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The graphene oxide (GO)-silver nanoparticles (AgNPs) hybrid material (GO-AgNPs) has
garnered significant interest due to its ability to combine the unique properties of GO and AgNPs,
showing promise applications in biomedicine, nanocomposites, biosensors, and antimicrobial
materials. However, further investigation is needed to understand the nanobio-interactions and
toxicity of GO-AgNPs nanohybrid. Assessing the toxicity of GO-AgNPs on red blood cells
(hemolysis) and its interactions with blood biomolecules (biocorona formation) is mandatory
for biomedical applications and safety evaluation of this material. In this work, we investigate
the biocorona formation associated with GO-AgNPs after interaction with human plasma and
hemolysate biomolecules linked to its hemolytic effects. Both GO and GO-AgNPs exhibited a
dose-dependent hemolytic effect, with GO-AgNPs showing three times greater hemolysis than
GO. Nonetheless, biocorona formation fully mitigated the hemolytic effect of both materials,
however, morphological damages in red blood cells may occur yet. Our findings show that biocorona
formation dramatically changes the surface chemistry, colloidal behavior and toxicity of this
hybrid material. Finally, this work contributes to understanding how graphene-silver nanoparticles
interact with blood components to design strategies to minimize toxicity risks and enhance their
applications in biomedicine and nanobiotechnology.
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Introduction decorate with other nanoparticles (NPs) and/or organic

coatings, improving or giving new functionalities to the

Graphene oxide (GO) has attracted interest in many
biomedical applications such as antimicrobial materials,
biosensors, composites, drug delivery systems, and
others.!” GO is a two-dimensional carbon material
with hexagonally arranged atoms, forming a graphene
monolayer characterized by hydrophilic oxygenated
functional groups.** GO is a platform to functionalize or
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nanohybrid.*® GO-silver NPs hybrid material (GO-AgNPs)
has garnered significant interest as it combines the unique
properties of both GO and AgNPs, resulting in a nanohybrid
with enhanced and/or new functionalities compared to its
pristine precursors.'%

The combination of GO and AgNPs has shown promising
applications across various fields.” Therefore, the production
of this hybrid material has been increasingly encouraged.
Consequently, the concerns about their toxicity have grown.
It is known that the toxic profile of nanohybrids could
differ from their counterparts. For instance, Zhou et al.*!
reported that GO-AuNPs (GO-gold NPs hybrid material)
and GO-AgNPs exhibited higher cytotoxicity to A549 and

This is an open-access article distributed under the terms of the Creative Commons Attribution License.
BY


https://orcid.org/0009-0000-4431-3277
https://orcid.org/0000-0003-0562-0404
https://orcid.org/0000-0003-2343-0153
https://orcid.org/0000-0002-1824-6530
https://orcid.org/0000-0002-8133-6264
https://orcid.org/0000-0002-7137-0071
https://orcid.org/0000-0002-3113-2597
https://orcid.org/0000-0002-0086-3055

Azevedo et al.

HepG2 cancer cells than AuNPs and AgNPs. Additionally,
Tang et al> demonstrated a greater antimicrobial activity of
GO-AgNPs than AgNPs. This increased effectiveness was
attributed to the disruption of the Escherichia coli cell wall
and the inhibition of cell division in Staphylococcus aureus.
Therefore, even though the toxic profile of GO and AgNPs
have been reported, the risks associated with GO-AgNPs
still need further investigation.

The use of GO-AgNPs for biomedical applications
has been standing out.®'>'® For example, Zhou et al."
showed the potential of this material as a wound healing
material with antimicrobial properties. As the circulatory
system is the gateway to the human body, it is necessary
to understand the interactions that nanomaterials (NMs)
will have with blood components, their biocompatibility
and safety aspects, especially when considering biomedical
applications.”*?

The human blood is a complex physiological
environment, comprising approximately 55% plasma,
45% red blood cells (RBCs) and less than 1% buffy
coat (platelets and leukocytes). The plasma, the most
abundant component in blood, is comprised of 91% water,
7% proteins and > 2% electrolytes, vitamins, metabolites,
and others. More than 200 proteins are identified in human
plasma, with albumin (molecular weight of approximately
66.5 kDa) being the most abundant protein.’*?’ Besides,
the RBCs durability in the bloodstream is approximately
120 days, after this time, cell lysis occurs (process
denominated hemolysis) and releases the hemoglobin (Hb),
lipoproteins and membrane lipids, among others, from the
intracellular environment.?®? Thus, when NMs enter the
circulatory system, they can interact with biomolecules
in the blood, spontaneously, forming a coating on their
surface, called biocorona (composed of soft and hard
corona).***? The biocorona provides a biological identity to
the NMs and the composition of this coating can influence
their physicochemical properties.*** Furthermore, the
coating of biomolecules formed on the NMs surface will
become the first surface of contact with cells, modulating
their biological response.*

