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Abstract
The interaction between silver nanoparticles (AgNPs) and molecules producing coronas plays a key role in cytotoxicity 
mechanisms. Once adsorbed coronas determine the destiny of nanomaterials in vivo, their effective deployment in the 
biomedical field requires a comprehensive understanding of the dynamic interactions of biomolecules with nanoparticles. 
In this work, we characterized 40 nm AgNPs in three different nutritional cell media at different molar concentrations and 
incubation times to study the binding mechanism of molecules on surface nanoparticles. In addition, their cytotoxic effects 
have been studied in three cell lineages used as tissue regeneration models: FN1, HUV-EC-C, RAW 264.7. According to 
the data, when biomolecules from DMEM medium were in contact with AgNPs, agglomeration and precipitation occurred. 
However, FBS medium proteins indicated the formation of coronas over the nanoparticles. Nonetheless, little adsorption of 
molecules around the nanoparticles was observed when compared to DMEM supplemented with 10% FBS. These findings 
indicate that when nanoparticles and bioproteins from supplemented media interact, inorganic salts from DMEM contribute 
to produce large bio-coronas, the size of which varies with the concentration and time. The static quenching mechanism was 
shown to be responsible for the fluorescence quenching of the bioprotein aggregates on the AgNPs surface. The calculated 
bioprotein-nanoparticle surface binding constants were on the order of  105  M−1 at 37 °C, with hydrophobic interactions driven 
by enthalpy and entropy playing a role, as confirmed by thermodynamic analysis. Cytotoxicity data showed a systematic 
degrowth in the viable cell population as the number of nanoparticles increased and the diameter of coronas decreased. Cyto-
toxic intervals associated with half decrease of cell population were established for AgNPs molar concentration of 75 µM for 
24 h and 50 µM for 48 h. In summary, through the cytotoxicity mechanism of bio-coronas we are able to manipulate cells’ 
expansion rates to promote specific processes, such inflammatory mechanisms, at different time instants.
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coronas · Cytotoxicity · Cells

Introduction

Due to their biological functionality and antimicrobial prop-
erties, silver nanoparticles (AgNPs) are the most commer-
cialized nanomaterials, thus gaining great scientific interest 

and applications in the biomedical field [1]. Despite their 
beneficial properties, there is an ongoing debate regarding 
the toxicological effects of AgNPs and serious toxicological 
effects have been reported in vitro and in vivo model sys-
tems [2, 3]. Current research results indicate that the inher-
ent cytotoxicity of AgNPs might be a useful tool to modulate 
metabolic cell functions during wound healing, thus restrict-
ing the formation of pathological scars and other associated 
disorders [4–6]. Different cytotoxic effects and biochemical 
events can be induced depending on the biodistribution and 
cellular uptake of AgNPs [7, 8]. Therefore, developing new 
approaches that promote more appropriate or easier inter-
nalization of AgNPs in cells is important.
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When AgNPs are in contact with proteins or biomole-
cules, they rapidly adsorb onto their nanoparticle surfaces 
[9], forming a hard biomolecular corona [10, 11]. The com-
position of the corona depends upon a series of competitive 
processes driven by both thermodynamic and kinetic fac-
tors [12]. This biological nanoparticle entity acquires a new 
identity, which has a specific affinity for its receptor protein 
on the cell membrane [13]. In fact, drug delivery strategies 
have been developed in recent years as a consequence of 
this new identity [14]. Despite this significant innovation, 
studies have shown that biomolecule adsorption can alter the 
characteristics of AgNPs, such as size, shape, and agglom-
eration state [15]. Accordingly, changes in cellular uptake, 
intracellular localization, tumor accumulation, and toxicity 
have been reported [16].

Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with fetal bovine serum (FBS) is a basal culture 
medium that is widely used to support the growth, prolif-
eration, and differentiation of many different cell lineages 
[17]. Albumin is the primary protein component of the fetal 
bovine serum medium [14], in addition to globulins and 
hemoglobin, which represent 35% of the total composition. 
AgNPs are widely recognized for their ability to form a pro-
tein corona structure with those proteins [18]. The binding 
mechanism has been extensively characterized, showing 
spontaneous hydrophobic forces [19] van der Waals inter-
actions, and entropy-driven binding [20]. Regarding DMEM, 
the main components of this other physiological medium 
are amino acids, organic salts, and vitamins. The interac-
tions between these biomolecules and nanoparticles are not 
fully understood; however, a recent study showed that the 
adsorption of components from the basal culture medium 
(biomolecules + proteins) onto the surface of AgNPs forms 
corona structures [21]. In another work, it was highlighted 
that incubation time is an important parameter for corona 
concentration and composition [22, 23]. They showed that 
increasing the concentration of FBS during the formation of 
the protein corona, led to the increasing of corona protein 
concentration as a function of both the incubation time and 
concentration [23]. It was seen in another study, when gold 
NPs were incubated with pooled plasma samples at room 
37 °C the total amount of protein decreased with time from 5 
to 60 min [24]. It is also known that the biological response 
to nanoparticle cytotoxicity can be either enhanced or dimin-
ished by the size of the corona, concentration, and incuba-
tion time [25, 26]. Therefore, developing interaction models 
between AgNPs and DMEM-biomolecules and AgNPs and 
FBS proteins is important for understanding the composition 
and dynamic formation of the corona complex bioprotein/
AgNP when the nanoparticles are in contact with the basal 
culture medium.

In this work, the morpho-electrical properties of AgNPs 
in three different nutritional physiological environments, 

DMEM, FBS, and DMEM + 10% FBS, were evaluated at 
different concentrations and incubation times using dynamic 
light scattering (DLS), zeta potential (ZP), small-angle X-ray 
scattering (SAXS), and UV–vis absorption spectroscopy. In 
the system composed by the AgNPs diluted in DMEM + 10% 
FBS, steady-state and time-resolved fluorescence measure-
ments were also used to understand and quantify the binding 
adsorption process of bioproteins to AgNPs surface. Finally, 
in order to evaluate the cytotoxic effect of the bioprotein/
AgNP complex on cellular growth of human dermal micro-
vascular endothelial cells (HUV-EC-C), human fibroblast 
cells (FN1), and murine macrophages (RAW 264.7) [5, 6], 
we critically examined and compared the responses of all 
these cell lineages after exposure to the bioprotein corona. In 
summary, we demonstrated the ability of FBS proteins and 
DMEM-biomolecules to tangle around a hard silver nano-
particle core, forming a 3D complex bio-structure, as well 
as the effect of this complex on cellular viability. The uptake 
of AgNPs triggering all cytotoxicity effects was shown to be 
strongly influenced by the shape and density of biomolecules 
bound on the nanoparticles’ surface.

Materials and Methods

Materials

Dulbecco’s Modified Eagle’s Medium high glucose (pure 
DMEM,  Gibco®) with 17.0 g  L−1 (200 mM) of biomol-
ecules and inactivated/sterile Fetal Bovine Serum (pure 
FBS,  Gibco®) with 70.0 g  L−1 (785.4 � M) of proteins were 
obtained from Sigma Aldrich (St. Louis, Missouri, United 
States). The supplemented cell culture medium was pre-
pared by diluting 50 mL of FBS in 450 mL of pure DMEM, 
obtaining a solution named as basal supplemented culture 
medium composed of 10% (v/v) FBS in pure DMEM. All 
the reagents listed above were of analytical grade and were 
used without further purification.

Silver Nanoparticles Synthesis

Stable dispersions of spherical-shaped AgNPs with aver-
age diameter of 40.0 ± 0.6 nm measured by DLS, with 
27.3 mg  L−1 (250.3 � M) of elemental silver as confirmed 
by ICP-OES, were synthesized by the Turkevich method 
[27], by refluxing a silver salt with citric acid as a reduc-
ing and stabilizing agent to the nanoparticles in aqueous 
solution. Briefly, 4.25 mg of silver nitrate (anhydrous ≥ 
99.999% trace metals base, Sigma-Aldrich®, St. Louis, 
USA) was solubilized in 100 mL of ultrapure water (18 M 
Ω.cm) and heated. Then, 1 mL of a 0.5 M citric acid solu-
tion (anhydrous, ≥ 99.5%, Sigma-Aldrich®) was added into 
the boiling silver solution and kept under stirring for 5 min. 
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The reaction medium was cooled to room temperature and 
filtered through a 0.2 � m  (Corning®, New York, USA) 
sterile cellulose membrane syringe filter resulting in stable 
AgNP dispersions. The concentration of elemental silver 
was determined by dissolving the AgNPs with concen-
trated nitric acid, diluting with ultrapure water and analyz-
ing by ICP-OES. The final concentration was determined 
based on a calibration curve prepared using a certified 
silver analytical standard  (TraceCERT®, Sigma-Aldrich) 
diluted in aqueous 2% nitric acid. Table 1 summarizes the 
sample scheme of incubation and characterization.

