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Abstract Silver sulfide nanoparticles, smaller than
5 nm, are of great interest in the biomedical field due
to their improved optical properties from the quantum
confinement of charge carriers. The effect of silver
sulfide nanoparticles (6.4 ± 2.2, 13 ± 4.9, and 33 ±
12.5 nm) coated with BSA (bovine serum albumin) on
cytotoxicity, cell proliferation (MTT assay), and cell
morphology was determined in vitro using 3T3 fibro-
blast cell line as assay model. The synthesized Ag2S-
BSA nanoparticles were characterized by X-ray diffrac-
tion, infrared spectroscopy, and thermogravimetric anal-
ysis. Transmission electron microscopy and dynamic
light scattering were used for particle size measurement.
The MTT results showed a tendency to decrease cell
viability with time exposure rather than concentration,
in all particle’s groups. A greater affectation was ob-
served in cells incubated with smaller nanoparticles, and
this is associated with a higher speed of cell uptake due
to a higher content of adsorbed BSA. It was found that
the largest nanoparticles (33 ± 12.5 nm) at 72 h and at
higher concentration presents the same cell viability as
observed with the smallest attributing it to the agglom-
eration of particles formed by the low stability of the
sample. Regarding cell morphology, fluorescence

microscopy showed good cell growth in all the nano-
particle groups, observing a slighter increase in the cell
population of the sample of intermediate particle size
(13 ± 4.9 nm).
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Introduction

The application of nanotechnology in the biomedical
field is spreading increasingly. Today, materials that
were previously used in other industries such as elec-
tronics, semiconductors (Chen et al. 2009; Kruis et al.
1998; Ravindran et al. 2003), catalysis (Campelo et al.
2009; Crooks et al. 2001; Zhao and Crooks 1999), and
energy (Gupta et al. 2011; Kamat 2008; Plass et al.
2002) a couple of decades ago have begun to be used
in biomedical applications, since semiconductor nano-
particles on a nanometric scale (few nanometers de-
pending on the material) begin to behave as molecular
entities (quantum dots) where the discretization of ener-
gy causes new optical properties (Ekimov and
Onushchenko 1981; Ekimov et al. 1985), such as fluo-
rescence, converting these nanomaterials into fluores-
cent markers or optical labels (Wu et al. 2003; Gao et al.
2005; Parak et al. 2005; Bannai et al. 2006).

Due to the increasingly controlled synthesis and syn-
thesis methods, it is possible to develop structures of
controlled morphology; most of the research on nano-
particles began to focus onmaterials such as CdS, CdSe,
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PbS, and HgTe among others, but due to their toxicity
elemental composition compromise, the use of these
nanostructures in applications aimed at biological sys-
tems (Sun et al. 2013; Xu et al. 2016). The synthesis of
nanostructures with better cytocompatible properties is
moving forward; such as the case of silver sulfide
(Ag2S), which at specific doses, it does not present
apparent cytotoxicity. In 2013 Zhang et al. verified in
an in vivo study that these Ag2S nanoparticles stabilized
with polyethylene glycol (PEG) do not cause significant
toxicity in tested doses (15 and 30 mg/kg) inoculated in
treated mice during a period of 2 months, evidencing it
by means of blood biochemical studies, hematological
analyses, and histological examinations (Zhang et al.
2013).

Experimentation with quantum dots of Ag2S as fluo-
rescent markers in imaging has been carried out exten-
sively due to its typical emission in the second near-
infrared region (NIR-II), beyond 900 nm. This property
makes them a useful fluorophore for in vivo studies,
since unlike fluorophores with emissions at lower wave-
lengths in the first near-infrared region (NIR-I, 750–
900 nm) and even smaller, such as the visible region
(450–750 nm), these present in tissue less photon scat-
tering, less autofluorescence, and greater penetration
depth (Lim et al. 2003; Hong et al. 2012; Li et al. 2015).

Having the advantage that thanks to its intrinsic
fluorescence can be tracked in real time within a living
organism, drugs delivery is an application of great in-
terest. The conjugation of the nanoparticles with biolog-
ical molecules makes them a fluorescent transport with-
in the organism and can be observed through in vivo
studies (Huang et al. 2015). In vitro experimentation has
been carried out focusing on the treatment of various
types of cancer. In a research carried out by Zhang et al.
(2012), in which they synthesized quantum dots of
Ag2S stabilized with DHLA (dihydrolipic acid) of a
particle size of 5.4 ± 0.3 nm (by TEM), which were then
bioconjugated with the epidermal growth factor receptor
antibody (anti-EGFR), marketed as Erbitux®, they
achieved to recognize and label breast cancer cells. In
2015 Tang et al. obtained a conjugate of nanoparticles of
Ag2S with a cyclic peptide cRGDFk (arginine-glycine-
aspartic acid-(D) phenylalanine-lysine) with hydrody-
namic size of less than 10 nm, directing this bioconju-
gate towards the receptor of integrin αvβ3, this being
found in breast cancer cells (Lee et al. 2011; Gasparini
et al. 1998). Duman et al. (2017) conjugated Ag2S
nanoparticles with folic acid and bound it to the drug

(doxorubicin), against ovarian cancer, obtaining a strong
intracellular optical signal, presenting the Ag2S nano-
particles a range of size 3.6–7.4 nm (by TEM) and a
hydrodynamic size of the conjugate of 27.0 ± 2.9 nm.
Another research using Ag2S as fluorescent label in
cancer cells is the one carried out by Wang and Yan
(2013). They relate it to the expression of the protein
vascular endothelial growth factor (VEGF), wherewith
the use of bioconjugates of anti-VEGF with Ag2S sta-
bilized with bovine serum albumin of size 2.1 ± 0.3 nm
(by TEM) and with a hydrodynamic size range of 10–
40 nm, achieving in vivo imaging in mice bearing
tumors of human glioblastoma U-87 MG positive for
VEGF.

