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Abstract: An optimal design of nanoparticles suitable for biomedical applications requires proper
functionalization, a key step in the synthesis of such nanoparticles, not only for subsequent crosslink-
ing to biological targets and to avoid cytotoxicity, but also to endow these materials with colloidal
stability. In this sense, a reliable characterization of the effectiveness of the functionalization process
would, therefore, be crucial for subsequent bioconjugations. In this work, we have analyzed glu-
tathione as a means to functionalize four of the most widely used nanoparticles in biomedicine, one of
which is a hybrid gold-magnetic-iron-oxide nanoparticle synthetized by a simple and novel method
that we propose in this article. We have analyzed the colloidal characteristics that the glutathione
capping provides to the different nanoparticles and, using information on the Z-potential, we have
deduced the chemical group used by glutathione to link to the nanoparticle core. We have used
electron microscopy for further structural and chemical characterization of the nanoparticles. Finally,
we have evaluated nanoparticle cytotoxicity, studying cell viability after incubation with different
concentrations of nanoparticles, showing their suitability for biomedical applications.

Keywords: functionalization; glutathione; surface modifications; colloidal stability; cytotoxicity;
electron microscopy; magnetic nanoparticle; gold nanoparticle; quantum dot

1. Introduction

Advances in biomedicine require new experimental tools that enable manipulation
of biomolecules, and the study of biological processes at the molecular and cellular level.
For some decades now, nanoparticles (NPs) have been broadly used in biomedicine [1-4].
A large variety of NPs have been utilized for the development of applications in diag-
nostics [5,6], therapy [7,8], biomarking [9,10], drug delivery [11], etc. [12]. In this context,
three groups of NPs are traditionally considered of the highest interest for biomedical
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applications, due to their properties: fluorescent NPs (quantum dots, QDs), magnetic NPs
and pure metallic NPs.

The biomedical interest in light-emitting NPs resides in the fact that many biological
techniques are based on the use of fluorometric probes for the identification of specific
biological species. Therefore, unless genetic expression is desired, NPs such as QDs
represent a successful alternative for biological markers, because of their advantageous
features when compared to conventional organic fluorophores or fluorescent proteins,
especially due to their size-dependent fluorescence. Light emission of these QDs can be
tuned by controlling their size at nanometric level, which is an interesting characteristic for
their use as biological probes in multicolor experiments [13-15].

In the case of magnetic NPs, applications for protein immobilization [16], as hyper-
thermia agents for cancer therapy [17,18], for drug delivery [19], and as contrast agents for
magnetic resonance imaging (MRI) [1,20] have been proposed [21]. Particularly, iron oxides
and especially magnetite (Fe30,) NPs are the most commonly used, due to their biocom-
patibility, low cytotoxicity and stability. MRI is a non-invasive clinical diagnostic technique
with a high spatial resolution that is extensively used for anatomical imaging of soft body
tissues [22]. However, this technique requires the use of contrast agents to enhance dif-
ferences between damaged and normal tissues and is still lacking in technologies that
allow for targeted identification of specific structures, such as tumors or infectious agents.
Superparamagnetic iron oxide NPs are used in MRI as transverse relaxation time contrast
agents, since they show excellent magnetic properties, in addition to their low toxicity and
cytocompatibility [23,24].

Among the purely metallic NPs and over the last two decades, Au NPs have been
widely studied and applied in the field of biomedicine, especially in cancer diagnostics [25],
tumor therapy by optical hyperthermia [26], biosensing [27], virus detection and regulation
of cell function [28] as well as X-ray computed tomography (CT) contrast agents [1,29,30].
The biomedical interest of these NPs resides in their good biocompatibility, low inherent tox-
icity [31], facile synthesis, high biofunctionalization capability and in their unique optical
properties due to their associated localized surface plasmon resonance (LSPR) [32]. For X-
ray CT, contrast agents that allow for the display of internal tissue structures, are usually
necessary, in order to enhance the image contrast and to provide additional functional infor-
mation. Gold NPs can potentially improve the contrast provided by iodine contrast agents
currently in use for cardiovascular imaging at clinically relevant energies (80-140 kV) [33].

Moreover, synthesis of hybrid NPs, such as structures constituted by a magnetic core
covered by a gold shell, allows for the combination of features from both constituents,
which enhances NP possibilities for specific biomedical applications. There is great interest
in these hybrid NPs for therapies such as tumor treatment by hyperthermia, while they also
constitute highly attractive materials for image based medical diagnostics [34]. Moreover,
the latter frequently require a combination of data obtained from different complementary
techniques in order to achieve accurate diagnoses [35] and thus these core-shell NPs may
be simultaneously imaged by several techniques offering a promising alternative to the
fabrication of multimodal contrast agents [36]. In this sense, different synthesis for hybrid
magnetic iron oxide/gold NPs have previously been proposed, either naked, functional-
ized with capping agents, or by preparing separately magnetic iron oxide (magnetite or
maghemite) and gold NPs and promoting a subsequent conjugation. Many of these proce-
dures involve temperatures higher than 190 °C as well as the use of organic or hydrophobic
solvents such as 1,2—hexadecanediol, 1—octadecene, etc. Thus, ligand exchange steps are
required to obtain hydrophilic functionalized NPs.

However, NPs used for biomedical applications must meet some highly important
requirements: they must display low cytotoxicity, colloidal stability, and availability for
subsequent bioconjugation with other biomolecules. Surface functionalization is a common
strategy not only to promote subsequent crosslinking between NPs and specific biological
species, but also to minimize their cytotoxicity and unspecific binding. Functionalization
of the NP surface with species containing bio-active terminal groups, such as amino or



Metals 2021, 11, 383

30f23

carboxylic groups, allows for subsequent linking with relevant biomolecules for targeted
applications [37]. NP functionalization can also contribute to avoid aggregation and un-
specific cellular uptake, minimizing accumulation in organs and/or phagocyte activation,
thus maintaining a prolonged circulation time [38—40]. In any case, obtaining all the infor-
mation available on the effectiveness of the functionalization process, via a comprehensive
characterization, is crucial for further bioconjugations and biomedical applications.

