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Abstract: Graphene oxide (GO), owing to its extraordinary application prospects in
biomedicine, is attracting growing research attention. However, the biosafety and blood
compatibility of GO required for its clearance for use in clinical trials remain elusive. There-
fore, we studied the mutagenic properties of GO as well as its cell toxicity and blood
compatibility. Prior to biological experiments, we assessed the structural organization of
GO using dynamic light scattering and microscopic visualization methods. The results of
both the Ames mutagenicity test performed on Salmonella enterica serovar Typhimurium
TA98 and TA102 strains and the cytotoxicity test on noncancerous, immortalized human
keratinocytes revealed no mutagenic or toxic effects of GO. Simultaneously, GO reduced the
viability of the MelJuSo human melanoma cell line. A blood compatibility assay revealed
that a concentration of 10 µg/mL was critical for GO biosafety, as greater concentrations
induced diverse side effects. Specifically, GO disrupts erythrocytes’ membranes in the
dose-dependent manner. Moreover, GO at higher concentrations both inhibited the pro-
cess of ADP (a physiological platelet agonist)-induced cell aggregation and affected their
disaggregation process in platelet-rich plasma. However, in the blood clotting assessment,
GO showed no effects on the activated partial thromboplastin time, prothrombin time, or
thrombin time of the platelet-poor plasma. The obtained results clearly indicate that the
relationship between the GO preparation method, its size, and concentration and biosafety
must be cautiously monitored in the context of further possible biomedical applications.

Keywords: blood compatibility; dynamic light scattering; atomic force microscopy; rabbit
platelet aggregation; rabbit plasma coagulation; Ames mutagenicity test; AlamarBlue
cytotoxicity test; hemolytic assay; Salmonella enterica serovar Typhimurium

1. Introduction
Graphene oxide (GO), is one of the novel carbon-based nanoparticles characterized

as a graphene derivative. This nanomaterial is obtained by the processes of graphene
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oxidation and exfoliation [1]. One of the well-known properties of graphene is its layered
structure. In the case of graphene oxide, each of the layers is formed by a lattice of sp2- and
sp3-hybridized carbon atoms, with oxygen-based functional groups above and below the
layer as well as around it, bound to the edges [2].

Interestingly, the GO synthesis method is the main factor behind the nanomaterial’s
physicochemical properties. Namely, the synthesis approach affects GO’s oxidation state
directly, which in turn is responsible for both the number and type of oxygen-based func-
tional groups bound to the carbon scaffold of formed nanoparticles [3]. These unique
properties of GO make it an excellent platform for extensive further modifications with
other nanoparticles, metal ions, or even macromolecules [4]. Therefore, GO and its func-
tionalized derivatives yield great potential for application in the fields of biotechnology,
biomedicine and biomedical engineering, as well as other fields that include, but are not
limited to, environmental protection, electronics, building, high-temperature materials, and
membranes [3].

The prospective implementations of GO and its derivatives in biomedical fields include
nanoplatforms for targeted drug delivery [5], biosensors [6], bioimaging sensors [7], and
antiviral and antibacterial coatings [8]. Moreover, recent studies indicate that GO’s planar
surface can serve as an astounding scaffold for production of stable nanocomposites with
labeled antibodies, magnetic nanoparticles conjugated with anticancer agents, nucleic
acids, peptides, or fluorescent probes [9,10]. Furthermore, several research groups have
demonstrated the therapeutic potential of GO, which can not only modulate oxidative
stress via anti-/pro-oxidant effects [11], but also promote tissue regeneration, enhancing
cell differentiation [12,13].

Nevertheless, despite the progress observed in research on the application of GO,
knowledge about the safety and effectiveness of GO still requires significant broadening.
The fields that remain elusive embrace, among others, potential toxicity and blood compat-
ibility of the GO—aspects that are always major concerns and risks in the consideration of
nanomaterials for medical use.

The toxicity and health hazards of nanomaterials depend on the route of administra-
tion, nanomaterial composition and synthesis methods, surface modification, particle size,
and shape [14,15]. The small size of nanoparticles facilitates their entry into the systemic
circulation. Once there, they eventually contact various components of blood, either cells
or proteins, and can potentially interfere with their physiological functions, leading to
severe side effects. GO is composed of the same elements as human cells; however, its
bi-dimensional nature may promote unique and distinctive interactions with virtually
all biomacromolecules. These potential interactions, as yet unknown, may lead to sig-
nificant alterations of homeostasis and, in consequence, immune system activation and
hemotoxicity [16,17]. Moreover, Zhang et al. demonstrated that GO, in contrast to other
carbon-based nanoparticles, is characterized by a long retention time and low uptake by
the reticuloendothelial system [18].