The cytotoxicity of the nanoparticles is due to their
physical characteristics, such as size and shape, and also
influenced to a large extent by their chemical character-
istics, either from the chemical composition itself and
surface charge or from the active functional groups on
the given surface by the coating or particle stabilizer
(Sukhanova et al. 2018). The size of the nanoparticles
exerts a fundamental part in the cell interaction, and
their sizes comparable or even smaller than the thickness
of the cell membranes (10 nm) make these entities fit to
enter the cells (Sukhanova et al. 2018; Zhang et al.
2015). Huo et al. reported in gold nanoparticles that
the particles of 2 and 6 nm could enter the cell nucleus,
while the larger ones of 10 and 16 nm were only found
in the cytoplasm (Huo et al. 2014).

To produce nanoparticles < 10 nm that remain dis-
persed in solution (colloidal solution) and especially to
reach quantum dot sizes of Ag2S ~ 4 nm (Zhang et al.
2014a, b), it is essential to incorporate a stabilizer into the
synthesis. This material serves both as a modulator to
maintain the size in the quantum confinement regime and
to provide the water-insoluble particle surface with the
hydrophilicity necessary for the possible application in
biological systems. Among the coatings or ligands used
in Ag2S nanoparticles are PEG (polyethylene glycol),
mercaptopropionic acids (2-MPA and 3-MPA)
(Hocaoglu et al. 2012; Jiang et al. 2012; Vardar et al.
2018), and thioglycolic acid (Javidi et al. 2017). Biomol-
ecules such as the amino acid cysteine (Xiang et al. 2008)
and glutathione (Wang et al. 2012) have also been used as
stabilizing binders, however in the present investigation
the BSA bovine serum albumin protein was used, due to
its characteristic as a chelating agent with metals such as
silver. Albumin is the major protein found in human
blood, being used even as a supplement in cell culture,
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since it has antioxidant action and the binding transport of
nutrient molecules to the cell, which favors cell growth
(Francis 2010). BSA has been used in the synthesis of
nanoparticles, with the reduction of cytotoxicity on silver
(Murawala et al. 2009), gold (Khullar et al. 2012), and
metal oxides (Zavisova et al. 2015; Žūkienė and Snitka
2015).

In 2012 Yang et al. reported the cytotoxicity of a
single particle size of Ag2S-BSA nanoparticles (size ~
10 nm) incubated for 24 h in HIEC cells (human intes-
tinal epithelial cells), showing via the MTT assay a cell
viability greater than 90% in doses of 0.05–0.1 mg/mL
(Yang et al. 2013). This research work is focused on
understanding the effect of different particle sizes of
Ag2S-BSA nanoparticles (average diameters of 6.4,
13, and 33 nm) in the 3T3 fibroblast cell proliferation-
viability behavior. MTT assay and fluorescence micros-
copy were used to determine the cell behavior in contact
with the solutions with different Ag2S-BSA concentra-
tions (0.01, 0.05, and 0.1 mg/mL) and the contribution
of BSA.

Experimental methods

Materials Silver nitrate (AgNO3, ≥ 99.0% purity), sodi-
um sulfide nonahydrate (Na2S-9H20, ≥ 98.0 purity),
bovine serum albumin (BSA, lyophilized powder, ≥
96% purity), and 4′,6-diamidino-2-phenylindole
(DAPI) were purchased from Sigma-Aldrich. Sodium
hydroxide (NaOH, ≥ 98.90 purity) was purchased from
CTR (local manufacturer). Milli-Q water (18 mΩ) was
used as the solvent. Centrifugal filters (Amicon® Ultra-
4 100 kDa) were purchased from Merck Millipore.
MTT reagent was purchased from USB Corporation.
Calcein AM was purchased from Life Technologies.
Mouse fibroblast cells line 3T3 (ATCC), trypsin, and
DMEM medium (with 10% bovine fetal serum and 2%
antibiotic) were purchased from Gibco, and 96-well
plates were purchased from Corning. The phosphate-
buffered saline (PBS) was prepared in the lab.

Ag2S-BSA nanoparticles synthesis and purification
procedure The procedure developed by Wang and Yan
(2013), with some modifications, was used to obtain
nanoparticles of Ag2S dispersed in water. The process
was run with different amounts of BSA protein: 2, 20,
and 50 mg BSA per mL of water. To complete a sample,
30 mL of water and 300 mg of the BSA protein (10 mg

BSA/mL) were added into the reaction flask (immersed
in an oil bath at 37 °C), keeping the solution under
magnetic stirring, permitting hydration and solubiliza-
tion of the protein. Subsequently, an aqueous solution of
30 mL of AgNO3 (10 mM, 51 mg) was prepared with
water and then added to the previously prepared BSA
solution. Two minutes later, 3 mL of NaOH solution
(1 M) adjusted to pH 12 was added to the reaction
solution allowing the stirring for 1 min. Then, 3 mL of
0.1 M Na2S-9H20 solution (72.54 mg in 3 mL of water)
was quickly injected into the reacting solution and
stirred for 13 h at 37 °C. After the reaction time, the
colloidal solution was purified (eliminating the non-
adsorbed protein) by centrifugation-assisted filtration
cycles, using centrifugation filters (Amicon® Ultra-4
100 kDa), with five washes at 3400 rpm per 20 min
with Milli-Q water (the transparent filtered solution was
discarded). Subsequently, the material retained in the
filter was poured into a vial and the colloidal solution
kept in refrigeration at 4–8 °C. To obtain a powder
material, the colloidal solution was lyophilized for
24 h and stored in a low-temperature refrigerator in a
closed container.