The tripeptide glutathione (GSH) constitutes an interesting asset for functionalization,
as it is a low-cost reagent that harnesses in its small frame three highly used moieties
for bioconjugation, such as a thiol terminal group and also an amino and two carboxylic
groups. In this sense, the present work follows previous ones, in which we presented
the functionalization of different NPs with GSH [14,41,42]. In this work, we have utilized
GSH to functionalize four types of NP: fluorescent CdTe QDs, iron oxide magnetic NPs,
gold NPs and hybrid iron oxide magnetic-gold NPs, labeled in the text, as QD-GSH, Mag-
GSH, Au-GSH and Au-Mag-GSH, respectively. Glutathione has been chosen because it is
a small molecule with three different types of functional groups that can easily be used
in order to bind other proteins such as streptavidine or antibodies. Furthermore, the thiol
moiety readily binds to gold which is of interest for gold containing NPs. In this work,
we have designed a simple and novel hydrophilic route to prepare hybrid goldiron oxide
magnetic NPs with GSH in situ functionalization. These NPs are labeled as Au-Mag-GSH
NPs. We have compared the results for these NPs with those obtained for different types
of GSH functionalized NPs: gold, magnetic iron oxide and CdTe QDs. We have applied
chemical synthetic routes based on reduction reactions, using sodium borohydride and
performing an in situ functionalization with GSH. In the literature there are other examples
of GSH-capped NPs [43,44], but in all cases, the authors use different steps for the synthesis
and perform an ex situ functionalization by a ligand exchange process, requiring, in some
cases, the use of non-aqueous solvents. After a first characterization of the structural and
physical properties of the NPs, we have evaluated the effectiveness of the functionalization
process. With this aim, we have carried out a colloidal characterization, measuring the
colloidal stability of the studied NPs at different pH values, different temperatures and
different salinity, all fundamental features for biomedical applications. This study, com-
bined with Fourier transform infrared (FTIR) spectroscopy, also provides information about
the linking between NP and GSH. Depending on particle composition, GSH uses differ-
ent terminal groups to link to the nanostructure. Moreover, we have combined electron
microscopy-based structural and compositional nanoanalyses to obtain information about
the composition and the thickness of the GSH layer surrounding the NPs. This characteri-
zation allows us to learn whether GSH has been properly linked to the NP surface thus
functionalizing it. Finally, we have studied the cytotoxicity of the prepared NPs, analyz-
ing cell viability after incubation of cells with different NP concentrations. The novelty of
our work lies in the development of an easy and new synthetic method to prepare hybrid
gold/iron oxide magnetic NPs, in situ functionalized with GSH. Our main objective is
to deepen in the characterization of GSH functionalization and, in the knowledge of the
colloidal characteristics of the resultant NP-based system, provide the basis for a material
that could be successfully utilized in biomedical application.

In previous works [45], we showed an initial, mainly transmission electron microscopy
(TEM)-focused, characterization of similarly prepared NPs but, due to their relevant
biomedical properties, in this article we have deepened on their biomedical compatibility
and surface capping both crucial for biomedical focused bioconjugation. Thus, here,
we provide a new horizon for the design of GSH-capped gold/iron oxide magnetic NPs
suited for biomedical applications and also expand in the mechanisms underlying GSH
layer linkage, studying the effect that GSH capping causes to NP properties. For this
purpose, different GSH NPs have been prepared and included in the study. Although GSH
capped NPs have been previously studied, this work presents a deep characterization of
their colloidal properties, the functionalization mechanism and its influence on cytotoxicity.
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2. Materials and Methods
2.1. Chemicals

The following chemical reagents were utilized in this work: tetrachloroauric acid
(HAuCly), cadmium chloride (CdCl,), sodium borohidrure (NaBHy), tellurium powder,
sodium hydroxide (NaOH), iron (III) chloride (FeCl3), sodium hydroxide (NaOH), diethy-
lene glycol, cysteamine (CYS) and reduced glutathione (GSH). All these reagents were
of analytic grade, purchased from Sigma-Aldrich (current “Millipore-Sigma”, Burlington,
MA, USA) and used as received. Milli-Q®(MQ) water was used for all experiments.

2.2. Synthesis of Glutathione-Capped Nanoparticles (GSH-NPs)

Based on our previous works, we have designed three rapid chemical routes to obtain
small GSH-capped gold, magnetic iron oxide, and CdTe QDs [14,42]. In all these routes,
we have promoted a reduction reaction, and we have used GSH to functionalize the NP
surface. To synthetize the GSH-capped hybrid gold-iron oxide magnetic NPs, we have
developed, in this work, a novel, original method. A diagram of the formation of these
GSH-capped NP is shown in the graphical abstract.

2.2.1. GSH-Capped Gold NPs

Briefly, we started from 20 mL of an aqueous solution 0.01 M HAuCl, and 0.026 M GSH.
The mixture was vigorously stirred for 30 min under a nitrogen atmosphere. A NaBH,
aqueous solution was added dropwise, in a 1:5 HAuCly /NaBH,4 molar ratio. After 30 addi-
tional min, the red wine colored solution was stored at 8 °C protected from light. The code
Au-GSH is used for this type of NPs. In this case, the Au?* ions, introduced as HAuCly,
are reduced by the NaBH,. Although GSH could act as a reducing agent, the reaction
would be slower than with a strong reducing agent, such as NaBHy,, that will promote a
fast nucleation, leading to more homogeneous and smaller NPs.

2.2.2. GSH-Gapped Iron Oxide Magnetic NPs

In this case, we designed a preparation method based on the thermal decomposition
of an iron salt, in the presence of GSH, to functionalize the NP, thus controlling its final size.

The synthesis of GSH-iron oxide magnetic NPs was carried out in two steps. The first
consisted of the preparation of a NaOH solution that will be used as oxidizing agent for
the co-precipitation of iron and formation of iron oxide. This solution was prepared by
heating 20 g of NaOH and 20 mL of diethylene glycol at 120 °C for one hour. The resulting
solution is stored at 70 °C for subsequent utilization.

The second step constituted the main thermal decomposition and co-precipitation
reaction. 0.55 g of FeCls, used as iron precursor, have been solved into 15 mL of diethylene
glycol, which is used as solvent. The solution obtained was placed in a 500 mL three-
necked flask, where the GSH, used as capping agent, was added. The GSH:Fe molar
ratio was 1:9. The solution was heated at 200 °C under reflux in a nitrogen atmosphere,
in order to promote the thermal decomposition of iron salts. After heating for 30 min,
a previously prepared 8 mL NaOH solution was added, to induce the formation of iron
oxide. Once NaOH was added, the total solution was heated for 10 min, keeping the
temperature at 200 °C. After cooling, the obtained solution was filtered three times (using a
0.1 um Millipore membrane), after precipitation with ethanol, in order to eliminate an
excess of precursor species, and /or, residues from the reaction. The Fe* cations, introduced
as FeCl;, were totally or partially reduced by the diethylene glycol, giving rise to the
formation of either magnetite (Fe304) or maghemite (y—Fe;O3), both iron-oxide magnetic
phases equally appropriate for the objective of this work. The high GSH affinity for the
NP surface led to GSH-functionalized magnetic NPs (Mag-GSH) as a black powder with
magnetic character.
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2.2.3. GSH-Capped Gold/Fe304 NPs