High blood accumulation of GO and its potential to interact with blood components
may lead to significant and prevalent systemic side effects. Therefore, the assessment of
GO biocompatibility, mutagenicity and potential toxicity is required to facilitate further
research on the potential use of GO and GO-based nanomaterials in the field of biomedicine.
Hence, the current study concentrates on evaluation of biosafety and blood compatibility
of GO in a series of in vitro experiments, starting with the Ames mutagenicity test via
AlamarBlue cytotoxicity analysis and followed by hemolytic, platelet aggregation, and
coagulation assays.
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2. Materials and Methods
2.1. Chemicals

Sample of GO water dispersion (initial concentration 4 mg/mL) for the structural
characterization and biological evaluation were kindly provided by Graphenea S.A. (San
Sebastian, Spain).

Biological agar, nutrient agar, and nutrient broth media were acquired from BioMax-
ima S.A. (Gdansk, Poland). Histidine, biotin, ampicillin and tetracycline, doxorubicin
(Certified Reference Material), and cisplatin (≥98% purity, HPLC) used in the Ames test
were purchased from Sigma Aldrich Chemical Company (St. Louis, MO, USA).

All substrates for cell culture were purchased from Sigma Aldrich Chemical Company
(St. Louis, MO, USA). AlamarBlue dye was purchased from Bio-Rad company (Hercules,
CA, USA).

ADP and Triton X-100 used in rabbits’ plasma analyses were purchased from Sigma
Aldrich Chemical Company (St. Louis, MO, USA).

Commercial kits for PT, TT and aPTT measurement were purchased from LLC
«EASTERN-UKRAINIAN TRADING COMPANY» (Kharkiv, Ukraine).

2.2. Dynamic Light Scattering (DLS)

Hydrodynamic diameter measurements were conducted in polystyrene cuvettes at
25 ◦C using a Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK) with a He-Ne laser
(633 nm, 4 mW), at a 173◦ scattering angle. GO water dispersion (initial concentration
20 ng/L) was analyzed after 2 h sonication, 16 h stirring, and subsequent 0.5 h sonication
prior to the conducted experiments. All measurements were conducted in distilled water.
The DLS spectra were recorded and stored in digital form.

2.3. Atomic Force Microscopy (AFM)

The structural study of GO water dispersion (initial concentration 20 ng/L) was
carried out by employing AFM with the “Solver Pro M” system (NT-MDT, Apeldoorn, The
Netherlands). A drop of the analyzed water dispersion was transferred on the atomically
smooth substrate (a freshly cleaved surface of mica; SPI supplies, V-1 grade) for layer
deposition and the solvent succumbed to complete evaporation. The AFM measurements
were carried out in the amplitude modulation tapping mode using ‘RTESPA–150’ type
probes (Bruker, Billerica, MA, USA).

2.4. Scanning Electron Microscopy (SEM)

A drop of GO water dispersion (initial concentration 20 ng/L) succumbed to complete
evaporation of the solvent. The morphology of the dried sample was examined by SEM
using an FEI/Philips (XL30 ESEM, Hillsboro, OR, USA) equipped with an energy dispersive
X-ray spectrometer (SEM/EDS).

2.5. Ames Mutagenicity Assay

Salmonella enterica serovar Typhimurium TA98 and Salmonella enterica serovar Ty-
phimurium TA102 were purchased from Xenometrics AG (Allschwil, Switzerland).

The Ames mutagenicity assay was performed with Salmonella enterica serovar Ty-
phimurium TA98 and TA102 according to the procedure described previously [19,20], with
modifications. Namely, a mixture containing 100 µL of the overnight bacteria culture, 50 µL
of 3% (v/v) NaCl, and 100 µL of GO particles (2 h sonication (on ice, 200 W, 40 kHz), 16 h
stirring, and, subsequently, 0.5 h sonication (on ice, 200 W, 40 kHz) prior to the conducted
experiments; sterile distilled water as a negative control) was incubated for 4 h at 37 ◦C
with shaking (GO final concentrations: 0.01, 0.04, 0.2, 1, 4, 20 ng/plate). Afterwards, the
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mixture was centrifuged for 5 min at 11,840× g, the pellet was washed with 0.75% NaCl,
and it was resuspended in 300 µL of 0.75% (v/v) NaCl solution containing 0.1 µM histidine
and 0.1 µM biotin. The bacterial suspension was spread on a glucose minimal agar plate
and incubated in darkness for 48 h at 37 ◦C. All experiments were performed in triplicate.
Doxorubicin (100 ng/plate) and cisplatin (200 ng/plate) were used as positive controls for
Salmonella enterica serovars Typhimurium TA98 and TA102, respectively.