Ag2S-BSA nanoparticles characterization For the X-
ray diffraction analysis, the lyophilized powder was
placed on a zero diffraction plate (silicon); using a
Panalytical XRD model X’pert Powder diffractometer
with radiation from a copper filament with k-α of
1.5406 Ǻ, the analysis was executed in 0.016 steps with
a time per step of 30 s. For the chemical analysis, X-ray
energy dispersive spectroscopy (EDX) was done using a
scanning electron microscope (Hitachi model SU5000),
and the sample for the analysis was prepared by
allowing a drop of colloidal solution to air dry on an
aluminum film. The IR analysis of the lyophilized pow-
der (FTIR) was performed on a Nicolet model 6700
spectrophotometer, executing the analysis with 64
scans, in a range of 600 to 4000 cm−1. Thermogravi-
metric analysis was performed in a TA SDT Q600
equipment, using alumina crucibles to contain the ly-
ophilized powder with a heating rate of 10 °C/min from
room temperature up to 590 °C in air. The DLS and zeta
potential analyses were carried out simultaneously fol-
lowing the operation guidelines of the Microtrac
Nanowave equipment. The particles were diluted in
DMEM culture medium (50% DMEM, 50% Milli-Q
water) at the concentrations of 0.01, 0.05, and 0.1 mg/
mL (at three measurement times: initial, 24 h, and 72 h)
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and the colloidal solution in Milli-Q water (97.5% dilu-
tion). Each solution was mixed thoroughly before each
measurement, and samples are always stored in refrig-
eration. Electron microscopy images were obtained
using a transmission electronic microscope TEM (JEOL
JEM 2200FS + CS) and the STEM mode in a Hitachi
model SU5000), and the samples were prepared by
pouring a drop of colloidal solution of Ag2S-BSA on
the copper grids covered with lacey carbon film and
allowing the drop to dry for later analysis.

Cell line preparation The preparation of the cell line
included three washes of the cell medium using PBS
solution to eliminate the culture medium. After that,
300 μL of trypsin and 1 mL of PBS were added and
placed for 8 min of incubation. Then, 500 μL of DMEM
was added, and the final solution (including cells, tryp-
sin, PBS, and DMEM) was centrifuged in a microtube
for 1 min. The precipitate containing the cells was
recovered and redispersed in 1.5 mL of DMEM.

MTT assay For both MTT assay and cell morphology
microscopy, the cells were seeded (5000 cells per well)
using two plates of 96-well culture (each one for mea-
suring cytotoxicity at 24 and 72 h) and repeated in
triplicate. The cells were exposed to BSA (cells exposed
to BSA) and different Ag2S-BSA nanoparticle condi-
tions: sample A (33 ± 12.5 nm), sample B (13 ± 4.9 nm),
and sample C (6.4 ± 2.2 nm). A control (only cells) and
a blank (culture medium without cells) were used (for
each time test). For each sample, three concentration
were tested: 0.01, 0.05, and 0.1 mg Ag2S-BSA per mL.

After 24 and 72 h, the culture medium was removed
and replenished with a solution of 150 μL of new
culture medium with 50 μL of MTT with a concentra-
tion of 5 mg/mL of PBS in a sterile environment. Then,
it was allowed to incubate for 2 h. After that, absorbance
spectroscopy (UV-Vis) with a wavelength of 570 nm
was performed in a spectrophotometer for ELISA
plates.

Cell morphology The cell morphology analysis of via-
ble cells was done in samples dyed with the
fluorophores DAPI and calcein AM. After the incuba-
tion ended, the culture medium was removed and
substituted with 60 μL of each of the freshly prepared
solutions (10 μg of DAPI in 100 mL of PBS and 50 μg
of calcein-AM in 10 mL of PBS) and 150 μL of new
culture medium. Then, the solutions were allowed to

incubate for 45 min and then observed by means of
fluorescence microscopy (Axio Vert.A1, Carl Zeiss),
using the ZEN blue software to capture the images.

Statistical analysis The analysis of data for cell viability
was performed by one-way factorial analysis of vari-
ances (ANOVA) and multiple comparisons (with
Bonferroni post hoc test, p < 0.05). Experimental results
are presented as the mean ± standard deviation of three
replicates.

Results and discussion

Ag2S-BSA nanoparticles characterization

Chemical composit ion and crystallographic
phases Significant changes were observed in the inten-
sity found at 2Θ = 20° (Fig. 1a); this shape of the curve
is usually generated by the amorphous material such as
the BSA protein that covers the particles and by the
nanometric size of the crystalline particles; this is in
agreement with the reported by other authors
(Hocaoglu et al. 2012; Jiang et al. 2012; Mir et al.
2015). In this research, the change was attributed to
the amount of protein adsorbed on the surface of the
Ag2S particles since three different amounts of protein
were tested (Yang et al. 2013). In the sample resulting
from synthesis C (50 mg of protein per mL of water), a
decrease in intensity at 20° and a very slight increase in
the signal at 34.5° were observed when compared with
pure BSA. This behavior is attributed to the fact that the
sample begins to reflect the most intense peak of silver
sulfide in the acanthite phase (α-Ag2S) at 2Θ = 34.5°; in
sample B (20 mg/mL), a more pronounced decrease in
the intensity of the BSA peak at 20° and accentuating
the intensity between 30 and 40° is observed. Sample A,
the one with the lowest concentration of protein in the
synthesis (2 mg/mL), shows more defined peaks being
the more intense at 34.6°, 37.0°, 31.8°, and 43.7°. Sam-
ple A also exhibited a larger nanoparticles size distribu-
tion (~ 10–50 nm particle size, TEM) than the other
samples (~ 2–8 nm), agreeing with the XRD pattern of
acanthite JCPDS 65-2356 (orange in Fig. 1a). Using
TEM image analysis of sample A, it was found that
the interplanar distance agrees with the plane (012) of
the α-Ag2S phase (monoclinic) (Fig. 1b), and expected
phase already exists below ~ 176 °C (Sadovnikov et al.
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2015). The EDX analysis (Fig. 1c) confirmed the ele-
ments of the Ag2S, resulting in an atomic ratio (Ag/S) of
nearly 2, in agreement with the stoichiometric relation
Ag2S.