Starting from the Mag-GSH NPs previously prepared, we designed a method to easily
prepare GSH capped gold/iron oxide magnetic NPs. In this novel synthetic route, we use
the capability of GSH to link iron oxide and gold simultaneously. Briefly, 0.05 g Mag-GSH,
prepared as descried above, were dispersed in 1 mL of MQ water while stirring for 1 h.
Then, an aqueous solution containing 0.1 g HAuCly was added. After 8 h of vigorous
stirring, GSH was added in excess while stirring for one additional hour. The total synthesis
was conformed in three simple steps. The first step was just the Mag-GSH preparation.
In the second step, free terminal GSH moieties in Mag-GSH NPs bound to gold when we
added the Au®* precursor. In this case, a slow reduction of Au®* by the same GSH used
as capping agent was promoted, in order to avoid the formation of separated gold NPs,
a process that could be induced by the addition of NaBH,4. During the last step, GSH was
added in excess and linked to the final hybrid iron oxide-gold NPs. The colloidal solution
was brought under magnetic decantation, in order to eliminate the iron oxide magnetic
NPs which did not contain gold. As a result, a brown-pink and still magnetic colloidal
solution was obtained. The solution could be filtered and washed, obtaining a magnetic,
brown-black powder. As in the case of Mag-GSH, these NPs can easily be dissolved in an
aqueous solution due to the hydrophilic character conferred by GSH. A schematic graphic
of this particular synthesis is shown in Figure 1.

S
N N "

Magnetic Washing and T
st|rr|ng decantatlon centrlfugatlon Ry
) . '__‘fl“ =

Au-Mag-GSH
GSH: reductlon and capping Excess of magnetic NPs

Figure 1. Diagram of the glutathione (GSH)-capped hybrid gold/iron oxide magnetic nanoparticles (NPs).

2.2.4. GSH-Capped QDs

Synthesis of GSH-CdTe QDs was carried out by a co-precipitation reaction, us-
ing CdCl, as cadmium precursor and NaHTe as tellurium precursor in the presence of GSH.
For this purpose, 0.19 g GSH, used as a stabilizing agent, and 0.046 g CdCl,, used as the
cadmium precursor, were dissolved in 100 mL MQ water. In order to promote formation of
Cd?*-GSH complexes at the QD surface, the pH was adjusted to 8 by dropwise addition of a
1M NaOH solution, under vigorous stirring. The obtained solution was placed in a 500 mL
three-necked flask, where 2 mL fresh NaHTe (previously prepared by reducing tellurium
powder with NaBHy in a nitrogen atmosphere) was added. The Cd**:NaHTe:GSH molar
ratio was 4:1:10. The solution was heated under reflux in a nitrogen atmosphere. The final
QD size can be controlled by increasing temperature and/or reaction time, ranging from
90 to 145 °C and 90 to 360 min, respectively.

The different aqueous aliquots, containing the GSH-CdTe QDs, were cooled and
filtered threefold (using a 0.1 um Millipore membrane), after precipitation with a mixture
of acetone and ethanol, in order to eliminate the excess of precursor species and/or,
residues from the reaction. As a result, we obtained CdTe QDs capped with GSH molecules
(QD-GSH) that can be easily dispersed in and aqueous solution due to the hydrophilic
character conferred by GSH.

2.3. Characterization Techniques
2.3.1. Structural and Chemical Analyses

The identification of GSH-NPs has been carried out through structural and chemical
techniques, associated with transmission and scanning-transmission electron microscopy,
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or (S)TEM. The general view, shape and atomic structure of the materials were observed
using conventional bright field (BF-TEM), high-resolution (HRTEM) and high-angle annu-
lar dark field STEM (HAADEF-STEM). Also, a corrected probe HAADF in high-resolution
mode (HR-HAADF) was utilized for the sample Au-GSH, yielding images in which these
crystals were easily distinguishable (due to the high difference of atomic numbers be-
tween the gold in the NP and the carbon in the supporting material, which leads to a
high contrast in the image intensity for both structures) and simultaneously show atomic
columns. Regarding chemical composition, energy-dispersive X-ray spectroscopy (EDX)
was applied, so the structural information from imaging techniques is complemented,
allowing an unequivocal identification of the NP and revealing the GSH shell. All these
(S)TEM techniques were carried out using two STEM microscopes: a double-aberration cor-
rected TITAN® Themis and a Talos F200X (“ThermoFisher Scientific”, Waltham, MA, USA),
both operating at a 200 kV accelerating voltage. In order to observe the different materials
under the electron beam, several samples were prepared by depositing 10 uL of an NP
colloidal solution, drop-casted onto a holey-carbon coated Cu grid for TEM and dried for
five hours. Alternatively, some samples, for Mag-GSH, were prepared by imbibing a grid
over a dry amount of material, obtaining a sample with no significant difference in the
observed NP state of aggregation when deposited on the sample grid. For all magnetic
materials, a magnet was placed near to the TEM grid before inserting the sample in the
electron microscope in order to remove the biggest NP clusters, which could be attracted
by the magnetic lenses of the microscopes.

FTIR was utilized in order to obtain information about the linking between GSH and
the NP surface. Experiments were recorded with Bruker Alpha System Spectrophotometer
(KBr wafer technique), using the same quantity of sample in all measurements.

2.3.2. Colloidal Characterization

Dynamic light scattering (DLS) was utilized in order to measure NP hydrodynamic
size. Measurements were carried out at 25, 37 and 40 °C, using a Malvern Zetasizer Nano-
ZS (“Malvern Instruments”, Worcestershire, UK), with a 1 cm path cell. This equipment
also allows for the Z-potential to be measured which evaluate colloidal stability in solution,
as well as NP surface charge.

2.3.3. Optical and Magnetic Properties

LSPR of the Au-GSH nanostructure was evaluated studying the ultraviolet-visible
(UV-Vis) absorbance of each NP colloidal solution. Absorption spectra were acquired
with a Lambda 19 Perkin Elmer spectrophotometer (“Perkin Elmer”, Waltham, MA, USA).
The position and profile of the LSPR band provide information about NP dispersion and
allow for the estimation of NP average sizes.

Photoluminescence (PL) excitation and emission spectra were recorded in a PTI
Quantamaster fluorometer using a Xenon arc Lamp at 150 W and a computer controller
QuadraScopic monochromator.

Magnetic properties of magnetic-iron-oxide NPs were analyzed by measuring mag-
netization curves at room temperature in a high-sensitive Magnetic Faraday Balance
(“Oxford Instruments”, Abingdon, U.K.), applying magnetic fields up to 0.6 T.

2.3.4. Cytotoxicity Assay and Cell Culture

Jurkat cells (“American Type Culture Collection”, Manassas, VA, USA) were cultured
at 37 °C, in a 5% CO, atmosphere, in Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 2 mM L—glutamine, 10 mM Hepes, 10% (v/v) heat-inactivated fetal bovine
serum (FBS), 1% (v/v) non-essential amino acids (NEAA), 1% (v/v) sodium pyruvate,
50 uM 2-mercaptoethanol, 100 U/mL penicillin and 100 pg/mL streptomycin (all from
“Life Technologies”, Carlsbad, CA, USA).
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2.3.5. Cytotoxicity and Cell Viability.