2.6. In Vitro Toxicity Assay
2.6.1. Cell Culture

The HaCaT human immortalized keratinocytes cell line was cultivated in Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 4500 mg/L glucose supplemented with
10% (v/v) fetal bovine serum, 4 mM L-glutamine, 100 units/mL penicillin, 100 mg/mL
streptomycin, and 0.25 µg/mL amphotericin B. The MelJuSo human melanoma cell line was
cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium supplemented with 10%
(v/v) fetal bovine serum, 4 mM L-glutamine, 100 units/mL penicillin, 100 mg/mL strep-
tomycin, and 0.25 µg/mL amphotericin B. All cell lines were maintained in a humidified
atmosphere containing 5% CO2 at 37 ◦C.

2.6.2. Cytotoxicity Assay

HaCaT and MelJuSo cells were seeded in a 96-well plate (2 × 104 cells/well) and
incubated in a humidified atmosphere containing 5% CO2 at 37 ◦C overnight. The cell
cultures were then washed three times with media devoid of phosphate-buffered saline
(PBS). Subsequently, diverse concentrations of GO (0.05–5 µg/well) in media devoid of PBS,
after 2 h of sonication and 16 h of stirring, were added to the cell cultures and incubated
for 24 h. The experiment was performed with three biological replicates to facilitate the
significance of data. Untreated cells served as the negative control. Subsequently, 10 µL of
AlamarBlue was added to each well 4 h prior to the end of the 24 h incubation. Absorbance
was measured at the 570 nm and 600 nm wavelengths. Pure media were used as negative
controls. The percentage of AlamarBlue reduction was calculated as the difference between
treated and untreated cells, according to the manufacturer’s protocol:

di f f (%) =
(O2 × A1)− (O1 × A2)

(O2 × P1)− (O1 × P2)

where diff—difference between treated and control cells; O1—ε570 of oxidized AlamarBlue
(80586 M−1cm−1); O2—ε600 of oxidized AlamarBlue (117216 M−1cm−1); A1—absorbance
of the test wells at 570 nm; A2—absorbance of test wells at 600 nm; P1—absorbance of
control wells at 570 nm; P2—absorbance of control wells at 600 nm. Data were presented as
the mean ± standard deviation.

2.7. Blood Compatibility Assessment
2.7.1. Sample Preparation

Rabbits (2.50–3.50 kg) were purchased from the vivarium of the Educational and
Scientific Center “Institute of Biology and Medicine”, Taras Shevchenko National University
of Kyiv (Kyiv, Ukraine). The Bioethical Committee of the Taras Shevchenko National
University of Kyiv approved animal care and procedures (protocol No. 9 dated 4 September
2023). Animal use was in accordance with the European Convention for the Protection
of Vertebrate Animals Used for Experimental and Other Scientific purposes” (Strasbourg,
1986) and Article 26 of the Law of Ukraine “On the Protection of Animals from Cruelty”
(No. 3447-IV, 21 February 2006), as well as the European Union Directive of 22 September
2010 (2010/63/EU) for the protection of animals used for scientific purposes.
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Blood was collected from the rabbit’s ear artery into polyethylene tubes with 3.8%
(w/v) sodium citrate to the ratio of 9:1. Platelet-rich plasma (PRP) for platelet analysis was
obtained by centrifugation of stabilized blood at 150× g for 10 min at room temperature.
Platelet-poor plasma (PPP) was prepared by further centrifugation of the remaining blood
at 2500× g for 20 min at room temperature.

To evaluate the hemolytic activity of GO, a rabbit erythrocyte suspension was prepared.
Briefly, rabbit blood stabilized with sodium citrate was centrifuged at 600× g for 10 min
at 4 ◦C. Plasma and the white buffy coat were removed carefully, and erythrocytes were
collected. Subsequently, the erythrocytes suspension was washed three times in PBS at
a pH of 7.2. After final aspiration, the erythrocyte pellet was diluted 1:50 in PBS at a
pH of 7.0 to obtain a 2% erythrocyte suspension. All the pH values were controlled and,
if necessary, adjusted using a laboratory pH meter ADWA AD1020 (Adwa Instruments,
Szeged, Hungary).

2.7.2. Hemolytic Assay

The hemolytic activity of GO was tested in experiments in vitro according to the
procedure described previously [21]. Specifically, 100 µL of GO solution (final concentra-
tions: 0.01, 0.1, 1, 10, 50 and 100 µg/mL), distilled water (negative control), or 10% (v/v)
Triton X-100 (positive control) were mixed with 900 µL of 2% erythrocyte suspension in an
Eppendorf tube and incubated for 1 h at 37 ◦C. Subsequently, the tubes were centrifuged
at 2000× g for 5 min, and 200 µL of the supernatant from each tube was transferred to a
flat-bottom 96-well plate. Finally, the optical density (OD) of every sample was measured
using a microplate spectrophotometer (BioTek Instruments Inc., Winooski, VT, USA) at the
541 nm wavelength. All experiments were performed in triplicate using blood samples
from three rabbits. Finally, the values registered for samples treated with GO (ODGO) were
normalized relative to positive (100% lysis; ODpos) and negative (ODneg) control samples to
give the hemolysis ratio (HR) by using the following equation:

HR (%) =

(
ODGO − ODneg

)(
ODpos − ODneg

) × 100%

2.7.3. Platelet Aggregation Assay

The effect of GO on in vitro aggregation of rabbit platelets was tested by means
of a photo-optical aggregometer AT-02 (Medtech, Minsk, Belarus). The platelet count
in PRP was adjusted to about 2.3–2.5 × 105 cells/µL before the procedure using pure
plasma. Subsequently, PRP was pre-incubated with GO (final concentrations: 1, 5, 10,
50, and 100 µg/mL of PRP) at 37 ◦C with continuous stirring at 600 rpm. Analyzed
mixtures were sampled after 5 min and 1 h of incubation. Afterwards, aggregation of
platelets was induced by adding ADP (final concentration 5 µM)—an agonist promoting
platelet activation—and platelet aggregation was recorded for at least 7 min. Obtained
aggregation curves were analyzed and four parameters were estimated: (1) maximum
degree of aggregation (Amax) was determined by measuring the maximum height of the
aggregation wave over a 4 min period beginning at the onset of platelet aggregation;
(2) initial velocity of aggregation (V0) was determined by drawing a line tangent through
the steepest linear part of the aggregation tracing and determining the slope from 1 point
along the curve (the slope of this tangent was expressed in %·s−1); (3) time needed to reach
maximal aggregation (Tmax) in seconds; (4) aggregation level at 6 min after the agonist
supplementation (A6min), enabling estimation of the platelet disaggregation process. The
curves representing the ADP-dependent aggregation after 5 min or 1 h of PRP incubation
with distilled water (instead of GO) were used to calculate control parameters. Each
measurement was performed in triplicate for plasma obtained from three individual rabbits.
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2.7.4. Coagulation Assay

To determine the GO influence on the blood coagulation prothrombin time (PT),
thrombin time (TT), and activated partial thromboplastin time (aPTT) were evaluated by
using a coagulation analyzer RT-2201C (Rayto, Shenzhen, China) and the commercial kits
for PT, TT and aPTT measurement. Prior to the coagulation analysis, rabbit pure plasma
was pre-incubated with different concentrations of GO (final concentrations: 0.01, 0.05, 0.1,
0.5, 1, 5 and 10 µg/mL of PPP) at 37 ◦C. Analyzed mixtures were sampled after 5 min and
1 h of incubation.

Subsequently, to check the clot formation in aPTT test, 50 µL of the tested sample was
mixed with 50 µL of aPTT reagent in the coagulometric cuvette and incubated for 3 min at
37 ◦C. Clotting time in seconds was recorded after the addition of 50 µL of 0.025 M CaCl2.
For TT assay 50 µL of the tested sample was mixed with 100 µL of thrombin (final activity
3 U/mL) in the coagulometric cuvette and time necessary for the clotting plug to form was
recorded. The time required for the plasma to clot was measured in the PT test by mixing
50 µL of the tested sample with 100 µL of thromboplastin–calcium mixture. All coagulation
tests were performed in triplicate using plasma from three rabbits. Plasma incubated for
5 min or 1 h with distilled water (instead of GO) was used as a control.

2.8. Statistical Analysis

Statistical analysis was performed with Statistica 14.0 (TIBCO Software Inc., Palo Alto,
CA, USA) software. For the Ames test results, one-way analysis of variance (ANOVA)
followed by the post-hoc RIR Tukey’s test was applied. AlamarBlue cytotoxicity test results
were verified using a Mann–Whitney U test. The results of hemolytic assays were analyzed
by employing an unpaired t-test. In every analysis, the significance level (α) was established
at 0.05.

3. Results
3.1. Particle Characterization

We employed dynamic light scattering (DLS) to determine the average hydrodynamic
diameter of GO particles. The obtained results revealed two main clusters of nanostruc-
tures with hydrodynamic diameters of 128 ± 5 nm and 389 ± 25 nm (Figure 1). We also
established the polydispersity index (PdI) of the sample at the level of 0.29 ± 0.1, which
indicates a low to moderate heterogeneity of the GO particles in the water dispersion.
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We also visualized GO structures using atomic force microscopy (AFM) and scanning
electron microscopy (SEM). The typical AFM depiction is presented in the Figure 2A: the
lateral size of the nanoclusters does not exceed 4 µm, a result that is further confirmed by
the SEM imaging of the GO monolayer (Figure 2B). However, particles thickness assessment
based on the AFM height data may be affected by significant inaccuracies as a result of
both possible solvent deposition between the mica substrate and GO layers and diverse
interactions between the AFM probe and either the mica substrate or GO layers [22].
Therefore, to assess the height of the GO layer, we evaluated overlapping GO structures,
measuring the height of the upper GO layer and relating it to the height of basal GO layer
following the analysis method described before by Nemes-Incze et al. [23]. The particles’
height was established at 0.75–0.95 nm using this method. This value, when related to
the interlayer gap of bulk graphite (approximately 0.355 nm), indicates bi- or trilayer GO
particles deposited on the mica surface.
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3.2. Ames Mutagenicity Test