Particle size and colloidal stability The results by DLS
analysis (first column of Fig. 2) show a correlation
between the particle size growth to the reduction of
protein used during the reaction synthesis. Results com-
parison shows that sample C with the highest protein
content (50 mg BSA/mL) reached an average particle
size of ~ 6.4 ± 2.2 nm, while the sample A with the
lowest content of BSA (2 mg/mL) presented an average
particle size value of ~ 33 ± 12.5 nm, with an interme-
diate value for sample B (20 mg/mL) with an average
particle size of ~ 13 ± 4.9 nm. Usually, an increased
amount of stabilizing ligands (in this case BSA) leads
to smaller particle size (with other reaction conditions
fixed). A trend reported by Chen et al. (2014) showed
that with an increment of BSA-Ag+ molar ratio, and
using other stabilizers such as hexadecylamine HDA
(Lim et al. 2004) and glutathione GSH (Wang et al.
2012), a decrease in particle size was also observed with
the increment of the amount of stabilizer. The zeta
potential (colloidal stability measure) of the solutions
resulted in values of + 22.4 mV, + 60.8 mV, and +
61.7 mV, for the samples A, B, and C, respectively,
associating the positive electric charge to the amino
groups in the protein. The zeta potential shows that
samples B and C have good stability quality. On the
contrary, sample A with the lowest protein content
(2 mg/mL), with a value of + 22.4 mV, exhibits what
can be considered a state of coagulation-precipitation.
This can be observed in the results by TEM/STEM,
showing the agglomerations of particles (SEM image
in Fig. 2), and similar results were those reported by
Huang et al. (2010) where by increasing the BSA in the
synthesis of CuS, the value of the zeta potential was
increased, reflecting an improvement in the
monodispersity of the nanoparticles (by TEM image).

The measurement of the particles in the electron
microscopy images (second column of Fig. 2) showed
smaller values than those obtained by DLS; this hap-
pened because the hydrodynamic diameter also quan-
tifies the adsorbed protein on the surface of the nano-
particles. The results indicate that the sample with larger
protein content (sample C, 50 mg/mL) presents a parti-
cle size of 3.55 ± 0.65 nm and the sample with lower
amount of protein added (sample Awith 2 mg/mL) was

17.32 ± 5.1 nm, finding the particle size of sample B
(20 mg/mL) of 4.71 ± 0.71 nm. The decrease in particle
size of silver sulfide is attributed to two conditions in the
reaction system: the solubilization of the protein in the
dispersing medium (water) causing a lower diffusion of
the monomers formed by Ag2S (Cao 2004) and the
monomers’ failure to cross the particle-solution inter-
face not allowing the growth of the Ag2S nucleus (Van
Embden et al. 2015). Comparing with another author
who also used a molar ratio of Ag/S = 1, the same
tendency is observed when decreasing the amount of
protein. Wang and Yan (2013) included several protein
concentrations (25, 40, and 50 mg/mL), and they found
that the decrease in protein used (or less steric stability)
resulted in the increase in particle size reflected in the
displacement of the emission peak of the fluorescence
spectrum towards the infrared region, associating this to
that the energy of the bandgap tends to bulk value (being
less than that of the particle in quantum confinement).

The results of the particle size for each concen-
tration and different test times (initial, 24, and 72 h)
using a cell culture medium solvent (50% DMEM in
Milli-Q water) are presented in Table 1 and in
Fig. 3. The initial particle size values of the A, B,
and C samples in the culture medium solution do not
show significant differences. Sample A that present-
ed a particle size of 33 ± 12.5 nm, in 50% DMEM
solution, had a size of 36.08 ± 8.51 nm (average
value of the three concentrations at the initial time).
Sample B, in water, has a value of 13 ± 4.9 nm, and
in DMEM solution, it presented a value of 15.44 ±
3.17 nm. Sample C had values of 6.4 ± 2.2 nm and
6.19 ± 1.11 nm in in water and in DMEM solution.

The zeta potential values of the samples using 50%
DMEM solution are shown in Table 1. Samples B and
C, for all concentrations and test times, presented zeta
potential values and particle sizes very close to those
presented in colloidal solutions using water as a disper-
sant, observing that they practically retained the same
particle size at three test times, thus reflecting good
stability of the nanoparticles. In contrast, nanoparticles
A, which initially presented a value of ~ + 28 mV (av-
erage value at three concentrations), 24 h after the
colloidal solution was prepared, and the zeta potential
value decreased to ~ + 20 mV, observing a particle
growth at almost twice the size, from ~ 36 to ~ 67 nm.
At 72 h an average size of ~ 109 nm was found at the
three concentrations. The zeta potential value decreased
to a value of ~ + 12 mV, showing instability of the
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colloidal system of nanoparticles A (Bhattacharjee
2016).

BSA protein adsorption on Ag2S Figure 4 shows the IR
spectra of the different samples. The characteristic bands
of the BSA protein (black in line) are at 1656 cm−1 and
1534 cm−1. These bands are related to the group’s amide
I (attributed to the stretching vibrations of the C=O
bonds and the C–N bond to a lesser extent) and to amide
II group (related to the flexion of the N–H bond and the
stretch vibrations of C–N and C–C bonds to a lesser
extent). The wideband at 3282 cm−1 is related to the
stretching vibration of the N–H bond, and the frequency
of 2954 cm−1 corresponds to the C–H bond present in
the polypeptide chain. The peak at 1390 cm−1 is

attributed to the O–H bond present in the carboxylic
groups in the amino acids. The results are in agreement
with other authors (Arrondo et al. 1993; Servagent-
Noinville et al. 2000). The covalent bond Ag–S appears
to be causing the interaction in Ag2S; this compound is
formed from silver with the thiol group, from the cyste-
ine residue (Brelle et al. 1999), and this was not ob-
served by FTIR since the characteristic frequency of the
Ag–S bond has been reported in 237 cm−1 (Krylova and
Dukštienė 2013). Comparing the IR spectrum of the
different samples of Ag2S-BSA with the spectrum of
the pure BSA, there were no variations in the character-
istic peaks of amide I and amide II, so that the Ag2S-
BSA conjugate maintains the structure of the basic
protein. The differences observed in the spectra do not

Fig. 1 a XRD patterns resultants of the different synthesis (A, B,
and C) and BSA (lyophilized powder), showing the comparison
with pattern JPCDS 65-2356 (acanthite, α-Ag2S). b TEM image

sample A (2 mg/mL) showing the interplanar spacing of the
crystalline particle (α-Ag2S). c EDX result of sample B (20 mg/
mL)

Table 1 Particle size and zeta potential (ζ) of colloidal solutions using culture medium (50% DMEM solution)