Corona Formation Study

The samples used to study corona formation (seen Sup-
plementary Table 1 in the Supplementary Information 
section) were prepared by diluting the stock dispersion 
of AgNPs (250.3  μM of Ag) in three different physi-
ological environments: (i) DMEM + 10% (v/v) ultrapure 
water (DMEM, 180.0 mM of biomolecules), (ii) ultrapure 
water + 10% (v/v) FBS (FBS, 78.5 � M of proteins), and 
(iii) DMEM + 10% (v/v) FBS (180.1 mM of bioproteins). 
It is important to note here that the terminology “biopro-
teins” given to the supplemented DMEM refers to the 
combination of biomolecules from DMEM with the pro-
teins from FBS. Aliquots of these solutions were trans-
ferred into culture well plates, and incubated at 37 °C, 5% 
 CO2 atmosphere, for 24 and 48 h in a commercial incuba-
tor (Series II Water Jacket, Thermo Scientific, Waltham, 
MA, USA) to simulate the cellular environment. After 
incubation, the solutions were centrifuged at 14,500 rpm 
for 15 min [19]. The unbound fractions of DMEM bio-
molecules, FBS proteins, and bioproteins DMEM + FBS 
in the supernatant were pipetted out and the pellets were 
washed three times with an equal amount of ultrapure 
water and resuspended again in ultrapure water for the 
further studies. Samples were prepared in triplicate and 
used for further characterization. Table 1 summarizes the 
sample incubation schemes.

Dynamic Light Scattering (DLS)

Size distribution of nanoparticles in aqueous suspension was 
determined by DLS using a Malvern Zetasizer Nano-ZS90 
(Worcestershire, UK) equipment. Measurements were per-
formed in a triplicates scheme (Table 1). For each sample, 
we performed three measurements, each one with 20 runs, 
a fixed detector angle of 90°, using a 532 nm laser, and a 
quartz cuvette with 10.0 mm of optical path. The temper-
ature was kept at 37 °C to simulate the cellular environ-
ment. The volume of sample used in the measurements was 
kept constant at 1 mL for all investigated samples. Due to 
ultrapure water being used as the main solvent that com-
poses the samples, silver nanoparticles and culture media, it 
adopted its viscosity, 0.6864 cP, and refractive index, 1.33, 
as inputs to the DLS system to acquire the data.

Transmission Electron Microscopy (TEM)

TEM experiments for stock silver nanoparticles were per-
formed using a JEOL field emission microscope, model JEM 
2100 FEG-TEM, equipped with a field emission gun (FEG) 
at an acceleration voltage of 200 kV. Measurements were 
performed in a triplicates scheme.

Zeta‑potential (ZP)

Surface charge data of nanoparticles from ZP were obtained 
using the same Malvern Zetasizer Nano-ZS90 equip-
ment used in DLS measurements, in a triplicate scheme 
(Table 1). For each sample, we performed three measure-
ments, each one with 20 sub-runs, at 37 °C, using a 532 nm 
laser, fixed detector angle of 17°, and folded capillary cell 
using the same samples of AgNPs dispersions used in the 
DLS measurements. For these measurements, the pH of 
AgNPs stock was 7.70 ± 0.40, whereas for the FBS, DMEM 
and DMEM + 10% FBS were, respectively, 8.10 ± 0.03, 
7.30 ± 0.05, and 8.59 ± 0.01. They were obtained taking four 
reads in the time, 5, 7.5, 10, and 15 min after inserted pH-
probe, and using 1 mL for each sample.

Table 1  Strategy used for 
preparation of the samples per 
study, indicating the doses, 
incubation times, and the 
number of replicates used in 
each experiment

Experiment AgNPs dose (�M) Incubation time 
(h)

Replicates per
dose / 
measurements

Total 
wells-
cultivated

DLS 0/25/50/75/100/250.3 24/48 3/3 36
ZP 0/25/50/75/100/250.3 24/48 3/3 36
UV–vis 0/25/50/75/100/250.3 24/48 3/3 36
SAXS 0/25/50/75/100/250.3 24/48 3/3 36
SSF 0/25/50/75/100 24/48 3/3 30
TRF 0/25/50/75/100 24/48 3/3 30
Cell proliferation 0/25/50/75/100 24/48 4/0 40
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Small‑angle X‑ray Scattering (SAXS)

Small angle X-ray scattering data collection was per-
formed with Xenocs XEUSS™ version 2.0 equipment. 
The scattering intensity is expressed as a function of the 
reciprocal space momentum transfer modulus, q = 4 � 
sin(�/� ), where 2 � is the scattering angle and � the radia-
tion wavelength. Samples were placed in a quartz capil-
lary (1.5 mm, 0.4 mL) and measurements were performed 
at 37 °C. The radiation was generated by a GENIX3D™ 
X-ray source (Cu K � edge, �=1.54 Å) with the beam 
focused by  FOX2D™ optics. The 2D data were collected 
at the EMUSAXS Multiuser SAXS facility, where the scat-
tering data were normalized to absolute scale using water 
as the primary standard. The experimental SAXS data 
were modeled using the Indirect Fourier Transformation 
method—IFT [28] in a slightly different implementation 
[29]. From the IFT method the pair distance distribution 
function p(r) is obtained and can provide a direct indica-
tion of the average particle shape and size [30].

Ultraviolet–visible Absorption Spectroscopy (UV–vis)

Optical absorption spectra were recorded with a Varian Cary 
50 UV–Vis spectrophotometer (Santa Clara, CA). Samples 
were placed in a quartz cuvette (0.4 × 1.0 cm, 0.5 mL), with 
the absorption optical pathway of 0.4 cm. The temperature 
was controlled at 37 °C with a Carry Peltier thermostat and 
the measurements were carried out in the 200 to 800 nm 
range.

Fluorescence Study of Bioprotein‑AgNPs Corona

Among all the biological molecules present in the culture 
media, we decided to investigate the changes in the fluo-
rescence intensity of tryptophan from DMEM + 10% FBS 
in the absence and presence of silver. For this, a set of sam-
ples was prepared by diluting the concentrated stock disper-
sion of AgNPs (250.3 μM) to 25, 50, 75, and 100 μM in 
DMEM + 10% FBS. The samples were prepared maintaining 
constant the DMEM + 10% FBS amount (100.0 mM bio-
protein) in 25 – 100 μM of silver NPs. The volumes of the 
AgNP stock were adjusted in ultrapure water to obtain the 
silver molar concentrations in this study. Samples, including 
DMEM + 10% FBS in absence of silver, were transferred 
into culture well plates for steady-state and time-resolved 
fluorescence assays. These plates were then transferred to 
an incubator and left for 24 and 48 h at 37 °C to simulate the 
cellular environment. As usual, the triplicate scheme of sam-
ple preparation was used and two identical sets of samples 
were incubated for 24 and 48 h, as summarized in Table 1.

Steady‑state Fluorescence Spectroscopy (SSF)

A Varian Cary Eclipse spectrometer was used for Tryptophan 
steady-state fluorescence intensity measurement as a function 
of silver nanoparticle concentration. Samples were placed in 
quartz cuvettes (0.4 cm × 1.0 cm, 0.5 mL), with the incident 
beam parallel to the 0.4 cm pathway. The static fluorescence 
experiments were performed with an excitation wavelength of 
280 nm, with slits for excitation and emission adjusted to 5 nm. 
The temperature was kept at 37 °C to simulate the cellular 
environment. The inner filter correction [31] was applied to all 
fluorescent emission spectra by using the following equation.

where Fcorr(� ) and Fobs(� ) are the corrected and observed 
fluorescence intensities, Aexc and Aemi are the absorbance per 
unit of pathway at the excitation and emission wavelengths. 
In addition, the l and l´ parameters are the optical pathways 
in cm for excitation (0.2 cm) and for emission (0.5 cm), con-
sidering the cuvette center.