An important tool for evaluating nanotoxicity is the
hemolysis assay, an easy and low-cost assay that provides
relevant information about the toxicity of NMs. This
assay quantified the release of Hb after RBCs interaction
with NMs.*** The effect that NM can cause on cells can
be strongly related to its physical-chemical properties.
Therefore, an integrated material characterization is
essential to understand the toxicological impact of NMs;
including information about particle composition, size
distribution, shape, surface charge, surface area, surface
chemistry, and aggregation, among others.*

2of 14

Biocorona Formation and Hemolytic Effects of Graphene Oxide-Silver Nanoparticles

In this work, we investigate the biocorona formation
on GO-AgNPs nanohybrid linked to its hemolytic effect
for the first time. To date, studies on the interaction of
NMs with the hemolysate biomolecules (i.e., a pool of
biomolecules released by RBCs during hemolysis) have
been neglected. Consequently, two types of biocorona
were examined: plasma biocorona, as it represents
the predominant component in blood, and hemolysate
biocorona. The interaction among materials, biomolecules
and cells was characterized by biochemical, spectroscopical
and microscopical techniques.

Experimental
Nanomaterials synthesis

The GO and GO-AgNPs were synthesized and
characterized in detail in previous work by
de Medeiros et al.' Briefly, the GO was synthesized by the
modified Hummers method, which involves the oxidation
and exfoliation of graphite using H,SO, and KMnO,. For
the GO-AgNPs, the silver ions (Ag*) were reduced using
NaBH, in the presence of GO.

Biomolecules stocks preparation

Human plasma and RBCs concentrated (type AB*)
were provided by the Hemocenter (research project
No. 40230002) from the Universidade Estadual de
Campinas (UNICAMP, Brazil). The research project was
previously submitted to Plataforma Brasil to obtain these
biological fluids and evaluated by the UNICAMP Research
Ethics Committee (Ethical assessment of research project
No. 62880022.0.0000.5404). To separate the plasma lipid
fraction and prepare plasma protein stocks, an aliquot
was centrifuged (ROTINA 380 R centrifuge, Hettich,
Tuttlingen, Germany) at 14,000 rpm for 30 min at 4 °C.
For the hemolysate preparation, RBCs were centrifuged
at 10,000 rpm for 10 min at 4 °C twice to remove the Hb
released naturally in the RBC due to storage time. Then,
the pellet was diluted with ultrapure water (UPW) and left
under magnetic stirring for 1 h. The sample was centrifuged
at 14,000 rpm for 30 min at 4 °C to separate the lipid
membrane debris from the hemolysate. The concentration
of proteins in the plasma and hemolysate was measured by
Bradford (Sigma-Aldrich, Saint Louis, USA), and a stock
with the concentration of 10 and 5 mg mL"' of plasma and
hemolysate were prepared. Both plasma and hemolysate
supernatant were collected and the stock of proteins was
stored at —20 °C.
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Biomolecules adsorption assay

For the adsorption assay, NMs were incubated with
either plasma or hemolysate for 1 h at 37 °C, followed
by centrifugation at 10,000 rpm for 10 min at 4 °C. After
centrifugation, for plasma adsorption assay, 5 uL of
supernatant was transferred to a 96-well plate and 250 pL
of Bradford was added, and after 20 min of incubation,
absorption at 595 nm was obtained by reading the
ultraviolet-visible (UV-Vis) spectrum on a Multiskan GO™
microplate spectrophotometer (Thermo Fisher Scientific,
Vantaa, Finland). For the hemolysate adsorption assay, as
the biofluid was bright red, the adsorption was obtained by
reading the supernatant at 540 nm in UV-Vis. Phosphate-
buffered saline (10 mmol L) (PBS; Invitrogen, Frederick,
USA) and a biomolecules dispersion at 1.0 mg mL"! (plasma
or hemolysate) were used as positive control (PC) and
negative control (NC), respectively.