Subsequently, we performed the Ames mutagenicity test using two bacterial strains—
Salmonella enterica serovar Typhimurium TA98 and Salmonella enterica serovar Typhimurium
TA102—to assess whether GO particles have mutagenic properties. The obtained results,
presented in Figure 3, show no significant differences in the number of revertants between
the GO samples in any concentration (0.01–20 ng/plate) and negative controls, indicating a
lack of GO mutagenicity.
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Figure 3. Mutagenic activity of GO particles in Salmonella enterica serovar Typhimurium Ames assay.
TA98 strain—white columns; TA102 strain—gray columns. C− negative control (sterile water), C+
positive control (100 ng/plate doxorubicin for TA98 strain, 200 ng/plate cisplatin for TA102 strain).
Results are reported as the average number of revertants ± standard deviation. * significant difference
from the positive control for each bacterial strain separately (p < 0.05); a no significant difference from
the negative control for each bacterial strain separately (p > 0.05).

3.3. AlamarBlue In Vitro Cytotoxicity Test

Subsequently, we used two eukaryotic cell lines, HaCaT—a non-cancerous, human
keratinocyte line and MelJuSo—a cancerous, human melanoma cell line, to evaluate the
cytotoxicity of GO water dispersion. The obtained results reveal significant differences
between GO effects in each of the analyzed lines. In the case of the MelJuSo cell line, we
observed dose-dependent cytotoxicity of GO in the entire concentration range (viability
reduced to 81–90%), while in the case of the HaCaT cell line, a small increase in cell viability
was recorded (Figure 4).

3.4. Blood Compatibility
3.4.1. Hemolytic Activity

Subsequent to the mutagenicity and toxicity experiments, we employed a series
of assays to evaluate the blood compatibility of GO. Firstly, the potential of GO to in-
duce hemolysis was analyzed to determine red blood cell (RBC) toxicity. The release of
hemoglobin from the RBC incubated with GO was measured spectroscopically (at the
wavelength 541 nm) and compared to the data recorded for cells incubated with detergent
(1% Triton X-100). The obtained results indicate that GO at lower doses (0.01–5 µg/mL)
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does not disrupt RBC membranes significantly (Figure 5). Nevertheless, higher doses of
GO (10–100 µg/mL) damage RBC membranes, inducing significant release of hemoglobin.
The OD541 for the two highest GO concentrations, namely 50 µg/mL and 100 µg/mL,
was measured at 42% and 57% of the positive control. The level of hemolysis induced by
10 µg/mL was relatively lower (6% of positive control); however, it was still significantly
different from the negative control (Figure 5).
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Figure 4. GO particles’ cytotoxic activity in the tested eukaryotic cell lines. Comparison of the
cell viability modulation in HaCaT (white) and MelJuSo (gray) keratinocyte and melanoma cell
lines. GO particles’ concentration range from 0.05–5 µg/well. Results are reported as the mean
percentage difference between treated and untreated control ± standard deviation. * significant
difference between both tested cell lines (p < 0.05) & significant difference between GO concentrations
in MelJuSo cell line (p < 0.05).
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Figure 5. Hemolytic potential of GO, presented as OD541 (Y-axis) of free hemoglobin in a 2% rabbit
erythrocyte solution incubated for 60 min at +37 ◦C with ultra-pure water (negative control, C−), 1%
Triton X-100 (positive control, C+), or GO (at concentrations of 0.01, 0.1, 1, 5, 10, 50 and 100 µg/mL
of cell suspension). Results are reported as the average values from three experimental replicates
± standard deviation. * significant difference from the negative control (p < 0.05).
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3.4.2. Platelet-Rich Plasma (PRP) Aggregation Kinetics

Subsequently, we investigated platelet aggregation, another important parameter in
assessing biocompatibility of relatively large structures, such as GO nanoparticles. To
assess GO’s influence on ADP-induced PRP aggregation kinetics, we analyzed rabbit PRP
incubated with five GO concentrations (1, 5, 10, 50 and 100 µg/mL), sampled at 5 min and
1 h. The platelet aggregation curves after ADP induction are presented at Figure 6.
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Figure 6. Platelet aggregation curves obtained in rabbit PRP after 5 min (A) and 1 h (B) incubation
with GO (concentrations: 0, 1, 5, 10, 50, and 100 µg/mL of PRP) after induction with 5 µM ADP.