Time Resolved Fluorescence Spectroscopy (TRF)

Time-resolved fluorescence measurements were performed 
using time-correlated single photon counting (TCSPC). The 
fluorescent decay of tryptophan in the presence of silver 
nanoparticles was recorded at 37 °C to simulate the cellular 
environment. The excitation light at 280 nm is produced by 
a titanium-sapphire Tsunami 3950 laser (Newport Corpora-
tion, Irvine, CA,USA), pumped by a Millenia Pro model J8o 
solid-state laser, both from Spectra Physics. The frequency rate 
of pulse repetition was set to 8 MHz using a Spectra Physics 
3980–25 pulse picker. The Tsunami laser was set to provide 
an output at 840 nm while third harmonic generator BBO 
crystal (GWN-23 PL Spectra Physics) was used to generate 
the excitation beam at 280 nm. The emission at 90° from the 
excitation beam and selected by a monochromator at 350 nm 
was detected by a refrigerated Hamamatsu R3809U photomul-
tiplier. The FAST software supplied by Edinburgh Instruments 
was used to fit the data by applying an exponential decays 
model [31] according to the following equation.

where F(�,t) is the number of photons emitted at a given 
wavelength � at time t, �

i
 is the pre-exponential factor, and 

�
i
 the lifetime of the ith component of the decay curve.

Cytotoxicity of the AgNPs/bioprotein Complex

Microvascular endothelial cells (HUV-EC-C), human fibro-
blast cells (FN1), and murine macrophages (RAW 264.7) 
were grown on 16.25 mm glass coverslips placed in two 

Fcorr(�) = Fobs(�)10
(Aexc.l+Aemi.l

�)

F(�, t) = ΣN
i=1�i. exp(−t∕�i)
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24-well plates with a seeding density of 2 ×  105 cells per 
coverslip. After 12 h, AgNP/bioprotein complexes (25, 50, 
75, and 100 μM of silver) and supplemented culture medium 
(free of silver) were incubated with cells for 24 and 48 h, and 
cytotoxicity estimated as a function of the respective cell 
proliferation rates evaluated using a Neubauer hemocytom-
eter (OptikLabor Görlizt, Germany). The replicated number 
for each sample is depicted in Table 1.

Data Processing Statistics

All statistical analyses were performed using Student’s 
t-test with a confidence level of 95% (p < 0.05) to deter-
mine the differences in average values and results presented 
as mean ± standard deviation (SD). All analyses were 
performed using the Minitab software, version 7 for MS- 
Windows (Minitab Inc., institutional license, State College, 
PA, USA).

Results and Discussion

Characterization of AgNPs Stock, DMEM, FBS, 
and DMEM + 10% FBS

Stock nanoparticles incubated for 24 and 48 h with pHs of 
7.70 ± 0.40 and 7.75 ± 0.30 were characterized by SAXS, 
DLS, ZP, and UV–vis analyses, and the results are presented 
in Fig. 1. As can be seen in the figure, the stock AgNPs 
does not exhibit substantial changes in its morpho-electrical 
characteristics as a function of incubation time. SAXS data 
analyses, summarized by I(q) and p(r) curves, indicated 
that the stock suspension is constituted by nanoparticles 
with spherical shape and average radius of 17.0 ± 2.0 nm 
(Fig. 1a and e). DLS and TEM measurements confirmed 
this result indicating a well-defined hydrodynamic diameter 
of 41.7 ± 0.8 nm and a low size polydispersity index value, 
PDI, estimated as 0.14 ± 0.01, suggesting monodisperse 
silver nanoparticles (Fig. 1b and Supplementary Fig. 1 of 
Supplementary Materials). The negative zeta potential of 
-33.6 ± 0.7 mV (Fig. 1c) is consistent with the high colloidal 
stability conferred by citrate as stabilizing agent. Finally, 
UV–vis spectrum (Fig. 1d) revealed a strong absorbance 
around 418 nm, which is characteristic of localized surface 
plasmonic resonance (LSPR) absorption [32].

The DLS data registered after 24 and 48 h of incubation 
(Fig. 1b and e) of ultrapure water + 10% FBS in absence of 
silver with pHs of 8.10 ± 0.03 and 8.23 ± 0.07 (FBS, brown 
lines) presented a multimodal size distribution ranging from 
1 to 1300 nm. There were detected peaks around 51 and 
300 nm presenting the highest intensities and two others at 
5 and 1300 nm, but with much lower intensities. The peaks 
broadened are indicating a wider size distribution. This 

behavior is consistent with the high PDI value of 0.70 ± 0.40 
(Fig. 1e), suggesting the formation of protein agglomerates 
with high polydispersity, as expected for interconnected 
proteins such as albumin, globulin, and hemoglobin [33]. 
In addition, the ZP of FBS was found to be -13.9 ± 2.6 mV 
after 24 and 48 h suggesting its negatively charged surface 
[15]. Similar DLS and ZP results have been reported by 
Dąbkowska et al. and Gunnarsson et al. for the 10% FBS 
in PBS and RMID media, indicating that in the dispersion 
there are a large variety of proteins with different sizes and 
charges [34, 35]. The UV–vis spectra after 24 and 48 h of 
incubation exhibited a strong absorbance at around 280 nm, 
characteristic of tryptophan present in the proteins [36], and 
another with a much lower intensity at 414 nm that can be 
assigned to the Soret band of iron(II) protoporphyrin IX 
moiety in hemoglobin [37].

In contrast to FBS, DMEM + 10% ultrapure water in 
absence of silver (pHs of 7.30 ± 0.05 and 7.10 ± 0.08 
for 24 and 48  h respectively) exhibited a peak around 
0.31 ± 0.03 nm (DMEM, Fig. 1b, dark yellow line) in the 
DLS histogram after 24 and 48 h of incubation, and no sur-
face potential could be measured. These results indicate 
that the amino acids, organic salts, and vitamin molecules 
present in DMEM do not form agglomerates and are fully 
dissolved in ultrapure water. The respective UV–Vis absorp-
tion spectra (Fig. 1d) showed an absorption band at 280 nm 
ascribed to tryptophan, and at 415 and 560 nm characteristic 
of the phenol red solution used as a pH indicator [38].

DMEM supplemented with 10% FBS in absence of silver 
(pHs of 8.59 ± 0.01 and 8.37 ± 0.05 for 24 and 48 h respec-
tively), DMEM + 10% FBS (pink lines), showed a dynamic 
interaction between biomolecules from DMEM and proteins 
from FBS to form bioprotein agglomerates, which changed 
their morpho-electrical characteristics over time. The results 
obtained from SAXS, summarized by the SAXS curves, I(q), 
and the pair distances distribution functions, p(r), in Fig. 1a, 
indicated that bioprotein agglomerates presented a temporal 
evolution in their shape and size, with average radius shifting 
from 3.0 ± 1.0 nm after 24 h to 5.0 ± 0.5 and 12.0 ± 1.0 nm 
after 48 h. DLS results confirmed this behavior, showing a 
tendency of increasing average diameters of the multimodal 
size distribution of albumin/globulin/hemoglobin protein 
agglomerates for FBS diluted in ultrapure water (brown line, 
Fig. 1b) as for FBS diluted in DMEM (pink line, Fig. 1b). 
For 24 h, the histogram showed the highest intensity peaks 
at 10 and 56 nm, and another at 365 nm with much lower 
intensity. Nevertheless, the average diameters of the highest 
intensity peaks increased to 14 and 60 nm and negative ZP 
decreased to -7 mV (Fig. 1c and table of Fig. 1e), suggesting 
the formation of less colloidally stable and more polydis-
perse bioprotein agglomerates after 48 h of incubation, as 
confirmed by the calculated PDI value to 0.90 ± 0.02. When 
compared with the ZP results of FBS diluted in ultrapure 
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water, these results reveal the existence of a positive charge 
distribution to the DMEM stock that can reduce the nega-
tive charges from FBS in the DMEM + 10% FBS samples as 
shown in the table of Fig. 1e. UV–vis spectroscopy (Fig. 1d) 

showed absorbance superposition from the biomolecules of 
DMEM and FBS, indicating stable agglomerates without 
aggregation in the supplemented DMEM sample.