We cultured 5 x 10° Jurkat cells cells in a 48-well plate, in the absence or presence
of NPs at the indicated concentrations. Cell viability was analyzed 24 h after addition
of NPs by a As previously commented, one key property (MTT)-based assay as previ-
ously described. Briefly, MTT reactant (thiazolyl blue tetrazolium bromide, TOX1-1KT,
“Millipore-Sigma”, Burlington, MA, USA) was added to the cells in a 1:10 ratio (MTT so-
lution/ culture medium) and incubated during 3 h at 37 °C. Then, formazan crystals,
formed inside viable cells, were dissolved by adding MTT Solubilization Solution M-8910,
(“Millipore-Sigma”, Burlington, MA, USA) at 1:2 with vigorous pipetting. Optical density
at 570 nm was evaluated to quantify the amount of formazan crystals, which is propor-
tional to the number of viable cells (background absorbance was measured at 690 nm
and subtracted from the 570 nm measurement). Viability of cell in the presence of NPs
was compared to untreated controls (considered 100% viability). Media in the absence
of cells was used as blank; while cells, cultured in the presence of 10% dimethyl sulfox-
ide (DMSO), was used as control for decreased cell viability, being always below 10%.
Statistical analyses were performed using the Statgraphics software (“Statpoint Technolo-
gies”, Warrenton, VA, USA). Significances were determined by using analyses of variance
(ANOVA) and multiple range tests.

3. Results

As previously commented, in order to determine the potential of the presented NPs
for biomedicine applications, it is required to previously study their structural properties,
their optical behavior, as well as additional features such as colloidal stability at physiolog-
ical values of salinity and pH, colloidal stability at temperatures ranging from 35 to 40 °C
and cytotoxicity.

3.1. Structural Features and Physical Properties

Figure 2 shows results on the size and optical properties of Au-GSH samples, as well
as an overview on the state of aggregation of the NPs when deposited on the holed carbon
grid. A general view of these particles can be observed in Figure 2a, which shows a
HAADF-STEM micrograph. This technique is ideal for imaging gold-based particles,
due to the high atomic number of gold, which produces a high contrast with the carbon
support in HAADF images. This micrograph reveals the formation of relatively small and
well-dispersed NPs with nearly round shape. Figure 2b shows the NP size distribution
obtained from more than 300 NPs in this and similar images. From this histogram, it can be
affirmed that particle size is homogeneous, with an average diameter of 3.8 nm (see Table 1,
in which particle diameter for all materials are collected), obtained from the fitting of this
distribution to a Gaussian function. In any case, although this type of images shows, with a
good contrast, the size and shape of the particles, hinting on the high atomic number
of its constituent material, the exact chemical composition of the NPs is not determined
with this technique. The presence of gold in this nanostructure can be confirmed by the
UV-Visible absorption spectrum of the colloidal solution (Figure 2c). The inset in the figure
is a photograph of the obtained red-wine colored colloidal solution. The spectrum shows
the characteristic 520 nm LSPR absorption band, indicating the presence of small gold
NPs. Position and width of LSPR bands give information on NP size and size homogeneity.
The Au-GSH LSPR band appears as a shoulder, showing a wide profile which can be a
consequence of the small average size of these NPs. The high number of surface atoms in
small NPs increases the damping of oscillating electrons at conduction bands. This effect
can be even higher for small thiol-capped NPs, due to the loss of itinerancy of electrons
involved in Au-S bonding [46]. This ligand-metal charge transfer transition, produced due
to the capping, can contribute to the relatively strong emission bands, in the blue range of
the spectra, for the Au-GSH NPs, as shown in Figure 2d, where the PL emission spectra,
recorded for the Au NPs colloidal solution (exciting at 317 nm), is shown. This emission
could be an interesting feature for the use of this NPs for biomarker applications [42].
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Figure 2. High-angle annular dark field (HAADF) image (a), as well as the histogram displaying
particle size distribution (b) of Au-GSH NPs. (c) UV-Visible absorption spectrum and PL emission
spectrum (d) of Au-GSH NPs. The inset in Figure 2c shows a digital photo image of an Au-GSH
colloidal solution.

Table 1. Average diameter obtained via transmission electron microscopy (TEM), dynamic light
scattering (DLS) hydrodynamic diameter and polydispersity index (PDI).

TEM Average Size DLS Average Size

Sample (nm) (am) PDI (%)
Au-GSH 3.8+02 62+12 0.2
Mag-GSH 6.1+04 127 £1.2 0.2
QD-GSH 29+03 326+13 0.1

Au-Mag-GSH 6.9 £04 423+£13 0.2

Figure 3 shows results obtained from the optical and structural characterization of
Mag-GSH samples. A general view of the NPs is showed in Figure 3a. The BF-TEM
micrograph reveals the obtained particle distribution for this preparation, less dispersed as
in the case of gold NPs, most probably due to the small clustering promoted by magnetic
interactions. Figure 3b displays and histogram showing the particle size distribution for
this sample. Fitting of these results to a Gaussian function reveals a NP average size
of 6.1 nm (Table 1). Figure 3c shows the magnetization curve, i.e., applied field versus
magnetization, at room temperature. This curve shows the magnetic behavior of these
NPs [47]. The inset in Figure 3c shows the response of Mag-GSH NPs (flask on the left) to a
permanent magnetic field, applied using a permanent magnet adjacent to the flask that
contains the NP colloidal dispersion.
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Figure 3. Bright field TEM (BF-TEM) micrograph (a), as well as the histogram displaying the particle
size distribution (b) of Mag-GSH NPs. Magnetization curve of Mag-GSH NPs (c). The inset in this
figure shows a digital photo image of Mag-GSH NPs placed in the absence and presence of a magnet
located close to the vials.

Figure 4 shows a general view and optical features of QD-GSH NPs. Figure 4a cor-
responds to a HAADF-STEM image of an accumulation of these QD-GSH NPs. In this
case, we can observe the presence of extremely small NPs immersed in the GSH capping.
The histogram corresponding to these NPs is shown in Figure 4b. By fitting these results
to a Gaussian function, an average NP diameter of 2.9 nm is obtained (Table 1). As we
have previously commented, NP size is especially important for their optical properties,
determining the wavelength of their emission, which is especially important in this case,
since QD functionality in biomedical applications rely on their fluorescence. In this sense,
the proposed synthesis allows control of NP final size and thus, its PL emission. Specifically,
Figure 4c shows PL emission spectra obtained from the sample in Figure 4a (with average
size reflected in Figure 4b), labelled as QD-GSH1 and prepared at a synthesis temperature
of 90 °C for 30 min. Two additional QD-GSH samples of bigger average sizes (QD-GSH2,
prepared at 90 °C for 3 h, and QD-GSH3, heating during 3 h at 90 °C and one more hour
at 110 °C) are also included. As NP size increases (sizes for QD-GSH1, QD-GSH2 and
QD-GSH3 are 2.9 nm, 3.6 nm and 3.9 nm, respectively), a red-shift in the emission peak
maximum is observed, illustrating wavelength size-dependency of the emission. The pho-
tograph of colloidal solutions of these three samples, under UV radiation, is added to this
figure, as an inset. As it can be observed from both, PL spectra and photograph of the
colloidal solutions; by changing just a few nanometers in size, we can tune the emission
color from blue to red.

