M.; Sreekumari, S.; Vaidyanathan, K. Textbook of Biochemistry for Medical Students, 9th ed.;
Jaypee Brothers Medical Publishers Pvt Ltd.: New Delhi, India, 2019.
Almendral-Parra, M.J.;
Alonso-Mateos, A.;
Sánchez-Paradinas, S.;
Boyero-Benito, J.F.;
Rodríguez-Fernández, E.; Criado-Talavera, J.J. Procedures for Controlling the Size, Structure and
Optical Properties of CdS Quantum Dots during Synthesis in Aqueous Solution. J. Fluoresc. 2012, 22, 59–69.
[CrossRef]
Cao, Y.C.; Wang, J. One-Pot Synthesis of High-Quality Zinc-Blende CdS Nanocrystals. J. Am. Chem. Soc.
2004, 126, 14336–14337. [CrossRef] [PubMed]
Holder, C.F.; Schaak, R.E. Tutorial on Powder X-ray Diffraction for Characterizing Nanoscale Materials.
Acs Nano 2019, 13, 7359–7365. [CrossRef] [PubMed]
Soltani, N.; Saion, E.; Hussein, M.Z.; Erfani, M.; Rezaee, K.; Bahmanrokh, G. Phase Controlled Monodispersed
CdS Nanocrystals Synthesized in Polymer Solution Using Microwave Irradiation. J. Inorg. Organomet. Polym.
2012, 22, 830–836. [CrossRef]
Palanisamy, B.; Paul, B.; Chang, C.H. The synthesis of cadmium sulfide nanoplatelets using a novel continuous
flow sonochemical reactor. Ultrason. Sonochem. 2015, 26, 452–460. [CrossRef]
Bao, N.; Shen, L.; Takata, T.; Domen, K.; Gupta, A.; Yanagisawa, K.; Grimes, C.A. Facile Cd− thiourea
complex thermolysis synthesis of phase-controlled CdS nanocrystals for photocatalytic hydrogen production
under visible light. J. Phys. Chem. C 2007, 111, 17527–17534. [CrossRef]
Costa, S.; Almeida, A.; Castro, A.; Domingues, L. Fusion tags for protein solubility, purification,
and immunogenicity in Escherichia coli: The novel Fh8 system. Front. Microbiol. 2014, 5, 63. [CrossRef]

Nanomaterials 2020, 10, 984

39.

40.
41.

42.

20 of 20

Arevalo-Pinzon, G.; Gonzalez-Gonzalez, M.; Fernando Suarez, C.; Curtidor, H.; Carabias-Sanchez, J.;
Muro, A.; LaBaer, J.; Alfonso Patarroyo, M.; Fuentes, M. Self-assembling functional programmable protein
array for studying protein-protein interactions in malaria parasites. Malar. J. 2018, 17, 270. [CrossRef]
Ki, M.; Pack, S.P. Fusion tags to enhance heterologous protein expression. Appl. Microbiol. Biotechnol.
2020, 104, 2411–2425. [CrossRef]
Leon, I.E.; Diez, P.; Etcheverry, S.B.; Fuentes, M. Deciphering the effect of an oxovanadium(IV) complex
with the flavonoid chrysin (VOChrys) on intracellular cell signalling pathways in an osteosarcoma cell line.
Metallomics 2016, 8, 739–749. [CrossRef] [PubMed]
Leon, I.E.; Diez, P.; Baran, E.J.; Etcheverry, S.B.; Fuentes, M. Decoding the anticancer activity of VO-clioquinol
compound: The mechanism of action and cell death pathways in human osteosarcoma cells. Metallomics
2017, 9, 891–901. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