Fig. 1  Representative plots for AgNPs stock and three different nutri-
ent cell media in the absence of silver nanoparticles. a experimental 
SAXS curves (symbols) and model fits (solid lines), on the left, and 
functions of pairwise distance distribution on the right; b diameter 
distribution obtained by DLS; c surface potential curves obtained 
from ZP measurements; d optical absorption spectra acquired by 
UV–vis measurements; e summary of the main results obtained from 

the characterization of the samples. Key: solid lines for samples incu-
bated at 24 h and dashed lines for samples incubated at 48 h; plots 
using black colors for AgNPs stock; brown for FBS; dark yellow for 
DMEM; and pink for DMEM + 10% FBS. Abbreviations: PDI, poly-
dispersity index; M. D. and n. i. indicate multimodal distribution and 
unidentified
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Corona Formation Study

It is known that when AgNPs are in contact with biological 
fluids, its surface is quickly covered by the components of 
the fluid [9], forming a biomolecular corona [11, 39]. The 
behavior of biological molecules at the material interface 
is largely driven by the physico-chemical properties of the 
surface which is different not only among different nanoma-
terials but also within a set of the same materials variously 
prepared or modified [12]. In this study, the AgNP-biomole-
cule complexes formed in DMEM, FBS, and DMEM + 10% 
FBS, three of the most used nutritional solutions to maintain 
cell basal metabolism, were investigated at 37 °C.

As shown in Fig. 1b, the nutritional environment intro-
duced a large variety of proteins and bioprotein aggregates of 
different sizes. Because of interference from culture media 
scattering, using DLS in situations with high molecule con-
centrations and low AgNP concentrations is difficult, and the 
results should be carefully reviewed before drawing conclu-
sions. It should also be pointed out that the fluorescence of 
components of the culture medium, such as phenol red ( �
ex = 440 nm) or amino acids ( �ex = 280 nm) in the samples, 
are factors that can contribute to lowering the intensities 
of scattered light in DLS, reducing the S/N ratio and thus 
presenting the potential to produce artificially smaller sizes 
[40]. To support our findings, some experimental actions 
were performed to prevent misinterpretation of the DLS data 
[40] for instance, centrifugation at 14,500 rpm for 15 min to 
remove the unbound molecules. For DLS measurements, 20 
runs per triplicate sample were used, with a laser of 532 nm 
and a fixed angle of 90° for all obtained curves [41]. All 
measurements presented in this work underwent a review of 
the device itself and were considered of “good quality” [40], 
showing peaks distinguishable from the background signal.

On the other hand, because of the sample strategy 
employed in this study, it was necessary to assume some 
degree of uncertainty in these experiments, but this did not 
compromise the integrity of our hypothesis once the pro-
posed model was built from experiments such as SAXS, 
UV–vis, SSF, and TRF. For instance, the main solvents 
used to prepare the samples in this study contained ultrapure 
water, sodium bicarbonate, and citric acid, which did not 
interfere with the viscosity of the samples, contributing to 
the prevention of significant pH fluctuations due to the buff-
ers’ effect (maximum calculated SD of 0.4).

AgNPs‑FBS Interactions

The protein corona formation was monitored when the 
AgNPs stock solution was diluted in FBS to obtain 25 μM 
Ag in 70.6 μM protein, 50 μM Ag in 62.8 μM protein, 75 μM 
Ag in 54.9 μM protein, and 100 μM Ag in 47.1 μM protein, 
and incubated for 24 and 48 h. Figure 2 summarizes the main 

results obtained from the DLS (Fig. 2a-b), ZP (Fig. 2c), and 
UV–vis experiments (Fig. 2d).

The particle size distribution results for 25, 50, 75, and 
100 μM silver incubated for 24 and 48 h, shown in Fig. 2a, 
exhibited high-intensity peaks that clearly masked the char-
acteristic nanoparticle size distribution pattern. Compared 
to the AgNPs stock peak, we observed that these concentra-
tions presented a slight shifting towards larger diameters, 
reaching a maximum values at 46.3 ± 0.4 nm for 24 h and 
51.2 ± 1.1 nm for 48 h to 25 μM Ag in 70.6 μM protein as 
shown in the table of Fig. 2e. Similarly, the autocorrela-
tion function shown in Fig. 2b, for all silver concentrations, 
decays slightly slower than AgNPs stock, indicating a shift 
to larger species. The ZP and UV–vis data in Fig. 2c-d sug-
gests that the formation of large species observed by DLS 
was probably due to the adsorption of protein components 
of FBS onto the nanoparticles to form the protein corona. In 
relation to the AgNPs stock data, the zeta potential showed 
a reduction in its values from 13 to 15 mV during 24 and 
48 h (table of Fig. 2e), and the UV–vis experiments showed 
a slight red shift of the silver LSPR band from 4 to 5 nm 
during 24 and 48 h (table of Fig. 2e).

UV–Vis absorption spectroscopy was used to probe the 
interactions between FBS proteins and AgNPs. The absorb-
ance of 75 µM Ag was monitored at 418 nm ( �max and 
exclusive LSPR absorption of AgNPs shown in Fig. 1d) in 
the absence and presence of FBS concentration previously 
used (47.1 – 70.6 μM proteins) after 24 and 48 h of incuba-
tion at 37 °C. To calculate the apparent association constant 
(Kapp) using the Benesi-Hildebrand equation (Supplemen-
tary Information, section Benesi–Hildebrand equation), we 
only considered FBS proteins that were accessible for bond-
ing. The suspensions were centrifuged at 14,500 rpm for 
20 min, unbound proteins in the supernatant were pipetted 
out, and the pellet was resuspended in ultrapure water. The 
fluorescence emission method was used to estimate the FBS 
protein concentration accessible for bonding [42]. For this 
purpose, the area under each tryptophan fluorescence curve 
was integrated and it was estimated that approximately 10% 
of the FBS proteins were available for bonding compared to 
the original concentrations (47.1 – 70.6 μM proteins).

An increase in the absorbance of AgNPs (Supplemen-
tary Fig. 2a of Supplementary Information) along with a 
red shift (4 – 5 nm) for 24 and 48 h indicated complex for-
mation between FBS proteins and AgNPs [43]. From the 
Benesi-Hildebrand plot (Supplementary Fig. 2b of Sup-
plementary Information), the apparent association constant 
(Kapp) was determined as 1.15 ×  103 L  mol−1 for 24 h and 
1.32 ×  103 L  mol−1 for 48 h. Sharma et al. [43] reported Kapp 
values for the γ-globulin/AgNPs system between  105 –  106 
L  mol−1, higher than the Kapp values found for FBS protein/
AgNPs system of this work. The reason for this difference 
could be the stabilizer that we used. Studies have reported 
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Fig. 2  Representative plots: a diameter distribution and b raw cor-
relation function results obtained by DLS; c zeta surface poten-
tial results obtained from ZP measurements; and d optical absorp-
tion spectra acquired from UV–vis experiments. e Summary of the 
main results obtained from the characterization of the samples. Key: 

Plots at left for samples incubated for 24 h and at right for samples 
incubated for 48  h; black lines for AgNPs diluted in sodium citrate 
(stock); brown for FBS; and cyan, red, green, and blue for AgNPs 
diluted in FBS at 25, 50, 75, and 100  μM, respectively. Abbrevia-
tions: PDI, polydispersity index
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that the hydrophilic surface of ligands can lead to the for-
mation of water shells around nanoparticles, making pro-
tein adsorption poorly accessible [44]. In this scenario, it is 
very likely that the low Kapp values and low thickness of the 
protein corona shown by DLS measurements could be due 
to the hydrophilic properties of the citrate ligand, inducing 
such water shells. In addition, the negatively charged surface 
of the AgNPs [45, 46] obtained in the ZP measurements, as 
shown in the table of Fig. 2e, corroborate these findings.

AgNPs‑DMEM Interactions

The results obtained through DLS, ZP, and UV–vis experi-
ments for the AgNPs stock diluted in DMEM to obtain solu-
tions of 25 μM Ag in 160 mM biomolecules, 50 � M Ag in 
140 mM biomolecules, 75 � M Ag in 120 mM biomolecules, 
and 100 � M Ag in 100 mM biomolecules, incubated for 24  
and 48 h, clearly showed changes in the morpho-electrical  
characteristics of the nanoparticles as shown in Fig. 3. Sur-
prisingly, the particle size distribution and raw autocor-
relation results (Fig. 3a-b) show that, independent of the 
difference in molar concentration or incubation time, bio-
molecules from DMEM induced the formation of large spe-
cies for 25, 50, 75, and 100 � M silver with average diameters 
of approximately 1598 ± 213 nm for 24 h and 1444 ± 452 nm 
for 48 h. From the UV–vis spectra and turbidity images 
(Fig. 3c-d), we observed that the characteristic LSPR peak 
of AgNPs (418 nm) disappeared, the color of the nanopar-
ticle solution changed from yellow to black immediately 
after mixing with DMEM, and the precipitates appeared 
almost immediately. The DLS diameters and background 
in the absorbance signals increased with increasing AgNPs 
concentration for 24 and 48 h as shown in Fig. 3a-c, indicate 
scattering light from large agglomerates formed between 
the silver nanoparticles and biomolecules from DMEM 
[47, 48]. Similar observations have been reported for the 
RPMI medium inducing large agglomerates formation [49]. 
Regarding the zeta potential, the measurement apparatus was 
not able to detect any effective surface potential charges for 
this type of sample because of the darkness of the obtained 
solutions, which blocked the incident light and thus did not 
reach the detector.