Regarding hybrid Au-Mag-GSH NPs, one of the first and important results to be
confirmed after their preparation was that each nanostructure is indeed formed by both iron
oxide and gold. Taking into account that the synthesis has been initiated by heterogeneous
nucleation of iron oxide seeds, the gold phase necessarily has to be located around the
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iron oxide phase. In this sense, a relevant measurement is shown in Figure 5a, namely the
comparison of UV-Vis absorption spectra for the colloidal solutions of Au-GSH and Au-
Mag-GSH samples. Both colloids, display the LSPR absorption band (associated to gold),
however, the hybrid Au-Mag NP curve has a pronounced red-shift, from 560 nm to
520 nm. According to previous reported results, this red-shift can be attributed to the
reduced electron deficiency of Au NPs caused by the interfacial communication between
Au and magnetic-iron-oxide [48]. Therefore, these results reveal the formation of a hybrid
NP, containing gold and magnetic-iron-oxide. The Au-Mag-GSH spectrum, shows a
second and less intense near-infrared (NIR) absorption band that could be attributed to the
presence of anisotropic NPs or even to iron oxide-gold interactions in the hybrid structure.
This characteristic can be of interest in phototherapy applications [49,50]. A photograph
of the Au-Mag-GSH colloidal solution is also shown in this figure (see inset image in
Figure 5a). The spectra have not been normalized because the determinant parameters
are the LSPR band position, the wavelength at which the LSPR is observed and the shape
and width of the band. A BF-TEM micrograph of these particles is shown in Figure 5b,
revealing the formation of homogeneously shaped structures, without the presence of
clusters as dense as those observed for Mag-GSH. NP size distribution, and its fitting to
a Gaussian function is shown in Figure 5¢, showing an average particle size of 6.9 nm

(Table 1).
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Figure 4. HAADF image (a), as well as the histogram displaying particle size distribution (b) of quantum dot (QD)-GSH1
NPs. (c) PL-emission spectra for QD-GSHI1 (blue) as well as for QD-GSH2 (green) and QD-GSH3 (red), with higher average
size. The inset in this figure shows a digital photo image of the three QD-GSH colloidal solutions used in this figure,
under UV irradiation.
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Figure 5. Ultraviolet (UV)-visible spectra for Au-GSH and Au-Mag-GSH colloidal solutions (a); TEM micrograph of
Au-Mag-GSH (b) and its corresponding histogram displaying NP size distribution (c).

Figure 6 summarizes the main (S)TEM results on the structure and composition of the
different GSH-capped NP samples. At this point, it is worth mentioning that the study
via electron beam-based techniques of these materials produced a large amount of data
and information. Therefore, more details on the (S)TEM characterization can be found
elsewhere [45]. Figure 6a,b show respectively HRTEM and HR-HAADF micrographs,
for Au-GSH NPs taken from the same region. The comparison of these modes, for the
same NP, not only allows visualization of the crystalline structure, but also indicates the
chemical homogeneity of such structure. Also, it is possible to visualize (Figure 6a) a thin
amorphous layer (GSH) covering the NP core. Images such as the ones in Figure 6a,b allow
measuring inter-planar distances of 2.17 and 2.38 A, which respectively agree well with
the spacing between {002} and {111} families of atomic planes for cubic Au. These values
of inter-planar atomic distances have been obtained using the fast Fourier transform, FFT,
(Figure 6a, inset) of a large enough region of the NP that show a crystalline structure with
the same orientation. Using a generic diffraction software [51] to compare the experimental
FFT with a simulated diffraction diagram, the zone axis can be identified and the diffraction
peaks indexed. Note that FFT data are equivalent to electron diffraction diagrams when
in Fourier condition, as is the case for the microscope optics. Similar analyses (not shown
here) also revealed that crystalline structures were formed, in all samples and for each type
of NP, corresponding to the expected elements and compounds.
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Figure 6. High-resolution TEM (HRTEM) (a) and HR-HAADF (b) images of NPs in sample Au-GSH.
Punctual energy-dispersive X-ray (EDX) spectrum from QD-GSH (c) and from Au-Mag-GSH (d) NPs.
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Compositional sensitive STEM techniques, such as EDX, can complement these results,
allowing analyze the uniformity of the GSH layer. In this sense, we have utilized the sulfur
(S) peak associated to the K-level transition in order to detect GSH. Figure 6¢ presents
an EDX-punctual spectrum for a NP of the same sample. Such a spectrum is taken
from the area defined by the scanning STEM probe, which is estimated to correspond
to 5nm x 5 nm. Thus, the spectrum corresponds, approximately, to a region spanning,
the size of one NP. Note, that other expected peaks, such as the ones associated to carbon
and oxygen, also presented in the spectrum, are mostly due to both the carbon support
and organic residual particles in the electron microscopy grid. In this sense, the copper
signal, visible in all spectra is produced by the copper in such grid. In a previous work [45],
EDX-maps for the different elements were presented, so a more comprehensive view of the
STEM study for these samples can be obtained from this communication. Note that EDX
results, such as those shown in Figure 5f from the study presented in reference 45, only in-
dicate the iron-containing composition of the NP. The affirmation that the NP contains
iron oxide would need further evidence. On the other hand, Figure 6d presents the EDX
punctual spectrum of isolated NPs from a sample of Au-Mag-GSH. All the main studied
elements were found, revealing a hybrid structure in a large amount of NPs.

Base on all these results, it can be affirmed that the synthetic routes utilized to prepare
the different NPs lead to the formation of small NPs, with homogeneous size distribution,
a crystalline structure and a homogeneous composition, both for the core and for the
polymer GSH covering layer. The in situ functionalization with GSH probably contributes
to this morphological feature. These NPs show suitable characteristics for different biomed-
ical applications, depending on the core composition. However, the use of NPs as potential
tools in biomedicine, requires potential capability to be bioconjugated with biological
species. The effectiveness of the functionalization process is, in any case, fundamental for
subsequent bioconjugations.

3.2. Colloidal Stability and Superficial Properties
3.2.1. Hydrodynamic Size

To evaluate the colloidal stability of the different NPs, DLS experiments have been
carried out. Figure 7 shows the DLS diameter distribution (represented in number) obtained
for the different GSH NPs. Each distribution has been fitted to a log-normal function,
also shown in the graphics. Colloidal average diameters obtained from these fittings,
as well as the PDI (polydispersity index) are shown in Table 1.