Sample Assay time 0.01 mg/mL 0.05 mg/mL 0.1 mg/mL

Particle Size (nm)1 ζ (mV) Particle size (nm)1 ζ (mV) Particle size (nm)1 ζ (mV)

Sample A Initiala 34.84 ± 8.47 + 28.0 37.9 ± 9.01 + 28.2 35.50 ± 8.06 + 28.1

24 h 65.80 ± 17.9 + 20.1 68.7 ± 18.81 + 19.5 66.8 ± 18.36 + 19.8

72 h 104.8 ± 35.7 + 12.2 110.0 ± 39.0 + 13.7 111.6 ± 35.5 + 9.8

Sample B Initiala 14.88 ± 3.15 + 60.3 15.77 ± 2.68 + 61.0 15.69 ± 3.08 + 60.8

24 h 15.31 ± 3.14 + 60.9 16.2 ± 3.5 + 60.9 14.76 ± 2.88 + 59.7

72 h 14.91 ± 3.07 + 61.5 15.94 ± 3.1 + 61.2 16.12 ± 3.49 + 59.8

Sample C Initiala 6.02 ± 1.03 + 62.3 6.0 ± 1.02 + 61.8 6.55 ± 1.3 + 63.2

24 h 6.35 ± 1.18 + 61.8 6.46 ± 1.3 + 60.2 6.37 ± 1.29 + 62.1

72 h 6.34 ± 1.05 + 62.6 7.1 ± 1.67 + 61.7 6.54 ± 1.33 + 63.4

aMeasurement carried out on the same day as the preparation of particle dissolution
1Average value of three measurements

ζ, Average value of three measurements
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Fig. 2 Results of particle sizemeasurement byDLS (first column) and
TEM/STEM (second column) with their respective images (third col-
umn).Measurement byDLS: particle size distribution of 2.5% dilutions
of a colloidal solution in ultra-pure Milli-Q water (the axis of the
ordinates being the percentage of the population of particles analyzed).
Measurement by TEM/STEM: image analysis determining the distri-
bution of particle size in number. The upper-middle graph (green color)

shows the results derived from the measurements of 106 particles of
sample A (2 mg BSA/mL), blue graph corresponds to a histogram of
137 particles of sample B (20mgBSA/mL), and red graph reflected the
measurement of 105 particles of sample C (50mgBSA/mL). Sample B
image was obtained in TEM equipment JEOL JEM 2200FS + CS.
Images of samples A and C were obtained in Hitachi Model SU5000
equipment
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relate to the concentration of BSA used in each synthesis
but to the degree of dehydration. This was detected
during experimentation in samples lyophilized by 24
and 72 h.

Thermogravimetric analysis was used to determine
protein adsorption. Figure 5 a shows the obtained results
up to 600 °C, where losses of 41.42%, 50.16%, and
62.94% were determined for samples A, B, and C,
respectively. This experiment demonstrates that the
sample with less protein content is more thermally sta-
ble. The results show that the temperature at which
decomposition of the protein begins is about 225 °C,
which is in agreement with that reported by other au-
thors (Adamiano et al. 2015; Csach et al. 2012; Gómez-
Rico et al. 2005). In the TG analysis of samples A and C,
a slight second decomposition stage was observed at

about 470 °C; this can be attributed to the combustion of
the char products due the air-rich atmosphere used
(Gebregeorgis et al. 2013).

The first derivative was obtained from the mass
loss results to find the temperature with the highest
rate of mass loss (Fig. 5b), resulting in the first
observed peak attributed to the process of denatur-
ation of the protein, noting that the rate of mass loss
in the denaturing zone depends on the amount of
BSA added. The decomposition of BSA occurred at
around 267–283 °C, with some shifting depending
on the sample, starting at 267 °C for sample A
(lower protein content); the sample with the highest
protein content exhibited the largest mass loss rate at
276 °C. In sample A, the peak with greater intensity
is observed at 435 °C, and it is associated with the

Fig. 3 Particle size of colloidal solutions using culture medium (50% DMEM solution) to different assay times (initial, 24 h, and 72 h)
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last decomposition phase of BSA (Adamiano et al.
2015; Ozhukil Kollath et al. 2013).

MTT cell proliferation assay

The cytotoxicity of the Ag2S nanoparticles coated with
BSAwas tested in an 3T3 mouse fibroblast cell line. For
both periods (24 and 72 h), none of the samples showed

a viability percentage lower than 80%, indicating no
cytotoxicity at the tested doses of 0.01, 0.05, and
0.1 mg/mL (Fig. 6). For the 24-h test, no statistically
significant differences were found in the concentrations
of 0.01 and 0.1 mg/mL between the means of the five
particle groups (including control and sample BSA).
However, in the concentration of 0.05 mg/mL, it was
found a significant difference (p = 0.001) between the

Fig. 4 IR spectra of samples of
Ag2S-BSA protein (lyophilized
powders by 24 h)

Fig. 5 a Thermogravimetric analysis results of each sample. The
weight of the samples for the analysis was 2 mg for samples, using
alumina crucible, at a heating rate of 10 °C/min up to 590 °C in air

atmosphere. Equipment TAmodel SDTQ600. b The derivative of
mass loss (DTG) of each sample
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means of the 5 groups, occurring specifically between:
larger nanoparticles A compared separately against the
control and the BSA sample (p ≤ 0.005), also presenting
significant differences against the smaller nanoparticles
C (p = 0.012), the sample B behaved similarly to sample
Awith a difference of (p ≤ 0.03).

At 72 h, it was observed that in each tested concen-
tration, there is a significant difference between the
means of the groups. In the lowest tested concentration
of 0.01 mg/mL, the smaller nanoparticles, a significant
difference (p ≤ 0.01) compared with the rest of the
groups of particles, is seen, being the sample nanoparti-
cles C the one that presents the lowest average cell
viability with 88.6% at this concentration (Fig. 6). At
that same concentration, the sample nanoparticles A
differs significantly from the control (p = 0.03). In con-
centration 0.01 mg/mL, the average viability of the BSA
sample at 72 h resulted in significant difference versus
the nanoparticles C (p = 0.004), control and the sample
nanoparticles B (p ≤ 0.03). In the concentration of
0.05 mg/mL at 72 h, the sample nanoparticles C showed
a significant difference (p ≤ 0.001) compared with the

control sample, sample BSA, and against the sample
nanoparticles B; no significant difference was observed
versus nanoparticles A, since at this concentration the
nanoparticles A poses the same average cell viability as
the sample nanoparticles C with 88.6%.