Biocorona formation and characterization

The methodology used for the biocorona formation on
the GO and GO-AgNPs surface was based on Rahman ez al.*!
GO and GO-AgNPs dispersions (0.1 mg mL™") were
incubated with either 1.0 mg mL"' of plasma proteins or
hemolysate in a thermoblock system (Thermomixer C,
Eppendorf, Hamburg, Germany) for 1 h at 4 °C. After
incubation, the NM were centrifuged at 14,000 rpm for
1 h at 4 °C, followed by three washing steps (14,000 rpm
for 30 min at 4 °C) with 1 mmol L' of PBS. The
NM@biocorona complexes formed were stored at 4 °C
and used within three days for further characterization
and hemolysis assay. GO and GO-AgNPs coated
by plasma proteins were designated GO@P and
GO-AgNPs@P, respectively, whereas the coated NMs
with hemolysate were named GO @H and GO-AgNPs@H,
respectively. Furthermore, the biocorona formation was
confirmed by sodium dodecyl-sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and the protein profile
of the hard corona was evaluated. Briefly, 40 uL of
2x Laemmli sample buffer (Bio-Rad, Hercules, USA) and
10 uL of dithiothreitol (DTT; Sigma-Aldrich, Saint Louis,
USA) were applied to break the proteins bands and the
samples were sonicated for 2 min and incubated at 99 °C for
3 min. Then, 10 L of the samples were loaded on SDS-PAGE
polyacrylamide gel (4% stacking gel and 15% loading gel)
and 5 puL of molecular weight standard (Precision Plus
Protein™ Kaleidoscope™ standards, Bio-Rad, Hercules,
USA). Proteins extracted from plasma and hemolysate were
added to the gel as a control. The gels were stained with
Coomassie blue and scanned for biocorona profile analysis
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(Epson ImageScanner III, GE Healthcare, Tokyo, Japan).
Herein, the GO and GO-AgNPs coated with plasma
proteins and hemolysate were evaluated using different
characterization techniques. To evaluate the shape,
thickness, and roughness of NMs, surface topography
images were performed by atomic force microscopy
(AFM; MultiMode 8-HR, Bruker, Santa Barbara, USA)
in ambient conditions with a Nano Scope 5 controller and
using PeakForce Tapping technology. The images obtained
were processed in Gwyddion software (version 2.61)*
and analyzed by ImageJ software.** Surface chemistries
were analyzed by X-ray photoelectron spectroscopic
(XPS; Thermo Fisher Scientific, Waltham, USA) using a
monochromated, micro-focused, low-power Al K-Alpha
X-ray source. The XPS data was processed in Thermo
Avantage Data System (version 5.957). Fourier-transform
infrared spectroscopy (FTIR) model IRSpirit (Shimadzu,
Kyoto, Japan) with attenuated total reflectance (ATR)
was used to obtain semi-quantitative information on the
chemical groups present on the surface of the NMs.

For the colloidal stability of GO and GO-AgNPs (with
and without biocorona), the absorbance was monitored from
0 to 60 min. Dispersions (1 mL) of GO and GO-AgNPs
at 150 pg mL"' were prepared in triplicate in UPW or
10 mmol L' of PBS. Then, the supernatant (100 uL) was
collected following settling at each time interval (15 min) and
the absorbance was measured by UV-Vis microplate reader at
400 nm. The assays were carried out in independent triplicates.

Hemolytic assays

Briefly, the RBCs were centrifuged at 10,000 rpm for
10 min at4 °C, the supernatant was discarded, and the pellet
was washed three times by resuspending it in 10 mmol L-!
of PBS. Then, an RBCs suspension (V,, = 1 mL),
consisting of 1% (v/v) RBCs in PBS, was prepared and
incubated for 1 h at 37 °C with GO or GO-AgNPs (with
and without biocorona), with a concentration range from
25to 150 pg mL". A PC (100% hemolysis) was prepared to
break the erythrocyte membrane using a hypotonic medium
(UPW) and an NC (without hemolysis) with RBCs was kept
in PBS. After incubation, the microtubes were centrifuged
at 10,000 rpm for 10 min at 4 °C and 100 pL of supernatant
of each sample was transferred to a 96-well plate. This
assay was carried out in triplicates. The Hb release was
read at 540 nm in UV-Vis and the hemolysis percent was
calculated following the equation 1:

( sample | (negative control)
ab.s.orbance absor?oance <100 (1)
(posmve control) _ ( negative control)

absorbance absorbance

Hemolysis (%) =
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Red blood cells morphology