All NPs show a relatively narrow size distribution with colloidal average sizes smaller
than 50 nm, and with a relatively low polydispersity index (PDI in Table 1). As expected,
all NPs show DLS hydrodynamic sizes bigger than those obtained from TEM, since this last
technique measures mostly the crystalline volume of the particles (as explained before, in
most particles, the polymer layer is veiled by the carbon support in the images). This effect
is not only due to the GSH layer, but also to the presence of extra hydrate layers in aqueous
medium. However, the similar sizes found from both TEM and DLS, in the case of Au-GSH,
reveals the high colloidal stability of these NPs. Also, in the case of QD-GSH, Mag-GSH
and Mag-Au-GSH, the formation of clusters and particle associations in solution could
influence the DSL measurements. In any case, the four types of synthetized GSH-NPs show
DLS diameters in the appropriate range for biomedical applications. DLS measurements
over time show no important size differences after 48 h post-redispersion for any type of
NP, being the size increase lower than 1.2% in all cases.

3.2.2. Z-Potential and Surface Characteristics

To find out the electric charge surrounding NP surface we calculated the Z-potential.
Figure 8a displays Z-potential versus pH for different NP colloidal solutions.

This figure indicates that all NP systems in this work show suitable features for
biomedical applications, since the values in the Z-potential graphic reveals a relatively
high colloidal stability in the studied pH range, and particularly at physiological pH.
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These measurements shed information about the sign of the charge on the NP surface (as can
be seen, all GSH samples present a negative Z-potential, which indicate an excess electric
negative charge at the surface), that is also relevant for potential crosslinking applications.
In general, the GSH molecule has thiol, amine and two carboxylic terminal groups available
for linking to the NP surface. In the case of CdTe, due to the affinity between cadmium
and sulfur, the GSH probably links the NP by its thiol group, keeping free the carboxylic
terminal groups, responsible for the negative net charge. In order to study the linking
mechanism for gold and iron oxide surfaces, we have prepared iron oxide and gold NPs,
using a synthetic method similar to that used for Au-GSH and Mag-GSH NPs, but replacing
the GSH with cysteamine (CYS), a molecule containing only two terminal groups: thiol and
a primary amine. Table 2 shows Z-potential values at pH 7.2 for Au-GSH and Mag-GSH
NPs, as well as for Mag-CYS and Au-CYS NPs. In a previous work [42], we demonstrated
that the CYS molecule, links to the gold NP surface by the thiol group, due to the high
affinity of thiols for the gold core, thus these CYS-capped NPs show positive Z-potential
values due to the free amine terminal groups. However, in this work, we have obtained
negative Z-potential for a Mag-CYS colloidal solution. This result points out that the
affinity of amine terminal groups for the iron oxide core is higher than for the thiol group.
Consequently, the GSH amine terminal group could have higher affinity for the iron oxide
core than the GSH thiol group. We deduce that there are two different mechanisms for
the linking between CYS and gold versus iron oxide NPs (Figure 8b,c). Interestingly,
Mag-GSH NPs show the highest negative Z-potential values in all pH range (Figure 8a).
This maximum negative charge could be better explained if we propose a different linking
mechanism for this NP, in which GSH binds the NP surface by the amine group, with the
thiol and the two carboxylic groups remaining free and, thus, contributing to the negative
superficial charge. These results, which indicate that the iron oxide surface shows a higher
affinity for amine than for thiol groups, can explain the higher negative Z-potential for the
Mag-GSH NPs, due to the GSH linking to the iron oxide surface by its amine group instead
of by the thiol group, contrary to what happens for gold NPs (Figure 8d,e).
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Figure 7. DLS size distributions of Au-GSH (a), Mag-GSH (b), CdTe-GSH1 (c) and Au-Mag-GSH
(d) in PBS (phosphate-buffered saline) colloidal solutions.
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Figure 8. Z-potential versus pH for the different GSH capped NPs (a). Diagram of the cysteamine (CYS)-capped (b) and
GSH-capped (c) magnetic-iron-oxide NPs. Diagram of the CYS-capped (d) and GSH-capped (e) gold NPs.

Table 2. Z-potential values obtained for gold and magnetic-iron-oxide NPs capped with CYS and
with GSH at 25 °C and in PBS solution.

Sample Z-Potential (mV)
Au-GSH —32.8
Mag-GSH -33.5
Au-CYS +88.0
Mag-CYS —27.5

In order to deepen knowledge of the differences in linking mechanisms between gold
and iron oxide surfaces, we performed FTIR spectroscopy. Figure 9 shows the FTIR spectra
for the free GSH ligand, as well as for Au-GSH, Mag-GSH and Au-Mag-GSH. The GSH
spectrum present bands characteristics of amino (3350 cm 1), carboxylic (1600 cm~1!) and
thiol (2530 cm~!) groups. The peak at 2530 cm ! that corresponds to the S-H stretching
vibration of GSH clearly disappeared in the Au-GSH and Au-Mag-GSH spectra, indicat-
ing that GSH anchors on the surface of these NPs through Au-S bonding. Conversely,
a band at this position can be appreciated for Mag-GSH. The presence of the S-H stretching
vibration band in this case, indicates a different GSH anchorage for this type of NP [52].

These FTIR spectra not only show a different GSH linking mechanism for gold and
iron oxide NPs, but also suggests that gold is covering the iron oxide core in the case of
hybrid iron oxide/gold NPs, as GSH linking occurs as it does for gold, with disappearance
of the S-H stretching vibration of GSH.

These differences in the linking mechanism could also introduce differences in the
shell thickness, as we have previously commented. A schematic representation of this
linking mechanism is shown in Figure 8b through Figure Se.

3.2.3. Temperature Effect

NPs used for biological applications require appropriate colloidal stability at human
body temperature, ranging from 37 to 40 °C, as well as at different saline concentrations.
We studied the stability of the NP dispersions under different environmental conditions
(temperature and salinity). DLS experiments were also performed at 37 and 40 °C; and also
subjecting NPs to an environment of a higher ionic strength, after dispersion of NPs in a
0.18 M solution of NaCl. Table 3 shows NP diameters obtained by DLS for temperatures
of 25, 37 and 40 °C for all NPs in PBS dispersions, as well as at 25 °C in a 0.18 M NaCl
dispersion. Results reveal that the only NPs that present a colloidal stability dependence
with temperature is Au-GSH, which has an extremely low hydrodynamic size at 25 °C.



Metals 2021, 11, 383 16 of 23

The rest of the NPs do not show a strong variation in the dynamic size when temperature
increases. However, when the ionic strength changes, a significant increase in the dynamic
diameter is observed for all GSH-NPs. In all cases NPs remain in the appropriate range for
biomedical applications.
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Figure 9. Fourier transform infrared (FTIR) spectra for free GSH ligand as well as for Au-Mag-GSH,
Au-GSH and Mag-GSH NPs.