Like sample C, the sample nanoparticles A presented
a significant difference (p ≤ 0.0003) against the control,
sample BSA, and with the sample nanoparticles B at the
concentration of 0.05 mg/mL at 72 h. The sample BSA
in concentration 0.05 mg/mL besides presenting a sig-
nificant difference against nanoparticles A and B differs
significantly from the control (p = 0.000). In the con-
centration of 0.1 mg/mL at 72 h, a significant difference
(p ≤ 0.02) was found between the control against each
group of particles, noting a decrease in average viability
at a value close to 89% for the sample BSA. A very
similar value was observed in the sample nanoparticles
A and nanoparticles C. At the same time and concentra-
tion conditions, the sample nanoparticles B (intermedi-
ate particle size) differs significantly from the other
groups (p ≤ 0.04), inclusive versus control (p = 0.000),

Fig. 6 Graph of cell viability (average) at 24 h (left) and at 72 h
(right). Comparison was made between the 5 groups of samples at
each concentration in each time tested (p = 0.05). *, significant
difference compared to control; §, sig. dif. compared to sample
BSA; ǂ, sig. dif. compared to NP-C;Δ, sig. dif. compared to NP-A;

θ, sig. dif. compared to NP-B. Comparison between each time test
of same particle group at same concentration. ʃ, significant differ-
ence (p = 0.05). Experimental results are presented as the mean ±
standard deviation of three replicates
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presenting 97.7% viability, the highest reported in the
groups to concentration 0.1 mg/mL at 72 h.

Comparing only the sample nanoparticles C and
considering the three concentrations (ANOVA for each
test time), it was found that, for both 24 h and 72 h, no
significant differences, of the means of the resulting
viability (in each time between the three concentra-
tions), were observed. When comparing between time
and the test at each concentration, for the time of 72 h, a
decrease in cell viability was reflected in the three con-
centrations compared with 24 h, the average being 24 h
at 99.9%, decreasing to 87.8% at 72 h. Therefore, this
decrease in the cell viability is specifically attributed to
the time of exposure of the fibroblasts with the conju-
gate nanoparticles Ag2S-BSA, rather than to the
concentration.

The comparison of the sample nanoparticles B, con-
sidering the three concentrations tested, resulted in no
significant difference for each time, observing that there
was a decrease in cell viability at longer exposure times,
resulting at 24 h at105.4% (general average of three
concentrations) and close to 100% at 72 h. The
comparisons at 24 h between the same concentration
of the sample nanoparticles B differed significantly for
the concentrations of 0.01 and 0.05 mg/mL (p ≤ 0.04),
showing no difference at the concentration of 0.1 mg/
mL and having at 72 h, this sample has the highest
average viability (including the data of the three
concentrations).

The comparison of the three concentrations of the
sample nanoparticles A for each test time resulted in a
significant difference (p ≤ 0.02), being the concentration
of 0.1 mg/mL the one that significantly differs from the
concentration of 0.05 mg/mL at 24 h (p ≤ 0.001); no
significant difference between the results of concentra-
tions 0.01 and 0.1 mg/mL was seen. For the time of
72 h, the comparison between the concentrations of the
sample nanoparticles A reflected a significant difference
between concentrations 0.01 and 0.05 mg/mL
(p < 0.001), and no significant difference between the
lowest and highest concentration was observed, as well
as between concentrations 0.05 and 0.1 mg/mL, so there
was no dependence on the dose increase. Comparing the
same concentration at different test times, it turned out
that with concentration 0.01 mg/mL, there is no signif-
icant difference, but there are with concentrations of
0.05 and 0.1 mg/mL (p ≤ 0.02). A tendency is observed
in the nanoparticles A as well as the other groups of

particles to decrease the cell viability with the time of
exposure.

The analysis of variance of the sample BSA (three
concentrations at the same assay time), resulted in no
significant difference for the time of 24 h (including the
control), presenting average viability of 97.4%. At 72 h
the concentration 0.1 mg/mL differs significantly (main-
taining in the concentrations of 0.01 and 0.05 mg/mL an
average of 97.5% of cell viability). No significant dif-
ferences were seen when comparing equal concentra-
tions at different assay time for concentrations 0.01 and
0.05mg/mL. Only in concentration 0.1 mg/mL occurred
a significant difference between both times, with aver-
age viability close to 90%.

In this work, no interaction of the nanoparticles with
the MTT reagent has been observed. This also was
corroborated with the cell staining results (observation
of the cytoplasmic membrane) which were consistent
with the results of cell viability. According to several
authors, it was found that a large number of cytoxicity
tests of nanoparticles also use MTT assay, studying
Ag2S nanoparticles with different stabilizing ligands
(Correa 2017; Wang et al. 2012; Zhang et al. 2014a, b;
Javidi et al. 2017; Wu et al. 2017; Gao et al. 2016;
Duman et al. 2017), and using the BSA protein as
stabilizing ligand, forming the Ag2S-BSA conjugate
(Yang et al. 2008; Yang et al. 2013).

The Ag2S is a material structured by covalent bonds,
and due to its low solubility constant (Ksp = 6.3 × 10−50)
(Patnaik and Dean 2004), it is unlikely that interactions
of its components with the MTT reagent (tetrazolium
dye) occur at the exposure times that were used in our
study (24 and 72 h). About the other component of the
conjugated, the protein BSA (bovine serum albumin)
used as a stabilizer coating, it is known that the serum
albumin is a common nutrient added to the culture
media (Francis 2010), so according to some reports,
there is no interaction of the protein with the MTT
reagent (tetrazolium dye) in BSA containing systems
(Khullar et al. 2012; Zavisova et al. 2015; Žūkienė
and Snitka 2015; Murawala et al. 2009).