Subsequently, we calculated four parameters of platelet aggregation in order to further
quantify GO’s influence on the process. We measured the maximum aggregation (Amax),
initial velocity of the process (V0), time required to reach maximal aggregation velocity
(Tmax), and the aggregation level 6 min after the ADP supplementation (A6min). The
values of the determined parameters (Table 1) indicate no influence of GO in the entire
concentration range on all of the Amax, V0, and Tmax in the samples taken after 5 min of
PRP incubation with the analyzed structures. However, the values of A6min for the samples
incubated for 5 min with 10, 50, and 100 µg/mL of GO are significantly elevated, revealing
significant inhibition of the platelet disaggregation process by higher concentrations of GO.

Analysis of the samples taken after 1 h incubation of PRP with GO reveals a more
prominent influence of the two highest concentrations of structures (50 and 100 µg/mL).
However, the pattern was partially opposite from the data registered for samples taken
after 5 min of incubation. In the case of 5 min incubation, Amax, V0, and Tmax were
unaffected, while in the case of 60 min, all three parameters were significantly changed.
Specifically, Amax values were reduced from 55% for the control to 45% and 43% for samples
incubated with 50 µg/mL and 100 µ/mL of GO, respectively. Similarly, the V0 value was
reduced from 0.9 to 0.6%·s−1; however, in this case, the highest GO concentration exhibited
significant influence. Correspondingly, the values of Tmax were increased significantly,
from 95 s to 115 s and 140 s for samples incubated with 50 µg/mL and 100 µ/mL of
GO, respectively. Interestingly, in contrast to samples incubated for 5 min, A6min value
was unaffected in the case of the highest GO concentrations, while 1 to 10 µg/mL of GO
inhibited platelet disaggregation. Nevertheless, the results of PRP aggregation analysis
indicate that the process may be affected by GO; however, it is mainly limited to the highest
GO concentrations analyzed (50 and 100 µg/mL).
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Table 1. In vitro effects of GO on ADP-induced platelet aggregation.

ADP-Induced Platelet Aggregation Parameters

Amax (%) V0 (%·s−1) Tmax (s) A6min (%)

5 min incubation of PRP with GO particles

control 53 ± 2 1.2 ± 0.2 100 ± 7 30 ± 2

GO concentration
(µg/mL)

1 55 ± 2 1.2 ± 0.1 95 ± 5 30 ± 1
5 54 ± 1 1.1 ± 0.2 110 ± 6 35 ± 2

10 55 ± 2 1.1 ± 0.1 110 ± 4 45 ± 3 *
50 56 ± 3 1.1 ± 0.1 118 ± 5 49 ± 2 *
100 57 ± 3 0.9 ± 0.1 120 ± 8 55 ± 3 *

60 min incubation of PRP with GO particles

control 55 ± 3 0.9 ± 0.2 95 ± 5 35 ± 2

GO concentration
(µg/mL)

1 60 ± 3 1.0 ± 0.1 100 ± 5 55 ± 3 *
5 60 ± 2 1.1 ± 0.2 95 ± 4 55 ± 2 *

10 55 ± 2 0.9 ± 0.1 110 ± 6 49 ± 3 *
50 45± 2 * 0.8 ± 0.1 115 ± 7 * 39 ± 2
100 43 ± 2 * 0.6 ± 0.1 * 140 ± 5 * 40 ± 3

Amax (%)—maximum aggregation; V0 (%·s−1)—initial aggregation velocity; Tmax (s)—time required to reach Amax;
A6min (%)—aggregation level 6 min after ADP supplementation; All results were expressed as means ± standard
deviation. Data were normally distributed (Kolmogorov–Smirnov test); * significant difference from control
(p < 0.05).

3.4.3. Procoagulant Activity

Finally, we analyzed whether GO in a broad concentrations range (0.01, 0.05, 0.1, 0.5,
1, 5 and 10 µg/mL) induces the clot formation potential of platelet-poor plasma (PPP).
We evaluated prothrombin time (PT), activated partial thromboplastin time (aPTT), and
thrombin time (TT). The values of these parameters, presented in Table 2, indicate no
influence of GO on clot formation, either after 5 min or 30 min incubation.

Table 2. In vitro effects of GO on coagulation potential of rabbit plasma.