The RBCs morphology after NMs interaction was
evaluated by high-quality phase contrast microscopy
(HQPCM; Primostar 3, ZEISS, Jena, Germany) and
scanning electron microscopy (SEM; FEI Quanta 650
FEG, Thermo Fisher Scientific, Brno-Cernovice, Czech
Republic). For HQPCM evaluation, RBCs were incubated
at 37 °C for 1 h with GO and GO-AgNPs (with and
without biocorona) at 100 pg mL'. The RBCs incubation
procedure was the same as that used for the hemolysis
assays. After incubation, the samples were slowly
homogenized, and 10 pL were collected and dripped
onto a slide to perform a blood smear. The slides were
evaluated by HQPCM under a 40x magnification lens and
the images were captured by the ZEISS software. The
RBCs diameter was measured using ImageJ software.*
Sample preparation for SEM analysis was based on the
modified protocol of Geekiyanage et al.** The RBCs
were suspended in 15 mmol L' of NaCl solution and
adhered on poly-D-lysine coated slides. Subsequently
samples were washed twice with NaCl solution and
incubated in cacodylate buffer 0.1 mol L. Afterwards,
the slides were washed once in UPW and dehydrated in
10 min steps of growing ethanol concentrations followed
by 24 h incubation in hexamethyltiisilizane (HMDS) to
complete dehydration. The dehydrated samples were
transferred to an aluminum stub and coated with a thin
carbon film (carbon evaporator, SCD 050, Bal-Tec) of
approximately 10 nm. The images were acquired at
different magnifications by SEM, operated with a beam
acceleration voltage of 2 kV, using an Everhart-Thorley
type secondary electron detector.

Data analysis

Data from hemolysis and adsorption were
analyzed statistically using OriginPro 2022b software
(version 9.95).% All data were first tested for normality
using the Kolmogorov-Smirnov test and for homogeneity
of variance by Brown-Forsythe test. When parameter
assumptions of normal distribution were met, analysis of
variance (ANOVA) was followed by Tukey’s post hoc test
to compare data. As the assumptions were unmet, data
were analyzed by Kruskal-Wallis non-parametric test
followed by Dunn’s post hoc test of multiple comparisons.
In the case of the hemolysis results of GO, GO-AgNPs@P
and GO-AgNPs@H, the assumptions of homogeneity of
variance were not met. However, ANOVA is robust to
violations of the assumption of homogeneity of variance
when the sample sizes are equal, thus we proceed with
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the analysis.*® The results were expressed as mean + SD
(standard deviation) and the statistical significance adopted
were p < 0.05.

Results and Discussion
Biomolecule adsorption and hard corona profile

Due to their large surface area NMs have a high
potential to adsorb biomolecules. Our results showed
that both GO and GO-AgNPs can adsorb biomolecules
present in the plasma and hemolysate, being this adsorption
dose-dependent (Figures la and 1b). Besides, statistical
analysis showed that GO has a higher potential to adsorb
plasma proteins than hemolysate. The same cannot be said
for GO-AgNPs, for which the adsorption of plasma and
hemolysate biomolecules was not statistically different.
In the C Is high-resolution XPS spectra we observed a
decrease in the signals of epoxy/hydroxyl groups (C-O)
and carboxyl/ester groups (C=0) when comparing GO
and GO-AgNPs, indicating a reduction in the oxygenated
groups of GO-AgNPs (Figure 2 and Table S1, presented
in the Supplementary Information (SI) section). The
oxygenated groups present on the NMs surface are used
as binding sites for biomolecules, e.g., plasma proteins. 34’
Thus, explaining the lower biomolecule adsorption
observed in GO-AgNPs exposure.

We also analyzed the protein profile of the acquired
hard corona coatings of the NMs by SDS-PAGE (Figures 1c
and 1d). Although albumin is the most abundant protein
in plasma, it is not the most intense protein band observed
in the hard corona profile of GO@P and GO-AgNPs@P
(Figure 1c). This occurs because the physicochemical
characteristics of each NM surface influence the degree
of NM-biomolecule affinity.* In the case of the GO@H
and GO-AgNPs@H, the profile observed was similar to
the profile of the hemolysate, where an intense band was
observed between 15 to 10 kDa, this band can be assigned
to the Hb monomer (Figure 1d).