Due to the low hydrophilicity of Ag2S (Willard
1979), when it is trying to disperse this compound in
aqueous solutions, it tends to agglomerate forming large
particles, outside the nanoparticle’s regime. To exist as
hydrophilic nanoparticles (< 100 nm) and dispersed in
the medium (also called colloidal dispersion), a hydro-
philic stabilizing coating or ligands on the surface of the
particles are necessary (Fendler 2001); thus, there are no
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cytotoxicity studies of Ag2S nanoparticles as colloidal
dispersion (without stabilizer), so, in this case, it was not
possible to perform the MTT test of Ag2S nanoparticles
(uncoated) for comparative purposes against the Ag2S-
BSA conjugate. In this investigation, BSA was used
both as a stabilizer to modulate the growth of particles
in the synthesis of Ag2S-BSA and to grant hydrophilic-
ity to the insoluble particles, due to the polar groups of
the protein on its outer surface. In addition to these
contributions for the BSA gives to the particle formation
system, there is an excellent characteristic of BSA as
cytocompatible material, so BSA has been used as a
supplement in cell culture, since it has among its phys-
icochemical characteristics the action antioxidant and
binding carrier of nutrient molecules to enter the cell
(Francis 2010). Therefore, other investigations focus on
the use of this protein to coat nanoparticles with cyto-
toxic properties. Metal nanoparticles of gold and silver
are among the most studied (Khullar et al. 2012;
Murawala et al. 2009), where the incorporation of
BSA decreases the known cytotoxicity. The cytotoxicity
of metal oxides is also diminished with the incorpora-
tion of BSA into the conjugate; Zavisova et al. (2015)
reported a tenfold increase in cell viability in mouse
melanoma lines B16 cells and Chinese hamster lung
V79 fibroblast cells using BSA as a coating ofmagnetite
nanoparticles. Žūkienė and Snitka (2015) reported the
decrease in the cytotoxicity of zinc oxide nanoparticles
incubated in hamster ovary cells.

Regarding cell viability, if the sizes of Ag2S-BSA
nanoparticles are compared and the cell viability ten-
dency to decrease with the exposure time is considered,
rather than the concentration; it is evident that the sam-
ple nanoparticles C, with a smaller hydrodynamic diam-
eter (6.4 ± 2.2 nm), presented the lowest cellular viabil-
ity, with 87.8% at 72 h. The decrease in viability ob-
served at 72 h with sample C can be related to its size
(6.4 ± 2.2 nm) since the cellular response is known to be
affected by smaller particles. It has been reported that in
fibroblasts, 15 nm gold particles were 60 times less toxic
than those of 1.4 nm (Pan et al. 2007); this is because
smaller particles can cross the cell membrane. In this
research, the cellular response could also be affected by
the biomolecule (BSA protein) that covers the particle.
The FTIR spectra show presence of BSA in the conju-
gate which establishes the interaction fibroblast-nano-
particle, since the BSA as a coating still has the function
of the native protein, being that function, the recognition
and binding to the cellular membrane of the fibroblast,

and finally being internalized to the cell. This endocytic
process is closely related to the type of cell. In fibro-
blasts, it has been documented that there is an abun-
dance of caveolae (Razani et al. 2002); these structures
are invaginations or open vesicles in the plasma mem-
brane between 50 and 100 nm, where their function,
after the receptors bind the BSA, is to capture and form
closed vesicles by introducing them into the cells (en-
docytosis occurs). The receptors that bind to albumin
have not been fully described for this process to occur
within the caveola structure; in endothelial cells, it has
been discovered that the said uptake is done by the gp60
receptor (Merlot et al. 2014; Minshall et al. 2000). The
amount of BSA adsorbed on the surface of nanoparticles
is what could dictate the uptake speed to the cell, since
the greater number of receptor-BSA junctions internal-
ization could be carried with greater speed, causing
intracellular involvement and decreasing cell viability.
In the sample nanoparticles C with a smaller particle size
(6.4 ± 2.2 nm), the highest amount of adsorbed BSA is
present (63%), which is why this higher rate of uptake
can be attributed to the cell due to the decrease in cell
viability for the time of 72 h. Due to the particle size in
the sample nanoparticles B (13 ± 4.9 nm) and the con-
tent of BSA adsorbed (50%), it would be expected that
cell viability would also be affected at 72 h, although it
presented the highest values of viability cellular in the
different concentrations. It is perhaps that at 72 h, the
internalization of the particles required for some cellular
affectation did not occur, since a tendency to decrease
cell viability was observed at a longer time of exposure.

The specific cellular affectations caused by the Ag2S-
BSA nanoparticles have not yet been thoroughly report-
ed, and there are few publications regarding Ag2S nano-
particles (with different stabilizing ligands). When the
nanoparticles are internalized by endocytosis,
endosomes are formed, which fuse with the lysosomes
where the degradation of the protein layer that covers
the nanoparticles could occur, due to the proteolytic
enzymes generated. It has been reported that conjugates
of nanoparticles with proteins and peptides are degraded
by Cathepsin L within the lysosome, which leaves the
nanoparticles uncoated without the biocompatible pro-
tection afforded by the peptide/protein (Sée et al. 2009).
In the case of Ag2S-BSA nanoparticle system, it should
be considered that albumin can bind to the neonatal
receptor Fc (FcRn), this being a transport receptor that
provides protection (endolysosomal escape) to the albu-
min against degradation by proteolytic enzymes
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(Andersen and Sandlie 2009; Sand et al. 2015); if this
union does not occur, the protein would be degraded,
leaving the Ag2S nanoparticles exposed in the lysosome
acid condition (pH ~ 4). If the endolysosomal escape
was carried out (by binding BSAwith FcRn), the nano-
particles would enter the cytosol, being able to interact
with the cellular organelles. It has been reported that free
Ag+ silver ions can alter mitochondrial function,
through the interaction of the metal ion with the thiol
groups of certain proteins and enzymes that prevent
oxidative stress by neutralizing the reactive oxygen
species (ROS) of the mitochondrial process (Kone
et al. 1988), promoting an accumulation of ROS and
subsequently to cell death (apoptosis) (Chen and
Schluesener 2008). Recently Vardar et al. (2018) found
that at a dose of 1.0 mg/mL of the conjugate Ag2S-
2MPA (particle size ~ 7 nm) in V79 cells (hamster lung
fibroblasts) shows clear toxicity. They found that there
was an increase in the mRNA of genes pro-apoptotic.
They also reported a decrease in cytotoxicity (MTT
assay) at doses > 0.8 mg/mL of the Ag2S-2MPA conju-
gate. Different solutions of 2-MPAwere incubated with