Previous studies have demonstrated that the formation 
of the bio-corona depends on the protein concentration, 
association and dissociation rates, and surface charges [36, 
50]. Interestingly, our results do not show corona forma-
tion; however, at low concentrations of DMEM (100 mM) 
or 100 μM silver ions, agglomeration was triggered to form 
large AgNP/biomolecule aggregates [51]. Similar observa-
tions have been reported for the fibrinogen protein inducing 
large agglomerates formation of silver and gold nanopar-
ticles and in carbon nanotubes, indicating that this could 
be due to the unique molecular dimensions of fibrinogen 

[15]. In this sense, it can be argued that the large agglomer-
ates and precipitation observed for AgNPs stock diluted in 
DMEM could be due to the positive charges of the individual 
biomolecules that compose DMEM, which could be rapidly 
attracted to the negative surface of AgNPs.

AgNPs–DMEM + 10% FBS Interaction

The SAXS, UV–vis, DLS, and ZP results about the inter-
actions between AgNPs and bioproteins agglomerates had 
been reported earlier (Supplementary Figs. 1 and 2 in refer-
ences [5, 6], respectively, 25 μM Ag in 160.1 mM bioprotein, 
50 μM Ag in 140.1 mM bioprotein, 75 μM Ag in 120.0 mM 
bioprotein, and 100 μM Ag in 100.0 mM bioprotein, after 
24 and 48 h of incubation). However, because it has not been 
thoroughly explored previously, the analysis of these data is 
offered here in greater depth, as shown in Table 2.

SAXS analyses for 25, 50, 75, and 100 µM after 24 and 
48 h of incubation indicated that AgNPs presented similar 
values to the AgNPs stock with radius around 14.0 ± 5.0 nm 
(Table 2). In contrast, the analysis of the particle size distri-
bution (Table 2) and raw correlation functions (Supplemen-
tary Fig. 3 of Supplementary Materials) obtained in DLS 
measurements reveals a tendency to increase AgNPs sizes 
compared to the stock ones. As can be seen in this Table 2, 
after 24 h of incubation, the average diameter of nanoparti-
cles tends to increase in comparison to stock nanoparticles 
reaching a maximum diameter at 90.8 ± 11.0 nm to 25 μM 
Ag in 160.1 mM bioprotein. The morphological behavior 
after 48 h reproduces the general tendency found for 24 h of 
incubation being the average diameters of all mixtures larger 
than of stock nanoparticles, starting with, 190.6 ± 5.9 nm for 
25 μM Ag in 160.1 mM bioprotein, until, 78.0 ± 1.7 nm for 
100 μM Ag in 100.0 mM bioprotein as shown in the Table 2. 
The size differences observed between the DLS results 
with respect to SAXS results are not in disagreement but 
instead reveal the presence of an interesting mechanism of 
new “nanoparticle” growth. SAXS is related to the electron 
density between AgNPs and the culture medium [32, 52]. 
Therefore, since the contrast is much higher for silver than 
for the proteins in the culture medium, SAXS mainly detects 
AgNPs nuclei. On the other hand, DLS quantifies the aver-
age diffusion coefficient of the particles and, the larger the 
particle, the slower the diffusion [53]. In this sense, SAXS 
revealed that the core of AgNPs remained monodisperse in 
supplemented DMEM and DLS indicated the accumulation 
of bioprotein agglomerates from the culture medium around 
the nanoparticles, forming a “biomolecular corona,” which 
grows in size as a function of molar concentration and time, 
as shown in Table 2 for the ΔR values. The reduction in zeta 
potential values from 27 to 30 mV and the slight red shift 
of the silver LSPR band from 3 to 4 nm with respect to the 
stock nanoparticle for both times (Table 2) again indicate the 
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adsorption of bioprotein components of culture medium onto 
the nanoparticles to form the protein corona.

To probe the interactions between bioprotein aggregates 
and AgNPs, we performed UV–vis absorption experiments, 
where the absorbance of 75 µM Ag was monitored at 418 nm 
( �max and exclusive LSPR absorption of AgNPs, as shown 
in Fig. 1d) in the absence and presence of DMEM + 10% 
FBS concentration previously used (100.0 – 160.07 mM 
bioproteins) after 24 and 48 h of incubation at 37 °C. The 
absorption spectra of AgNPs in the absence and presence of 
bioproteins are shown in Fig. 4a. The maximum absorption 
wavelength of AgNPs was approximately 422 – 424 nm for 
24 and 48 h, and its intensity clearly increased as the con-
centration of bioproteins also increased. This is because of 
the complex formation between AgNPs and bioproteins [43].

To evaluate the binding between AgNPs and bioproteins, 
the apparent association constant (Kapp) was calculated using 
a Benesi-Hilderband plot (Supplementary Information, sec-
tion Benesi-Hilderband equation). For this purpose, the con-
centration of bioproteins available for bonding was estimated 
to be approximately 0.1% of the original concentrations 
(100.0 – 160.1 mM bioproteins), as described in Section 
“AgNPs-FBS Interactions”. According to the Benesi-Hilde-
brand plot (inserts of Fig. 4a), the Kapp values obtained after 
24 and 48 h were 5.89 ×  105 L  mol−1 and 3.95 ×  105 L  mol−1, 
respectively.

From the Kapp and ΔR values reported for DMEM + 10% 
FBS/AgNPs, we can observe that this system presents a 
better arrangement to adhere molecules around nanopar-
ticles in relation to FBS/AgNPs, showing a larger corona 
radius (Table 2) and greater binding (Fig. 4b). This may be 
because the citrate stabilizer loses its hydrophilic property 
[44]. Studies have reported that hydrophilic ligands lose 
their adsorbed water around the nanoparticles under highly 
saline conditions [54], which occurs with DMEM + 10% 
FBS that presents a higher concentration of salt molecules 
(163 mM) than other biomolecules in solution. In this sense, 
it is possible to suggest that when nanoparticles were incu-
bated in supplemented culture media, the first molecules to 
adhere to the surfaces of AgNPs, changing the negative sur-
face to a positively charged salty surface, were possibly the 
different inorganic salts present in DMEM. These new salt 
shells could stimulate the increased adsorption of bioprotein 

agglomerates on their surfaces, producing a larger ΔR corona 
radius, as shown in Table 2. In fact, studies have reported 
that nanoparticles with positive surface charge attract more 
proteins when compared to negatively charged nanoparti-
cles [45, 46]. The Fig. 4c illustrates the pictorial 3D-model 
that was proposed to illustrate the formation of biocoronas 
structures.

Fluorescence Study of Bioprotein‑AgNPs Corona

Because DMEM/AgNPs presented an aggregation system 
and the FBS/AgNPs complex, compared to DMEM + 10% 
FBS/AgNP, presented low adsorption of molecules around 
the NPs, fluorescence measurements were only used to 
investigate the adsorption process of bioproteins from 
supplemented DMEM with AgNPs [9]. Among aromatic 
acids, tryptophan is the dominant intrinsic fluorophore [55]. 
This intrinsic fluorescence feature of DMEM + 10% FBS 
demonstrates the high sensitivity of tryptophan to its local 
microenvironment. Therefore, upon excitation at a specific 
wavelength, changes in the fluorescence emission spectra of 
tryptophan frequently occur due to conformational changes, 
ligand binding, or any externally added quenchers, such as 
nanoparticles [56].

The fluorescence data acquired at 37 °C and 280 nm of 
excitation wavelength, summarized in the Supplementary 
Fig. 4b of Supplementary Information, revealed that the 
sample 10% FBS showed an emission band in the interval 
between 300 – 550 nm with strong intensity at 344 nm due to 
its tryptophan residues [36], whereas the DMEM presented 
a much lower fluorescence intensity around 334 and 344 nm 
due to its tryptophan residues [55]. When excited under the 
same conditions, DMEM + 10% FBS showed a fluorescence 
emission intensity comparable to that of FBS, peaking at 
344 nm (Supplementary Fig. 4b of Supplementary Informa-
tion), however AgNPs stock did not exhibit any fluorescence 
emission in the experimental wavelength range. Based on 
these results, we can demonstrate that the fluorescence data 
presented in Fig. 5a for 25, 50, 75, and 100 µM of silver 
after 24 and 48 h of incubation and at 37 °C (310 K) mainly 
reflected the information of tryptophan from FBS (bio-FBS 
tryptophan), and that the interference from silver and tryp-
tophans from DMEM could be neglected. A constant amount 
of DMEM + 10% FBS (100.0 mM bioprotein) was used in 
the preparation of these samples, but increasing concentra-
tion of AgNPs (25 – 100 µM) as informed before.