Surface physicochemical changes after biocorona formation

Topographic analyses by AFM (Figure 3 and Figure S1,
SI section) showed an increase in the thickness and
roughness of the NMs@biocorona complexes in relation
to bare GO and bare GO-AgNPs. An increase in GO and
GO-AgNPs height of approximately 4.0 and 7.0 nm,
respectively, was observed after biocorona formation. Both
GO-AgNPs@P and GO-AgNPs@H showed a significant
increase in thickness and roughness compared to GO@P
and GO@H. However, no significant difference was
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Figure 1. Protein adsorption (in %) on GO (a) and GO-AgNPs (b) after incubation with plasma and hemolysate. PC stands for only PBS and NC stands for
only dispersed proteins. SDS-PAGE gels of proteins extracted from the hard corona of GO and GO-AgNPs with plasma proteins (c) and hemolysate (d).
Two-way ANOVA followed by Tukey’s post hoc test; different letters indicate significant differences (p < 0.05). PC: positive control, PBS: phosphate-
buffered saline, NC: negative control, SDS-PAGE: sodium dodecyl-sulfate polyacrylamide gel electrophoresis.

observed between GO@P and GO@H, as well as between
GO-AgNPs@P and GO-AgNPs@H.

The changes on the surface composition of the GO
and GO-AgNPs after biocorona formation were analyzed
by XPS (Figure 2 and Table S1, SI section). In the survey
spectrum for NMs @biocorona complexes, the appearance
of N 1s signals indicates the presence of biomolecules rich
in nitrogenated and amino groups (Figures 2b-2c, 2e-2f).
Similarly, the increase in the C 1s/O 1s intensity ratio on
GO@P, GO@H, GO-AgNPs@P, and GO-AgNPs@H
survey spectra indicate the increase of less oxidated
organic matter adsorbed on the NMs surface, which
corroborates with the biocorona formation in these
surfaces (Figures 2b-2c, 2e-2f). In GO and GO-AgNPs
survey spectra after biocorona formation (Figures 2a-2f),
the oxygen percent on NMs surface was significantly
reduced whereas nitrogen percent increased. Besides, a
reduction in available silver was observed on the surface
of GO-AgNPs@P and GO-AgNPs@H in relation to
GO-AgNPs, due to the complete coating of their surface
by biomolecules, as observed in the AFM images
(Figures 3d-3f and Figures S1b, S1d, S1f, SI section). The
deconvolution of GO@P, GO@H, GO-AgNPs@P, and
GO-AgNPs@H C 1s high-resolution XPS spectra show
signals of —C—C- (aliphatic carbon), C-O and C=0, at

J. Braz. Chem. Soc. 2024, 35, 12, e-20240148

284.9,286.3 and 288.1 eV, respectively (Figures 2g-21). The
reduction of signal intensity in 286 and 288 eV indicates a
reduction of the oxidized groups on the chemical surface
of these NMs. That occurs due to the adsorption of the
biomolecule on GO and GO-AgNPs surfaces, which are
less oxidized organic matter. The Ag 3d high-resolution
XPS spectrum of the GO-AgNPs, GO-AgNPs@P, and
GO-AgNPs@H samples show two peaks from the 3d spin-
orbital coupling on Ag electronic levels (Figures 2m-20).
The peak at 368.2 eV corresponds to the Ag 3ds,
component, and the peak at 374.2 eV corresponds to the
Ag 3d;, component. These results confirm a significant
amount of silver deposited on the GO sheet.

The process of GO sheets functionalization with
AgNPs induced a chemical reduction of the bare GO
sheets, which is visualized by the reduction in intensity
of the bands between 3800 and 2800 cm™ and the
band between 1750 and 1500 cm™ in the GO-AgNPs
spectrum. Also, the intensity of the peak at 1000
cm’! (C-O stretching (v)) was higher for GO-AgNPs
compared to the GO, suggesting a reduction due to the
insertion of AgNPs (Figure 4). The analysis of attenuated
total reflectance with Fourier transform infrared
spectroscopy (ATR-FTIR) can detect signals from the
sample surface, once the biomolecules cover the NMs
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Figure 2. XPS survey spectra of GO (a), GO@P (b) and GO@H (c), GO-AgNPs (d), GO-AgNPs@P (e) and GO-AgNPs@H (f). The percentage of the
elements (C, carbon; O, oxygen; N, nitrogen; Ag, silver) present on the NMs surface is represented by mean + SD. Surface chemistry elemental analysis
in high-resolution C Is of GO (g), GO@P (h) and GO@H (i), GO-AgNPs (j), GO-AgNPs@P (k) and GO-AgNPs@H (1). XPS chemistry elemental
analysis in high-resolution of Ag 3d spectra of GO-AgNPs (m), GO-AgNPs@P (n) and GO-AgNPs@H (o). XPS: X-ray photoelectron spectroscopic,

NMs: nanomaterials, SD: standard deviation.