cells at doses up to 2.0 mg 2-MPA/mL, not presenting
cytotoxicity. Comparing our results with other publica-
tions, these are according with the results reported by
Yang et al. (2013), where MTT assay with HIEC cells
(human intestinal epithelial cells) incubated with Ag2S-
BSA (a single particle size ~ 10 nm, 24 h) resulted in a
cell viability greater than 90% in doses of 0.05 and
0.1 mg/mL and greater than 80% in dose of 0.3 mg/mL.

In the case of the sample nanoparticles A, with par-
ticle size 33 ± 12.5 nm in water and 36.08 ± 8.51 nm in
the 50% DMEM solution, it presented the highest var-
iation of cell viability from 24 to 72 h, presenting for
72 h at concentrations of 0.05 and 0.1 mg/mL average
cell viability very close to the sample of smaller particle
size (nanoparticles C). The decrease in viability could
have occurred due to the low colloidal stability of the
said sample, since the values of the zeta potential as time
passes decrease (Table 1), also showing a growth of the
particle size, which could cause agglomerates to form on
the Ag2S-BSA conjugate tending to two situations: the
first is that the particles can precipitate on the substrate
which would decrease cell proliferation due to the effect

Fig. 7 Observation of the fibroblasts exposed for 24 h (left) and 72 h (right) to the different concentrations of nanoparticles of Ag2S-BSA,
observation at 40x. In the upper part, the controls (only cells) are shown at each time tested. Scale bar = 10 μm
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of BSA as a “non-adhesion” protein, since the BSA
when covering a surface blocks the adsorption of pro-
teins contained in the secreted extracellular matrix that
are necessary for the cells to occur the adhesion and cell
proliferation (Yamazoe and Tanabe 2008). And the sec-
ond is that the agglomerates are covering the cell sur-
face, affecting in some way the extra-/intracellular ex-
change for homeostasis to take place (Soenen et al.
2011), decreasing cell proliferation.

Cell morphology

Figure 7 shows the fluorescence microphotographs of
the fibroblasts exposed to the different samples/concen-
trations, observing the cell nuclei in intense blue (DAPI
staining). A great advance in the lengthening of the
fibroblasts was not observed during the first 24 h, with
similar morphology observed between the control and
the BSA sample at different concentrations (b, c, and d,
Fig. 7/24 h). For the same time, in the samples A, B, and
C in the different concentrations, in general, the interac-
tion of the nanoparticles with the cells is observed,
which reflects greater contact between cell and cell
(comparing it with the control and sample BSA). In
the sample nanoparticles A (e and f, Fig. 7/24 h), black
particles are observed, associating them with the forma-
tion of agglomerates, due to the instability of the colloi-
dal system observed with the decreasing values of the
zeta potential at 24 and 72 h and the particle size
increment (Table 1). Perhaps the agglomerates were
already precipitated on the culture plate and had possi-
bly played a role in the cell growth (reflected in the
decrease in cell viability at 72 h compared with the
control) observed for samples with the largest particle
size (nanoparticles A). Anyhow, greater cell prolifera-
tion was observed in the three examined concentrations
at 72 h (e, f, and g, Fig. 7/72 h) than the control sample.

In the fibroblasts exposed to the sample BSA at 72 h,
cell proliferation is evidenced (b, c, and d, Fig. 7/72 h)
compared with the control, the cells presenting a very
similar behavior in the three concentrations. It was also
observed that the cell population in the sample BSA is
very similar to the other groups of particles. In agree-
ment with the MTT results of the time tested at 72 h, a
greater cellular population generated by the sample
nanoparticles B (intermediate size, 13 ± 4.9 nm) was
slightly observed, comparing with the nanoparticles A
(larger size, 33 ± 12.5 nm) and nanoparticles C (6.4 ±
2.2 nm), at concentrations of 0.05 and 0.01 mg/mL.

In general, at 72 h, the fibroblasts exposed to the
different sizes of nanoparticles resulted in a good cellu-
lar growth for the formation of tissue (compared with
control), evidencing it by the presence of extracellular
matrix, being more evident for the samples nanoparti-
cles B and nanoparticles C in the concentration of
0.05 mg/mL (i and l, Fig. 7/72 h).

Conclusions

Mouse fibroblast cells with three different sizes of
nanoparticles (6.4 ± 2.2 nm, 13 ± 4.9 nm, and 33 ±
12.5 nm) of Ag2S conjugated with bovine serum
albumin (BSA) were incubated and tested with the
MTT assay. The results showed that the addition
of Ag2S at the tested doses (0.01, 0.05, and
0.1 mg/mL) at the times of 24 and 72 h did not
generate cytotoxicity. A tendency to decrease cell
viability was observed with time exposure time
rather than concentration in all conditions. MTT
results indicate greater affectation in cells incubat-
ed with smaller nanoparticles. This may be due to
a higher uptake speed to the cell since the said
group contains the highest amount of adsorbed
BSA. It was found that larger nanoparticles (33 ±
12.5 nm) at the time of 72 h and higher concen-
tration have the same cell viability as that reported
by the smaller one. This is attributed to the ag-
glomerations of particles formed due to the low
stability of the sample. The cell morphology using
fluorescence microscopy showed good cellular
growth in all groups of nanoparticles compared
with the control at 72 h, noting a slight increase
in the cell population of the sample of intermedi-
ate particle size (nanoparticles B with 13 ± 4.9 nm)
for the concentrations of 0.01 and 0.05 mg/mL.
No significant changes were found between the
fibroblasts exposed to the three different groups
of nanoparticles and sample BSA.
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