Analyzing Fig. 5a, after 24 and 48 h of incubation, as 
the molar concentration of silver increased in the supple-
mented DMEM solutions, the inner filter correction fluo-
rescence intensity of bio-FBS tryptophans decreased in a 
concentration-dependent manner. These results suggest that 
the surface AgNPs available for bonding may interact with 

Fig. 3  Representative plots: a diameter distribution and b raw cor-
relation function results obtained by DLS; c optical absorption spec-
tra acquired from UV–vis experiments; and d turbidity images. e 
Summary of the main results obtained from the characterization of 
the samples. Key: Plots at left for samples incubated for 24 h and at 
right for samples incubated for 48 h; black lines for AgNPs diluted in 
sodium citrate (stock); dark yellow for DMEM; and cyan, red, green, 
and blue for AgNPs diluted in DMEM at 25, 50, 75, and 100  μM, 
respectively. Abbreviations: PDI, polydispersity index and n. i. indi-
cate unidentified
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bioprotein aggregates and act as quenchers to decrease the 
fluorescence intensity of tryptophan.

A decrease in the fluorescence intensity is called quench-
ing, which may be attributed to a dynamic or static inter-
action between the fluorophore and the quencher [56]. 
Dynamic quenching stems from collisions between the 
quencher and the fluorophore during the lifetime of the 
excited state. Upon contact, the fluorophore in its excited 
state loses its excited energy and returns to the ground state, 
resulting in fluorescence quenching [36]. Static quenching 
results from the formation of a new non-fluorescent com-
plex between the fluorophore and quencher [18]. Because 
the intrinsic fluorescence of bio-FBS tryptophans may be 
quenched by surface silver nanoparticles and to further elu-
cidate the quenching mechanism, the fluorescence quench-
ing data were analyzed using the Stern–Volmer equation 
[19] as follows.

where F0 and F are the steady-state fluorescence intensities in 
the absence and presence of the quencher, respectively; KSV is 
the Stern–Volmer constant; and [Q] is the quencher concen-
tration (surface AgNPs). The surface AgNP concentrations 
were obtained considering that only 4% of the surface atoms 
were accessible for bonding from a stock concentration of 
250.3 µM silver in the solution (Supplementary Materials, 
section “Calculation of 4% of surface atoms accessible for 
binding”). In this sense, 4 µM (rather than 100 µM), 3 µM 
(rather than 75 µM), 2 µM (rather than 50 µM), and 1 µM 

F0∕F = 1 + KSV [Q] = 1 + kq�0[Q]

(rather than 25 µM) were utilized in the equation [57–59]. 
Parameters kq and �0 are the bimolecular quenching rate con-
stant and fluorophore lifetime in the absence of a quencher, 
respectively. The �0 bio-FBS tryptophans were obtained from 
the time-resolved fluorescence experiment as 1.82 ± 0.26 ns 
for 24 h and 1.79 ± 0.19 ns for 48 h.

The corrected Stern–Volmer plots of the fluorescence 
quenching of bio-FBS tryptophans induced by surface 
AgNPs at three different temperatures (300, 305, 310, 
and 315 K), after 24 and 48 h of incubation, are shown in 
Fig. 5b. A good linear relationship between the plots for 24 
and 48 h is presented after using the Stern–Volmer equation 
to perform the correction. The Stern–Volmer plots revealed 
a linear relationship, indicating that only one type of quench-
ing mechanism could exist, dynamic or static. One method 
to distinguish between dynamic and static quenching is to 
investigate the effects of temperature on the interactions of 
AgNPs with bioprotein aggregates. In dynamic quenching, 
a higher temperature results in a faster diffusion rate and 
higher quenching constant (KSV) [43]. In static quenching, 
higher temperatures result in dissociation of the bound com-
plex, thus reducing the quenching constant [43]. Another 
distinction between dynamic and static quenching is the kq 
value. Because dynamic quenching mainly depends on colli-
sion, its kq value is normally limited to the maximum bimo-
lecular quenching constant of 2 ×  1010  mol−1  s−1 [18]. If the 
value of kq is greater than 2 ×  1010  mol−1  s−1, it indicates that 
the quenching mechanism is mainly static quenching [19]. 
The KSV values obtained from the slopes of these plots for 24 

Table 2  Summary of the main results obtained from the characteriza-
tion of the samples of 25 μM Ag in 160.07 mM bioprotein, 50 μM 
Ag in 140.1 mM bioprotein, 75 μM Ag in 120.0 mM bioprotein, and 
100  μM Ag in 100.0  mM bioprotein, after 24 and 48  h of incuba-
tion. Comparing the DLS and SAXS results, we estimated the thick-
ness of the rich corona in biological molecules around the AgNPs 

since the radius of the nanoparticle core, 17.0 ± 2.0 nm, and citrate, 
4.0 ± 1.0  nm, has the same average size, RAgNPs-stock = 21.0 ± 0.4  nm, 
during all the processes. Thus, we can estimate the thickness from 
the differences in the hydrodynamic values of the radius, that is, Δ
R = Rbio-AgNPs—RAgNPs-stock., after 24 and 48 h of incubation

Sample
(µM Ag)

Incubation time

24 h

SAXS
r (nm)

DLS
d (nm)

PDI ZP
(mV)

UV–vis
� max(nm)

ΔR
(nm)

AgNPs stock 17.0 ± 2.0 41.7 ± 0.8 0.14 ± 0.01 -33.6 ± 0.7 418 ± 1 0
25 14.1 ± 4.0 90.8 ± 11.0 0.34 ± 0.08 -6.7 ± 1.3 420 ± 2 24.5 ± 3.1
50 14.4 ± 5.0 88.5 ± 19.9 0.26 ± 0.02 -7.3 ± 1.5 421 ± 3 23.4 ± 1.1
75 14.8 ± 3.0 57.2 ± 1.6 0.28 ± 0.01 -5.9 ± 1.3 420 ± 4 17.8 ± 2.3
100 14.0 ± 4.0 61.4 ± 1.2 0.24 ± 0.01 -6.3 ± 1.2 420 ± 2 10.6 ± 2.0

48 h
AgNPs stock 18.0 ± 1.0 41.0 ± 0.5 0.10 ± 0.02 -33.3 ± 0.3 420 ± 1 0
25 13.4 ± 4.0 170.6 ± 5.8 0.48 ± 0.02 -1.8 ± 0.3 420 ± 4 54.4 ± 3.0
50 14.6 ± 3.0 141.4 ± 2.0 0.25 ± 0.01 -3.4 ± 0.3 421 ± 3 49.9 ± 2.1
75 14.7 ± 4.0 97.5 ± 1.6 0.16 ± 0.01 -4.7 ± 1.4 424 ± 2 28.0 ± 1.8
100 14.0 ± 3.0 78.0 ± 1.7 0.12 ± 0.02 -3.4 ± 0.3 421 ± 3 18.2 ± 1.1
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and 48 h of incubation are listed in Table 3. As can be seen, 
the KSV values decreased with increasing temperature and 
the values of kq were greater than the limiting diffusion rate 
constant of the biomolecules (2 ×  1010  mol−1  s−1), indicating 
that the quenching mechanism of bio-FBS tryptophans by 
surface AgNPs is mainly static quenching.

The ultimate method for distinguishing between static 
and dynamic quenching is the measurement of fluorescence 
lifetimes [36]. Therefore, the quenching mechanisms for 
the interaction of AgNPs surface with bioproteins aggre-
gates were further confirmed by lifetime measurements in 
this work. The time-resolved fluorescence curves for 25, 
50, 75, and 100 µM silver and supplemented DMEM after 
24 and 48 h of incubation at 37 °C are presented in Fig. 5c. 
As shown in the figure, there was no discernible difference 
in the decay curves of bio-FBS tryptophan with increasing 
molar concentration of AgNPs. Surface AgNPs had little 
effect on the fluorescence lifetime of bio-FBS tryptophan, 

which was the sum of the exponential decay, �2 , close 
to 1.00, for all silver concentrations (Table 4). For static 
quenching, the fluorescence lifetime of the fluorophore is 
not affected during complex formation [36]. Consequently, 
it can be concluded that the quenching mechanism of 
bio-FBS tryptophan by the silver nanoparticles is static 
quenching, which is due to the adsorption of bioproteins 
on the surface of AgNPs and the formation of the corona 
as shown in Fig. 4d.