surfaces in the NMs@biocorona complexes, the signals
from biomolecules suppress the intensity of the signal
from molecular vibration characteristics of GO sheets.
A significant difference was observed in the ATR-FTIR
spectrum of the NMs@biocorona (Figure 4). Both
NMs@biocorona complexes and protein controls (plasma
proteins and hemolysate) showed a peak between 3500 to
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3100 cm™!, corresponding to the stretching of symmetrical
and asymmetrical N-H bonds of amide A vibrations, and
primary amine groups from proteins. Further, in the region
between 3800 to 3100 cm™' the O—H stretching contributes
to the appearance of large and intense vibrational peaks,
on the NMs@biocorona samples.*® The bands between
2990 to 2770 cm’! correspond to C—H symmetric and
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Figure 3. Surface characterization by atomic force microscopy (AFM). Topographic images of GO (a), GO@P (b), GO@H (c), GO-AgNPs (d), GO-

AgNPs@P (e) and GO-AgNPs@H (f).

asymmetric stretching vibration of CH, and CH, groups,
attributed to the aliphatic chains.*>° In the protein
controls, the peaks at 1650 and 1540 cm™ correspond
to the C=0 stretching and N-H bending of amide I and
amide II protein components, respectively.’! The peaks
at the region between 1600 to 1790 cm' correspond to
C=0 stretching of carboxylic acids and esters functions,
of GO surface and amide groups from protein controls on
NMs@biocorona samples. The bands between 1449 to
1420 cm™ correspond to NH,, CH,, and CH; bending
vibrations.’>% The range from 1400 to 700 cm™ shows
bands observed especially in the plasma proteins control,
corresponding to CH; deformation of aliphatic side groups,
C-O stretching, and C=C bending vibrations assigned to
amino acid residues.’*’ In this sense, the ATR-FTIR
characterization of NMs@biocorona complexes confirms
the chemical changes in NMs after the biocorona
formation, which is mainly observed by the suppression
of the intensity of vibrational modes characteristic of
GO/GO-AgNPs sheets and the appearance of signals
similar to the protein controls, the signals from the
molecular vibrations of nitrogenated and aliphatic organic
groups, from the plasma and hemolysate biomolecules.
The functionalization of GO and GO-AgNPs with plasma
proteins is very pronounced, as highlighted by the
intensity of the C—O stretching peak at 1000 cm™ in both
spectra (plasma, GO@P, and GO-AgNPs@P samples),
confirming the strong adsorption of these biomolecules
in the NMs.
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Figure 4. Attenuated total reflectance with Fourier transform infrared
spectroscopy (ATR-FTIR) spectrum of hemolysate, plasma proteins, GO
and GO-AgNPs in absence and presence of biocorona.
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Colloidal stability in ultrapure water and phosphate-buffered
saline

According to OECD (Organization for Economic
Co-operation and Development) guideline No. 318,
dispersions that maintain their relative absorbance (A/A;
final absorbance in relation to initial absorbance) > 90%
throughout the monitored time in the test medium are
considered to have a high dispersion stability. Dispersions
with A/A, 10% < and < 90% are considered to have an
intermediate dispersion stability. Whereas dispersions
with A/A; < 10% are considered to have a low dispersion
stability.”® Thus, the colloidal stability of GO and
GO-AgNPs was evaluated in UPW and PBS.

The visual aspects and absorption data in the
UPW showed that all studied samples, except the
GO-AgNPs@H, maintained the A/A, > 90% during
1 h (high stability dispersions). GO-AgNPs@H was
an intermediate dispersion-stable suspension, showing
A/A, of approximately 20% after 1 h (Figures 5a and 5b).
Hemolysate is acomplex mixture of biomolecules, including
lipophilic molecules, such as membrane lipoproteins and
lipids. The GO-AgNPs@H exhibited low colloidal stability
in UPW compared to the bare GO-AgNPs, which may

Biocorona Formation and Hemolytic Effects of Graphene Oxide-Silver Nanoparticles

indicate that the adsorbed biomolecules from hemolysate
reduced the hydrophilicity of these NMs. The possible
adsorption of lipophilic molecules from hemolysate can
turn the effective solvation in the colloidal interactions
between the water molecules and NMs hydrophilic surface
into an unstable colloidal dispersion of GO-AgNPs covered
with lipophilic hemolysate biomolecules, which explain the
observed colloidal profile to this samples.>*