Table 3. NPs and their corresponding dynamic light scattering (DLS) hydrodynamic sizes at differ-
ent temperatures.

Sample Temperature (°C) Dispersion Medium DLSAverage Size (nm)
25 PBS 62+12
37 PBS 249 +£22
Au-GSH 40 PBS 135415
25 0.18 NaCl 282+25
25 PBS 326+£13
37 PBS 393 +£27
QD-GSH 40 PBS 36.3 +£2.7
25 0.18 NaCl 581+25
25 PBS 127 +£12
37 PBS 113+ 1.6
Mag-GSH 40 PBS 129417
25 0.18 NaCl 292+26

All these colloidal characterization results confirm that the NP core is capped by GSH
molecules that properly functionalize the NP, allowing for subsequent biofunctionalization
and thus corroborating previously presented (S)TEM results. Functionalized NPs show
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colloidal stability at physiological pH and temperature values. Indeed, GSH-functionalized
NPs show a higher colloidal stability at physiological pH and temperatures than citrate-
capped gold NPs [42].

3.3. Cell Viability and Cytotoxicity

As previously commented, one key property of NPs to consider for medical appli-
cations is cytotoxicity, and thus we performed MTT cell viability assays for Jurkat cells
incubated with the synthesized NPs. In Figure 10, viability for cells cultured in the presence
of NPs at 1.5 ug/mL (a) or 15 ug/mL (10.b) is shown. These graphics show mean values
and standard errors for the percentage of viable cells when cultured in the presence of Au-
GSH NPs (A), Mag-GSH (B), Au-Mag-GSH NPs (C) or QD-GSH NPs (D) considering 100%
the viability of cells cultured in the absence of NPs (NP(—)) as a control. Each experiment
was performed independently in triplicate.
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Figure 10. MTT cell viability assay for Jurkat tumor cells incubated with the indicated type of NP at 1.5 ug/mL (a) or
15 pg/mL (b). Percentage of viable cells as compared to cells cultured in the absence of NP (considered as 100% viability) is
shown. Mean and standard error are shown for each sample. A representative experiment out of three is shown. Statistically
significant differences (p < 0.05) are marked with a star (*).

As shown in Figure 10a, all NPs, except for QD-GSH, are not toxic at concentrations
usually utilized in the literature (1.5 ng/mL) with viabilities similar to those observed in
control cultures in the absence of NPs, indicating the extremely low cytotoxicity of these
NPs. Even at concentrations 10 times higher (15 pg/mL), these NPs have only a marginal
effect on cell viability (90% viability) (Figure 10b). At this concentration (15 pug/mL),
cell viability is 88% for Au-GSH, 94% for Mag-GSH and between 88% and 94% for the
hybrid Au-Mag-GSH, indicating that their toxicity profile is very favorable for in vivo
applications, with Mag-GSH being the NP with the best toxicity profile (Figure 10b).

On the other hand QD-GSH NPs, have an effect on cell viability with percentages of
61% and 41% for NP concentrations of 1.5 and 15 pg/mL, respectively.

To better ascertaining the toxicity profile, we performed a dose respond experiment
with NP concentrations up to 960 ug/mL. As shown in Figure 11, Mag-GSH and Au-Mag-
GSH have a very favorable toxicity profile, while QD-GSH are more toxic, with Au-GSH
having an intermediate toxicity.

The lower viability of cells that were cultured in the presence of QD-GSH is due to
the inherent toxicity of the CdTe material, that prevails even when capped with GSH.
Therefore, until an alternative capping, able to seal off the CdTe material, is engineered,
this type of NP should be utilized as a biomarker only for in vitro experiments, but not for
in vivo applications. Interestingly, hybrid Au-Mag-GSH NPs show better toxicity profile
than Au-GSH NPs, which can be due to the small size of this gold NPs [53].



Metals 2021, 11, 383

18 of 23

120 " AUGSH & MagGSH & AuMag v QDGSH
100 4 +
< 8 - i
> .
= 60+ J
e
Y o
s — S
S — !
3 40 4y
O
vv
201 % v
| — R
0 T
0 500 1000

NP concentration (ng/mL)

Figure 11. MTT cell viability assay for Jurkat tumor cells incubated with the indicated NP at 1.5; 15;
30; 60; 120; 240; 480 and 960 pg/mL. Percentage of viable cells, as compared to cells cultured in the
absence of NP (considered as 100% viability), is shown. Mean values and standard error for three
experiments are shown. Viability of cells cultured in the presence of 10% dimethyl sulfoxide (DMSO)
is 8.79%.

4. Discussion

In this work we used glutathione as a capping agent to functionalize gold/iron oxide
NPs for biomedical applications, prepared by a novel and simple route. We also compared
the results obtained for this GSH-gold /magnetic iron oxide NPs with those obtained
from other GSH capped NPs. First, we confirmed that the functionalization preserves the
structure and physical properties that confer each of these NPs with their usefulness for
biomedical applications. The work was focused on determining GSH-capping effectiveness,
linkage characteristics between GSH and NP surfaces and the influence of GSH capping on
the physical properties and cytotoxicity of NPs.

We described a route to obtain Au-Mag-GSH, a hybrid NP encompassing the biomedi-
cal performances of both, magnetic iron oxide and gold. Although different authors have
proposed different routes to prepare hydrophilic synthesizes [54,55], we have designed
a simple route to obtain, in two simple steps, hydrophilic functionalized magnetic iron
oxide-gold NPs. The formation of hybrid NPs in which both phases, iron oxide and gold,
are present in the same NP was confirmed by results obtained from TEM and UV-visible
absorption. This last technique allowed us to identify the characteristic gold LRSP band,
but with a clear red shift when compared to the Au-GSH LSPR band, which according
to Bhatia et al. [56] can be attributed to the interfacial charge transfer between gold and
magnetic-iron-oxide. TEM results revealed formation of spherical and homogeneous GSH-
NPs of 7 nm average size with a core formed by gold and either iron or an iron compound.
EDX results also revealed the existence of both, iron and gold in the same NP. Consider-
ing that our first synthesis step was the formation of an iron oxide core, it is reasonable to
suggest formation of a gold NP shell surrounding the magnetic-iron-oxide. In any case,
since no region of pure gold was found via EDX maps for iron-gold NPs (not shown here),
but areas with very close diameters for the spectral signals of Au and Fe, if the gold was
forming a shell, it would be assumed to be thin, although at least a few monolayers-thick
since the gold structure was detected by the beam. Thus, the nature of this NP, whether it
is formed by an iron compound or magnetite, or even by an alloy of gold and iron could
not have been concluded by the applied (S)TEM techniques. In any case, both the red-shift
in the LSPR absorption band of these NPs and the sequence followed during the synthesis
method employed in the study (iron oxide nucleation followed by gold addition) seemed
to indicate that a core-shell structure should have been formed. Moreover the fact that the
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FTIR results showed a linkage mechanism for GSH to gold/iron oxide akin to that seen for
gold NPs, further strengthened the hypothesis that a core iron oxide, that confers magnetic
properties, is surrounded by gold that justifies the linking mechanism.