For the static quenching process, under the assumption 
that bioprotein agglomerates and AgNPs from the surface 
form a stable complex, the binding parameters, Kb and n, 
may be calculated using a double logarithmic plot through 
the following equation [19]

where the binding constant Kb predicts the stability of 
the complex and the binding number n the degree of 

log((F0 − F)∕F) = log(Kb) + n. log([Q])

Fig. 4  a Absorbance spectra of AgNPs (75  μM) with bioprotein 
(100.0 – 160.1  mM). Inserts: Benesi-Hildebrand plot for complexa-
tion between bioproteins and AgNPs, considering that approximately 
0.1% of the bioproteins were available for bonding compared to the 

original concentrations. b Apparent association constants Kapp for 
the interactions of the AgNPs with molecules from DMEM, FBS and 
DMEM + 10% FBS. c Schematic illustration of the bioprotein/AgNP 
interactions and protein corona formation phenomena
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cooperativity with which the protein binds to the surface 
of AgNPs [19].

The results of binding parameters for 24 and 48 h, sum-
marized in Fig. 6d and Table 3, indicated that the bio-
protein/AgNP system presented binding affinities of Kb 
order of magnitude  105  M−1. At 37 °C, we can observe 
that Kb matches the results of the UV–visible spectra 
study at 5.89 ×  105  M−1 and 3.28  105  M−1 for 24 and 48 h 
respectively. The n-values were obtained approximately 
equal to 1, indicating a positive cooperative interaction 
and bioprotein aggregates presenting only a single bind-
ing site for AgNPs [36]. Sharma et al. [43] and Waghmare 
et al. [19], reported Kb values for the γ-globulin/AgNPs 
and albumin/AgNPs systems in the magnitude order of 
 105 –  1012   M−1, which was higher than the bioprotein/
AgNPs system obtained in this work. The reason could be 
the borohydride stabilizer and the 50 nm nanoparticles that 
they used [19, 43]. In fact, Wang et al. [60] showed that 
different stabilizers (citrate, cysteine, PEG, and CTAB) 
and NPs sizes in the Albumin/AuNP system presented Kb 
values in the magnitude order of  108 –  1010  M−1. In con-
clusion, we believe that Kb is related to the particle size of 
AgNPs, synthesis methods, and quencher-protein systems.

The increase of Kb values with the increase of tempera-
tures indicates that the interaction between the bioprotein 
aggregates and AgNPs surface is endothermic. The results 
were validated by enthalpy change as shown in the Sup-
plementary Fig. 5 and Supplementary Table 2 of Supple-
mentary Information. The incubation of the bioprotein/
AgNP system at 37 °C (310 K) to simulate the cellular 
environment resulted in a slight decrease in the binding 
constant Kb for 48 h when compared with 24 h. It is known 
that proteins with higher binding affinities form the ‘‘hard” 
corona that is more tightly bound to the surface as com-
pared to the lower binding affinities ‘‘soft” corona forming 
proteins [61]. In this sense, the Kb values at 48 h could 
corroborate our assumption that the increase in bioproteins 
aggregates on the surface of the nanoparticles after 48 h of 
incubation is characterized by soft coronas.

The thermodynamic parameters used to study the interac-
tion forces involved at the interface of the biocorona, as well 
as the mode of interaction between bioprotein aggregates 
and AgNPs, can be ΔH > 0 and ΔS > 0, through hydrophobic 
forces; ΔH < 0 and ΔS < 0, van der Waals interactions and 
hydrogen bonds; ΔH > 0 and ΔS < 0, electrostatic interac-
tion [62]. If the thermodynamic parameters ΔH (enthalpy 
change) and ΔS (entropy change) undergo slight changes 
over the investigated temperature range, ΔH and ΔS can be 
determined using the van’t Hoff equation.

where Kb is the binding constant at the corresponding tem-
perature, T is the temperature in Kelvin, and R is the gas con-
stant (8.3144621 J/molK). The thermodynamic parameters 
are derived from the slope and intercept of the linear van’t 
Hoff plots. The Gibbs free energy ΔG can be calculated as

The van’t Hoff plot was used for the interaction of bio-
protein aggregates and AgNPs surface at the corresponding 
temperatures (Supplementary Fig. 5), and the thermody-
namic parameters are presented in Supplementary Table 1 
of Supplementary Materials. The negative Gibbs free energy 
(ΔG) changes at -34.1 kJ/mol for 24 h and at -32.8 kJ/mol for 
48 h of incubation times, indicating the spontaneity of the 
binding of bioprotein aggregates to the AgNPs surface. The 
change in enthalpy of the corona at 26.7 kJ/mol for 24 h and 
at 38.0 kJ/mol for 48 h represents an increase in intermo-
lecular bond energies during the binding process, whereas 
the change in entropy following corona formation at 196.1 J/
mol.K for 24 h and 228.5 J/mol.K for 48 h results in a change 
in the system disorder. We observed that ΔH > 0 and ΔS > 0, 
suggesting that the binding process is entropy-driven and 
endothermic. Hence, endothermic and entropy-driven pro-
cesses are associated with hydrophobic forces [62]. In addi-
tion, the positive values of ΔH and ΔS contributed to the 
negative values of ΔG. Therefore, we conclude that hydro-
phobic interactions are probably the main forces in the bind-
ing of bioprotein aggregates to AgNPs from the surface and 
the interaction is driven by enthalpy and entropy. Similar 
behaviors were observed for the association between albu-
min and silver nanoparticles, γ-globulin, and hemoglobin 
with gold nanoparticles [18, 19].

Cytotoxicity of the AgNPs/bioprotein Complex

Current research results indicate that the inherent cytotoxic-
ity of AgNPs may be a useful tool to control biological cell 
activities through its impact on metabolic functions during 
the cutaneous healing process [5, 6]. The biological response 

log(Kb) = −△ H∕RT +△S∕R

△G = △H − T .△ S

Fig. 5  Representative plots a Steady-state fluorescence emission 
spectra; b Stern–Volmer plot; c time-resolved fluorescence decay 
profile; and d double logarithmic plots for the bio-FBS tryptophan of 
DMEM + 10% FBS in the absence and presence of AgNPs after 24 
and 48 h of incubation. Key: Pink lines for DMEM + 10% FBS (con-
stant amount of 100  µM bioprotein); cyan, red, green, and blue for 
AgNPs diluted in supplemented DMEM at 25, 50, 75, and 100 μM, 
respectively. For Steady state and time-resolved fluorescence the 
results are presented at 37 °C (310 K), whereas for Stern–Volmer and 
double logarithmic plots the quenching fluorescence at 300, 305, 310 
and 315  K with the molar concentration of silver atoms in surface 
available for bonding, 4 µM, 3 µM, 2 µM and 1 µM. Excitation at �
ex = 280 nm for Steady-state Fluorescence. Excitation at �ex = 280 nm 
and emission at �em = 350 nm for time-resolved fluorescence

◂
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to nanoparticle cytotoxicity can be either enhanced or dimin-
ished by the size of the corona as well as the concentration 
and incubation time [25]. To evaluate the cytotoxic effect 
of the bioprotein/AgNP complex on cellular growth, we 
compared the cytotoxic response of microvascular endothe-
lial cells (HUV-EC-C), human fibroblast cells (FN1), and 
murine macrophages (RAW 264.7) after protein corona 
formation.

The cellular growth results are presented in Fig. 6a as 
dose–response curves dependent on the concentration 
and cell exposition time obtained from Neubauer cham-
ber assays. As can be seen when we plotted the num-
ber of viable cells as a function of AgNPs concentration, 
“Ncells × [AgNPs]” for 24 and 48 h, the bioprotein/AgNP cell 
exposure are inducing a systematic decrease in the number 
of cells as the increase the AgNPs concentration, indicat-
ing dose-dependent inhibition of cell proliferation and cell 
death, and thus demonstrating the effective cytotoxicity of 
AgNPs. When we calculate the percentage reduction of via-
ble cells for each silver molar concentration, the obtained 
results revealed that the cell lineages showed different cyto-
toxic responses to exposure to nanoparticles, depending on 
the concentration and time of incubation. For instance, the 

results in Fig. 6b, demonstrated that [AgNPs] = 75 � M for 
24 h and [AgNPs] = 50 � M for 48 h resulting in an aver-
age decrease of cell populations, relative to the control, of 
50% and 47% for FN1, 57% and 54% for HUV-EC-C, and 
45% for RAW 264.7. As can be seen in these data, the FN1 
and HUV-EC-C cell lineages exhibited different changes in 
cell populations compared to RAW 264.7. This behavior is 
expected because cells would resist the cytotoxic effects of 
AgNPs in different ways, depending on their genetic poten-
tial [5, 6].