PBS was used in the hemolysis assay to keep the
integrity of the RBCs due to osmotic balance. Therefore,
stability in this media was also assessed. The PBS (pH 7.3
to 7.5) used in the assays contains PO,* (10 mmol L)
and NaCl, (150 mmol L'). The colloidal stability can
be affected by NMs concentration, pH and medium
salinity that may induce aggregation or sedimentation,
consequently modulating the NMs bioavailability.®'6* The
GO, GO@P and GO@H in PBS maintained a high stability
over 1 h, showing A/A, > 90%. However, GO-AgNPs
exhibited low stability (A/A, < 10%) in PBS, whereas the
biocorona in GO-AgNPs@P and GO-AgNPs@H showed
intermediate stability, causing a small improvement on
the colloidal stability of GO-AgNPs (Figures 5c and 5d).
The physicochemical characterization demonstrated that
the GO-AgNPs has a lower concentration of oxygenated
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Figure 5. Percentage of NMs in suspension relative to initial absorbance (at 400 nm) of GO and GO-AgNPs (in the absence and presence of the
biocorona) stability in UPW (a) and PBS (c). Visual inspection of the samples in UPW (b) and PBS (d) for 1 h. NMs: nanomaterials, UPW: ultrapure

water, PBS: phosphate-buffered saline.
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groups on the surface. The electrostatic charge density
of the GO originates from the presence of the —-COOH
and C-OH surface groups.® In the PBS saline condition,
the high concentration of ions in the solution neutralizes
the charge density arising from the oxygenated groups of
the GO sheets. Since GO-AgNPs already have a lower
concentration of surface charges, the charge neutralization
effect due to the high ionic concentration of the saline
condition reduces the colloidal stability of these NMs. As
expected, this effect is much less pronounced for bare GO,
which has a high concentration of oxygenated groups on
the surface.

Hemolytic assays

The hemolysis assay demonstrated that both GO and
GO-AgNPs have a dose-dependent hemolytic effect. At
150 ug mL' GO-AgNPs cause approximately three times
more Hb release than GO, causing 88 and 27% hemolysis,
respectively (Figures 5a and 5c). Studies showed that the
hemolytic effect of GO can be attributed to the different
mechanistic pathways, which may be correlated to the
oxidation degree of GO sheets. For example, GO can induce
ROS production, resulting in lipid peroxidation (LPO)
and consequently decreasing RBCs membrane integrity.
However, those mechanisms are still not completely

Azevedo et al.

elucidated.®® Another toxic mode of action that may
induce cell rupture is the mechanical effect caused by
the direct contact of RBCs with the sharp ends present
in the GO flakes.”®”! The interaction between GO and the
cell membrane was demonstrated by Duan et al.,”* which
showed that GO interacts with the phospholipids in the cell
bilayer membrane, causing disruption, and consequently
breaking the cell membrane

Regarding GO-AgNPs nanohybrid, the hemolysis
could be attributed to the addition or synergistic effect
of the counterparts (GO and AgNPs). The AgNPs could
trigger hemolysis by inducing pore membrane and LPO,
modifying the membrane integrity, and leading to osmose
lysis. Moreover, AgNPs could ionize and release Ag*, which
tends to increase the hemolytic effect as it can trigger the
scrambling of the membrane and lead to cell disruption.”7”

Furthermore, the hemolytic effect of NM @biocorona
was drastically reduced, causing less than 5% of hemolysis
(Figure 6).7%7" de Sousa et al.”™ and de Sousa Maia et al.”
also studied the hemolytic effect of GO coated with
biocorona, and in both studies the biocorona causes a
decrease on the hemolysis. The mechanisms behind
the toxicity reduction after biocorona formation are not
completely elucidated yet. However, the data obtained
by the ATR-FTIR and XPS techniques showed that the
biocorona formed on the NMs induces surface chemical
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Figure 6. Percentage of hemolysis induced by GO (a) and GO-AgNPs (c) exposure in the absence and presence of the biocorona. Two-way ANOVA
followed by Tukey’s post hoc test; different letters indicate significant differences (p < 0.05). Visual inspection of GO (b) and GO-AgNPs (d) after 1 h

exposure to 37 °C in the absence and presence of the biocorona.
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changes on the GO and GO-AgNPs, which is emphasized
by the presence of nitrogenous groups and increase of
the C/O intensity ratio on NMs@biocorona. According
to Martinez et al.,*® the biocorona efficiently coats the
surface of these NMs and acts as a barrier, decreasing the
interaction between the chemical surface of NMs and the
RBCs, reducing their hemolytic effects.

Monitoring of erythrocyte membrane morphology after
interaction with nanomaterials

The RBCs morphology plays a fundamental role in gas
transportation and distribution to the tissues of the body
(O, and CO,). Changes in this conformation can result
in hypoxia and consequently clinical manifestations.%!
Thus, morphological modifications in the erythrocyte
membrane caused by NMs can be used as a relevant toxicity
biomarker.”