Coagulation Tests

aPPT PT TT

5 min incubation of rabbit plasma with GO particles

control 16.9 ± 1.3 7.9 ± 0.9 11.3 ± 1.2

GO concentration
(µg/mL)

0.01 18.7 ± 1.3 8.8 ± 0.5 9.3 ± 1.1
0.05 20.6 ± 0.9 7.4 ± 0.7 8.8 ± 1.3
0.1 17.4 ± 0.5 7.3 ± 0.9 9.0 ± 0.9
0.5 16.5 ± 1.1 7.4 ± 0.6 8.9 ± 1.1
1 16.1 ± 0.9 8.5 ± 0.8 8.5 ± 0.9
5 15.9 ± 1.3 7.3 ± 0.6 8.3 ± 0.6

10 17.8 ± 1.2 7.2 ± 0.7 11.0 ± 0.7

30 min incubation of rabbit plasma with GO particles

control 17.6 ± 1.2 8.8 ± 0.7 7.0 ± 0.7

GO concentration
(µg/mL)

0.01 15.5 ± 1.2 8.1 ± 0.9 8.2 ± 0.8
0.05 15.6 ± 1.3 6.9 ± 1.0 6.8 ± 0.9
0.1 18.4 ± 1.1 7.7 ± 0.8 7.7 ± 0.5
0.5 17.8 ± 1.2 7.3 ± 0.7 7.8 ± 0.4
1 20.4 ± 0.9 7.0 ± 0.9 8.3 ± 0.5
5 16.0 ± 0.8 7.4 ± 1.1 7.5 ± 0.3

10 19.1 ± 1.1 6.9 ± 0.8 7.8 ± 0.5
PT—results of prothrombin time test, TT—results of thrombin time test, aPTT—results of activated partial
thromboplastin time test.
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4. Discussion
Evaluating the properties of GO in a water dispersion is crucial in the context of its

medicinal application. One of its crucial properties is the particle size, as this is reported to
contribute to and affect the toxicity of the nanostructures [24,25]. We addressed this issue
via performing a series of biophysical analyses and visualizations, showing that GO water
dispersion is a typical colloid.

Firstly, we assessed the size of GO particles using DLS. Our data indicate relative
homogeneity of the sample, as evidenced by a PdI value of approximately 0.29 and two
narrow peaks representing hydrodynamic diameters of the GO aggregates of approximately
128 nm and 389 nm. The obtained parameters indicate that the sample is homogenous for
biomedical applications (PdI value below 0.3), and therefore a good candidate for further
research in the field [26]. Additionally, AFM and SEM visualization revealed the presence of
GO layers with heights of up to 1 nm in the analyzed sample. The obtained results indicate
good stability of the analyzed GO water dispersion in the given experimental conditions
and storage period (18 months). These parameters warrant further consideration of water
dispersion as a potential candidate for diverse biomedical applications, including drug
delivery [27,28].

Subsequently, we assessed the biological effects of GO water dispersion in vitro. Firstly,
we employed Salmonella enterica serovar Typhimurium TA98 and TA102 strains in the Ames
test, to verify mutagenic activity of GO. The results of analyses in both strains revealed no
significant difference in the number of revertants between negative controls and any of
the GO samples, indicating no mutagenic activity of the analyzed particles. The obtained
data are in full agreement with the evaluation of another carbon-based nanostructure, C60

fullerene, which was similarly shown to be non-mutagenic, although only in the S. enterica
TA98 strain [29]. Use of two diverse strains of bacteria during the mutagenicity evaluation
allowed us not only to assess GO’s potential to induce frameshift mutations (verified in the
TA98 strain) but also transitions/transversions (TA102 strain) [19], providing additional
evidence on the biosafety of GO.

The promising results of the mutagenicity test were further confirmed and deepened
via the AlamarBlue cytotoxicity test. In this, we observed a reduction of metabolic activity
in the cancerous MelJuSo melanoma cell line, indicating cytotoxic activity of GO. These data
are especially interesting when juxtaposed with the results of the corresponding experiment
conducted using the non-cancerous HaCaT cell line—in this case, metabolic activity of the
cells was increased. The mechanism behind this phenomenon remains elusive; however,
it may be speculated that, similarly to water-soluble C60 fullerene particles, GO induces
reactive oxygen species (ROS) generation in the cells. Generated ROS, in consequence,
kill cancerous cells, whose metabolic activity is already elevated, while in case of non-
cancerous cells, metabolism intensifies to scavenge ROS [30]. These biological data reveal
the remarkable potential of GO nanostructures in the field of biomedicine, especially in
anticancer therapy, as a drug delivery vessel with the potential to modulate and enhance
anticancer drugs’ cytotoxic activity.

Nevertheless, the potential application of GO still requires answers to concerns over
its toxicity and adverse effects on living organisms. Regardless of the route of nanopar-
ticles administration, they will interact with blood cells and plasma proteins eventually.
Therefore, the assessment of the blood compatibility of GO and any of its derivatives is a
matter of the utmost importance.