Although we did not conduct specific experiments to 
determine the exact mechanism of AgNPs toxicity, studies 
have indicated that it is produced by the process of AgNPs 
absorption by cells [63], which enables us to propose the 
following explanation. Because the bioprotein/AgNP com-
plex is always the same in all cell lines, that is, they contain 
the same amount of AgNPs and have the same thickness as 
the bioprotein corona for each molar concentration in sup-
plemented DMEM, we can expect these bioprotein agglom-
erates to have an affinity for the receptor proteins on the 
cell membrane [13, 64], as illustrated in Fig. 6c. Hence, the 
observed changes in cellular proliferation may be related to 
AgNPs cytotoxicity through the process of cell ingestion 
and subsequent release of silver ions into the cytosol, which 
would trigger the cytotoxic mechanism identified as dose- 
and time-dependent.

The morpho-electric characteristics and binding mecha-
nism of the bioprotein/AgNP complex, related to their spher-
ical size, positively charged salty surface [45, 46], endother-
mic and entropy processes in association with hydrophobic 
forces, seem to be important factors that define the degree of 
internalization of the bioprotein/AgNP complex inside of the 
cells, justifying themselves as key factors in cytotoxic stud-
ies [65]. The viability assays results revealed that concentra-
tions in the range of 75 � M ≤ [AgNPs] ≤ 100 � M, where 
the bioproteins/AgNPs have smaller corona thicknesses 
(Table 2), tend to be more easily internalized by cells than 
larger thicknesses, triggering major changes in viable cells 
such as proliferation rates. Incubation time also contributes 
by affecting cells through cytotoxicity once the percentage 

Table 3  Binding and quenching parameters for complexation between 
bioproteins and AgNPs from the surface after 24 and 48 h of incu-
bation times. Key: The parameters were calculated using the con-

centration of atoms available for bonding would be: 4  µM (instead 
of 100 µM), 3 µM (instead of 75 µM), 2 µM (instead of 50 µM) and 
1 µM (instead of 25 µM)

Temp. (K/oC) Quenching parameters Binding parameters

KSV  (105  M−1) kq  (1014  s−1  M−1) Kb  (105  M−1) n

24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h

300 / 27 2.35 ± 0.04 2.21 ± 0.02 1.29 ± 0.04 1.23 ± 0.03 4.03 ± 0.11 2.04 ± 0.15 1.00 ± 0.02 1.02 ± 0.01
305 / 32 2.12 ± 0.09 2.04 ± 0.01 1.16 ± 0.03 1.13 ± 0.01 5.49 ± 0.10 2.83 ± 0.11 1.04 ± 0.01 1.02 ± 0.01
310 / 37 1.90 ± 0.07 1.67 ± 0.03 1.04 ± 0.03 0.93 ± 0.05 6.09 ± 0.25 3.56 ± 0.23 1.08 ± 0.07 1.05 ± 0.07
315 / 42 1.51 ± 0.03 1.37 ± 0.05 0.82 ± 0.02 0.76 ± 0.02 6.85 ± 0.12 4.23 ± 0.15 1.10 ± 0.02 1.07 ± 0.01

Table 4  Time-resolved parameters of the bio-FBS tryptophan of 
DMEM + 10% FBS in the absence and presence of AgNPs after 24 
and 48 h of incubation at 37 °C. Key: 0 μM for DMEM + 10% FBS 
(constant amount of 100 mM bioprotein), and 25, 50, 75, and 100 μM 
for AgNPs diluted in DMEM + 10% FBS. τ is the fluorescence life-
time and the magnitude of �2 denotes the goodness of fit. Excitation 
at �

ex
 = 280 nm and emission at �

em
 = 350 nm

AgNPs (µM) Incubation time

24 h 48 h

τ (ns) � 2 τ (ns) �2

0 1.82 ± 0.26 1.32 1.79 ± 0.19 1.18
25 1.73 ± 0.19 1.31 1.70 ± 0.14 1.17
50 1.77 ± 0.24 1.29 1.71 ± 0.09 1.14
75 1.81 ± 0.19 1.25 1.75 ± 0.18 1.11
100 1.85 ± 0.14 1.16 1.64 ± 0.14 1.31
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Fig. 6  a The number of viable cells counts in the Neubauer cham-
ber and b general summary of statistical data analysis from univari-
ate approaches, showing the percentage reduction of viable cells and 
lethality zone for FN1, HUV-EC-C and RAW 264.7 cells exposed to 
different silver molar concentrations and times of exposure. c Illus-
trative model of the process of internalization of the 3D bioprotein/
AgNPs complex in cells through interaction with the cell membrane 
receptor proteins. Key: Viable cell levels were expressed as percent-

ages and normalized considering the control sample (free nanoparti-
cles) as 100% (values expressed in percentages). Arrows up and down 
show tendencies to increase or decrease levels, and the results are tab-
ulated for different cell lineages. Different letters inserted below the 
percentage values indicate statistical differences by Fisher’s pairing. 
The comparisons considered 95% as the confidence level parameter 
(p < 0.05)
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of viable cells was significantly reduced at 48 h compared to 
24 h. Although the bioproteins/AgNPs presented an increase 
in the corona thickness over the time (Table 2), the time-
dependent cytotoxicity could be explained by the longer 
interaction time between the bioproteins and cell membrane 
receptor proteins, which also favors greater ingestion of the 
nanoparticles by cells. However, we have to be aware that 
longer incubation periods also imply depletion of cell culture 
medium components and thus contribute to cellular death.

To conclude, as concerning cytotoxicity, the cell lineages 
presented different dose intervals for distinct times, where 
they are losing half of their viable cell population. From this 
one point backward (to minor dosages), the possibility that 
these immortalized cell lineages can recover cell confluence 
remains latent once cell culture conditions free of nanopar-
ticles are provided and regulated. Although this work does 
not provide assays that specifically address this question, the 
current argument remains plausible; therefore, we can use 
these intervals of cytotoxicity: [AgNPs] < 75 µM for 24 h and 
[AgNPs] < 50 µM for 48 h. These classifications, in principle, 
could help us control the cell population through the cyto-
toxic potential of bioprotein/AgNPs complex, which could 
be used to our advantage by promoting cell populations that 
will favor, for instance, in processes such as inflammation or 
remodeling during skin wound healing [5, 6].

Conclusions

In the present work, we investigated the morpho-electric 
characteristics of silver nanoparticles in DMEM, FBS and 
DMEM supplemented with 10% FBS at different molar con-
centrations and incubation times. We also investigated the 
binding mechanism of biomolecules and proteins adsorbed 
on AgNPs surfaces, as well as their cytotoxic effect in FN1, 
HUV-EC-C, and RAW 264.7 cell lineages. Our results sug-
gest that the inorganic salts of DMEM help achieve a strong 
interaction between AgNPs and bioprotein aggregates of 
DMEM + 10% FBS, leading to the formation of biomolecu-
lar coronas around the nanoparticles, thus forming a new 
stable entity called bioproteins/AgNPs. This entity presents 
variations in corona size that depend on the concentration 
and incubation time, but not on the hard core of AgNPs. 
A pictorial 3D-model was proposed in order to illustrate 
the formation of biocoronas structures showing the differ-
ent layers of molecules and silver nanoparticles as well as 
the order of the interactions among them, starting from pro-
teins in the first shell, then the amino acids and organic salts 
that create a link between these proteins and the immutable 
hard core of the AgNPs. Additionally, binding constants of 
AgNPs from the surface with bioprotein aggregates were 
estimated in the range of  105  M−1 at 300, 305, 310, and 
315 K. Besides, the thermodynamic analysis showed that 

hydrophobic interactions are the main interaction forces for 
the bioprotein/AgNP system and the interaction is driven 
by enthalpy and entropy. From a cytotoxicity point-of-view 
of biomolecular coronas, the studied cell lineages presented 
a systematic decrease in their population when the number 
of nanoparticles increases and the diameter of the corona 
decreases in the solutions of supplemented culture medium.
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