HQPCM images showed the GO and GO-AgNPs
(100 pg mL'") cause a significant increase in RBCs diameter
(Figures 7a and 7b), except for GO@P, which can be related
to an impairment in the cell osmotic regulation, as well as
imbalance on volume-regulated ion transport pathways or
inability to repairs mechanic damages to cell membrane.’%*
Furthermore, RBCs morphology analyzes conducted by
Wang et al ** demonstrated that changes in cell volume are
correlated with the beginning of the apoptotic process, as
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well as the effect of oxidative stress. Therefore, although
the biocorona mitigation the hemolytic effect, changes in
erythrocyte morphology may occur. However, this was
not observed for GO@P, for which the hemolytic effect
is comparable to the control, causing 0,3% of hemolysis
at a concentration of 100 ug mL"! (Figure 6a). Adsorption
results showed that GO has a high affinity to plasma
proteins, adsorbing a significantly larger amount when
compared with hemolysate.

When toxic effects occur in RBCs morphological,
changes can occur due to interactions with membrane
phospolipids.®> A cell biomarker for hemolysis is called
spherocytes, and this cell type occurs when there is a
structural destabilization and lipid loss in the RBCs
membrane. Also, interactions with the phospholipids in
the RBCs bilayer membrane can induce the expansion of
the outer layer, forming sharp projections on the membrane
called echinocytosis or acanthocytosis, while interaction
with the inner layer induces membrane invaginations
forming stomatocytes.’*¥” Thus, the RBCs was evaluated by
SEM looking for these alterations. Data obtained showed
that the main erythrocyte morphological changes observed
after exposed to GO was stomatocytes, spherocytes and
echinocytes (or acanthocytes; Figures 8b-8d). Additionally,
for GO@P and GO@H, the presence of echinocytes was also
observed. For GO-AgNPs exposures, mainly spherocytes
and stomatocytes were observed, with some spherocytes

), WL %
° o

080% o 90 ©

ﬁbo@égo rgooé’

DE SO | G ‘e - G 4

))/w-) o) ) ® N

Figure 7. Evaluation of the RBCs morphology by HQPCM. RBCs diameter after exposure with GO (a) and GO-AgNPs (b) in absence and presence
of biocorona. Kruskal-Wallis non-parametric test followed by Dunn’s post hoc test; different letters indicate significant differences (p < 0.05). Optical
images of RBCs control (c and d) and RBCs after exposure with 100 pg mL™! of GO (e), GO-AgNPs (f), GO@P (g), GO-AgNPs@P (h), GO@H (i) and
GO-AgNPs@H (j). Scale bar: 10 um. RBCs: red blood cells, HQPCM: high-quality phase contrast microscopy.
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and echinocytes being observed in GO-AgNPs@P and
echinocytes in GO-AgNPs@H (Figures 8e-8g). The
RBCs morphological changes observed corroborate with
the results reported in the “Hemolytic assays” sub-section
and the hypothesis that the hemolytic potential of the NMs
studied can be attributed to interactions with erythrocyte

Figure 8. SEM images of untreated (a) and treated RBCs with 100 ug mL"!
of GO (b), GO@P (c), GO@H (d), GO-AgNPs (e), GO-AgNPs@P (f)
and GO-AgNPs@H (g). Areas of greater magnification in SEM images
of untreated (a) and treated RBCs with GO (b) and GO-AgNPs (e) were
highlighted by black dashed boxes. The dashed boxes highlighted in green,
pink and yellow refer to stomatocytes, spherocytes and echinocytes (or
acanthocytes).
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membrane components, which consequently causes their
lysis.

Conclusions

Our study underscores the necessity of assessing the
toxicity of GO-AgNPs, particularly on red blood cells,
and examining their interactions with blood biomolecules.
The hemolysis assay demonstrated that both GO and
GO-AgNPs have a dose-dependent hemolytic effect.
However, GO-AgNPs cause approximately three times
more hemoglobin release than GO. This difference is
associated with synergism between GO and AgNPs.
Biocorona plays a protective role on the toxicity of these
materials, becoming the primary interface with red blood
cell membrane, and modifying the surface chemistry with
carbonaceous and nitrogenous groups over oxygenated
ones, thus mitigating hemolysis. However, although
the biocorona formation mitigated the hemolytic effect,
adverse effects on erythrocyte morphology may occur
yet. Understanding these nanobio-interactions provides
valuable insights into designing safer strategies to minimize
toxicity and risks associated with this nanohybrid for
applications in biomedical nanotechnology.

Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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