We have compared results obtained for these hybrid NPs with those obtained for pure
gold, magnetic-iron-oxide and CdTe, also capped with GSH. In the case of QDs (CdTe) and
according to recent work [57], extremely small NPs immersed in GSH capping appeared.
This was probably due to the excess of GSH added during the synthesis and to the high
affinity of the GSH thiol group for the CdTe surface. However, the process allowed for size
control, providing a tunable photoluminescence [14].

GSH capping contributes to the formation of spherical and homogeneous NPs in
the case of iron oxide and gold NPs. Magnetic NPs (Mag-GSH) of 6 nm average size are
obtained, while smaller, and less aggregated NPs are formed in the case of pure gold NPs
(Au-GSH). For the latter, the presence of gold was confirmed by UV-visible absorption and
(S)TEM. These NPs show a PL emission in the blue range that, in agreement with our previ-
ous studies, can be explained considering the small size of gold cores and the ligand-metal
charge transfer transition due to the thiol group of the GSH capping. This characteris-
tic could be an interesting feature, making these NPs suitable not only for diagnostics,
therapy or further bioconjugations but also for direct biomarker applications [42].

We used the HRTEM technique to prove the homogeneous composition, spheri-
cal shape and size (under 10 nm) of NPs, and also to visualize the GSH layer. In order to
prove that this layer was composed of GSH, the sulfur present in the glutathione was fol-
lowed by energy-dispersive X-ray spectroscopy. In this way, the presence of such element,
detected at the NP surface, confirms that the amorphous layer at the NP surface is the
GSH capping. Additionally, results obtained from Z-potential measurements allowed us to
deepen the GSH linkage mechanism. The GSH molecule contains different terminal func-
tional groups: thiol, amine and two carboxylic groups. Knowing the group that molecules
use to link to the NP surface and consequently the remaining free moieties, is crucial for the
successful design of subsequent crosslinking processes. With this goal, we used a simple
molecule, cysteamine, to functionalize gold and iron oxide NPs. Our results, which yielded
negative Z-potential values for gold NPs functionalized with cysteamine, confirmed the
high affinity between thiol and gold surface. On the other hand, the positive Z-potential
obtained for cysteamine capped iron oxide, revealed a higher affinity between the iron
oxide surface and amine than between this iron oxide and the thiol group. This suggests
that GSH does not use the thiol group to link to iron oxide GSH-NPs as it does for Au
containing NPs. Whereas Au-GSH and Au-Mag-GSH lose the characteristic S-H stretching
vibration peak, this band was observed for Mag-GSH, indicating that in this last case the
thiol group was not used to link the NP surface. This is in agreement with recent works
that propose a conjugation of GSH capped iron oxide NPs by the free thiol group [58]. Sev-
eral authors propose the iron oxide functionalization by carboxylic groups [59]. However,
the relatively high negative Z-potential values obtained for Mag-GSH in all the studied
pH range together with our cysteamine-iron oxide results led us to propose the linkage by
the amine group for Mag-GSH. NPs using gold (Au-GSH and Au-Mag-GSH) were clearly
linked by the thiol group.

Concerning colloidal stability, DLS experiments reveal hydrodynamic sizes bigger than
those obtained by HRTEM (NP core plus GSH layer). In the case of Au-GSH, this difference
could be explained by the presence of extra hydrate layers in aqueous medium. However,
for all other NPs differences between DLS and TEM diameters were significantly bigger.
For Mag-GSH and Au-Mag-GSH the magnetic character of NPs originated in magnetic
interactions between particles, especially for Mag-GSH, in which the observed aggregation
was higher. It is interesting to remark that DLS average sizes were inversely proportional
to the estimated GSH layer thickness. A wider GSH layer provided less aggregation in
aqueous colloidal solution. In the case of QD-GSH, as we observed by TEM, NPs were
not well dispersed, and the cores were immersed in the GSH capping. This could be the
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reason for the relatively high DLS size (32.6 nm) for non-magnetic NPs with a core size
under 3 nm.

Nevertheless, at the studied conditions, all NPs showed DLS diameters smaller than
50 nm, and colloidal stability in an appropriate range, although further work is in pro-
cess to check colloidal stability under different conditions to perform additional steps of
multimodal crosslinking.

Finally, we showed how GSH functionalization was also able to confer biocompatibil-
ity to most of the studied NPs. Au-GSH, Mag-GSH and Au-Mag-GSH show cell viability
percentages similar to controls at concentrations up to 30ug/mlL; with Au-GSH and Mag-
GSH, maintaining the low toxicity profile up to concentrations of 960 ng/mL. Interestingly
enough, hybrid Au-Mag-GSH NPs showed a better toxicity profile than Au-GSH NPs.

However, this extremely low cytotoxicity was not observed for QD-GSH particles,
in which the GSH capping cannot passivate cadmium inherent toxicity. Different authors
propose different mechanisms for CdTe toxicity, such as photo oxidation and the consequent
formation of degradation products that generate superoxide anions, which might lead to
rust and corrosion of NP surfaces [60]. Concomitantly, in the case of QDs made of cadmium,
cytotoxicity is a consequence of the release of free cadmium ions (Cd?*) that are highly
toxic. However, QD-GSH NPs can still be used as biomarkers for in vitro experiments.

5. Conclusions

We have designed a new and simple synthetic method to prepare hydrophilic metallic
NPs capped with GSH (including, gold/iron oxide hybrid NPs). We have studied the
structural, morphological and colloidal properties, as well as the cytotoxicity, for these new
hybrid NPs and for iron-containing NPs, gold NPs and fluorescent NPs, previously pre-
pared for us and also covered with GSH. We have obtained, in all cases, spherical highly
crystalline and homogeneous NPs with sizes under 10 nm. The combination of TEM and
STEM techniques also allowed visualization of the amorphous GSH layer, confirming an
adequate functionalization. All GSH-capped NPs showed colloidal stability, after 48-h
post-redispersion, especially at the physiological pH range. This colloidal stability did not
significantly decrease by increasing temperature up to 40 °C. Colloidal characterization
allowed us to determine the moiety in GSH that binds to the NP surface. We have deduced
that GSH links iron-containing NP surface by its amine group and not by the thiol groups,
as is the case for the rest of studied NPs. This knowledge is crucial to determine the
free terminal groups in the GSH capping, which is pivotal for the design of subsequent
crosslinking strategies. The developed NPs show high biocompatibility with low cytotoxic-
ity even at high concentrations, with the exception of QD-GSH, that could be only suitable
for in vitro biomedical applications.
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