The most pronounced toxic effect disqualifying novel pharmaceuticals from further
research and use in medicine is hemolysis. Therefore, we decided to evaluate the hemolytic
potential of GO via the quantification of the hemoglobin released from GO-exposed rab-
bit erythrocytes. Our results indicate no hemolytic effects of GO in low doses of up to
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5 µg/mL. However, higher doses, especially 50 µg/mL and 100 µg/mL, are characterized
by a significant degree of erythrocyte hemolysis, reaching 57% for the highest dose, which
is consistent with literature data [31,32]. Interestingly, in the case of the GO precursor
material—graphite—Liao et al. reported only a marginal, nonsignificant increase of erythro-
cyte hemolysis, reaching not more than 3%, even in doses as high as 200 µg/mL, attributing
this phenomenon to the hydrophobic surface of graphite [31]. These data indicate that GO,
unlike graphite, compromises erythrocytes cell membranes, inducing strong, electrostatic
interactions between positively charged membrane phospholipids and negatively charged
oxygen groups on the GO particle’s surface. Therefore, we can hypothesize that proper
and efficient functionalization of the GO surface may be an effective strategy to increase its
biocompatibility by decreasing hemotoxicity and, in consequence, facilitate the application
of GO in the field of biomedicine.

However, the use of carbon-based nanoparticles, such as GO, in biomedicine also faces
other limiting factors, including disrupting platelet functions. Platelet dysfunctions may
lead to life-threatening conditions, as platelets, besides their primary, hemostatic function,
also play a crucial role in the homeostatic processes [33].

Therefore, in this study, we analyzed GO’s influence on these cells’ functions. Our
results indicate that GO in high concentrations (50 µg/mL and 100 µg/mL) decreases both
kinetics and intensity of ADP-induced platelet aggregation after 1 h incubation. Moreover,
we demonstrated that GO affects platelet disaggregation in a manner dependent on the
incubation time and nanostructure concentration. Specifically, after 5 min of incubation,
platelet disaggregation is significantly inhibited by high GO concentrations, while after
60 min of incubation, lower concentrations of GO demonstrate similar effects (10, 50, and
100 µg/mL and 1 and 5 µg/mL, respectively). The cause of this phenomenon is elusive;
however, we can speculate that in the case of lower GO concentrations, they require
longer incubation to exhibit inhibitory effects, while the effects of higher concentrations are
shifted towards aggregation processes. Interestingly, the literature data on this effect are
inconsistent. Podolska et al. showed that GO in concentrations as high as 50 µg/mL does
not influence the aggregation of platelets in rabbit platelet-rich plasma (PRP) [34]. However,
Singh et al. demonstrated that GO may induce integrin-mediated platelet aggregation
both in vitro and in vivo, to the extent observed previously for thrombin, one of the most
potent platelet agonists [35,36]. These inconsistencies may probably be attributed to the
diverse size and topography of the GO particles, originating from the differences in the
synthesis method.

Furthermore, a recent study suggested the thrombogenic action of GO, which can
potentially interact with plasma coagulation factors [37]. We decide to investigate this phe-
nomenon with common methods for blood clotting analysis, namely PT (the prothrombin
time test), TT (the thrombin time test), and aPTT (the activated partial thromboplastin time
test). Values obtained in these tests describe the time required for clot formation in rabbit
plasma samples. Our results indicate that all three parameters, after blood incubation
with GO in a wide concentrations range, do not differ significantly from control values.
Therefore, we can conclude that GO at the tested concentrations (0.01 to 10 µg/mL) does
not trigger the coagulation cascade in rabbit plasma in vitro. This is further confirmed by
the literature data. Podolska et al. reported a lack of GO’s influence on aPTT and TT values
in human plasma [34], while Feng et al. showed only a very small effect on the PT value;
however, the aPTT value increased slightly in plasma with a high GO concentration [38]. On
this basis, we can speculate that GO influences the intrinsic but not the extrinsic coagulation
pathway, probably as a result of the particles’ interactions with plasma clotting factors.



Materials 2025, 18, 2128 14 of 16

5. Conclusions
Despite the growing interest in the application of GO, both in industry and

biomedicine, there is still limited information on the potential toxicity and side effects
in humans. The biocompatibility data are missing, although required for the development
of effective agents for medicinal use. The existing reports on these structures indicate
that their toxicity is closely correlated with the size and physicochemical properties of the
particle surface, as they will inevitably contact blood components and body cells. This
phenomenon, however challenging, provides scientists with the possibility to overcome
potential problems via alterations in synthesis methods and surface functionalization.
Nevertheless, a deep understanding of GO’s effects on blood cells and plasma proteins is
required for further progress in the application of this nanostructure.

Therefore, in the present study, we analyzed and characterized a GO water dispersion
using spectroscopic and microscopic methods. Subsequently, we assessed the mutagenicity
and cytotoxicity of the GO using appropriate in vitro assays. Our data indicate a lack
of mutagenic GO activity in the Ames test, while cytotoxic activity was only observed
in the case of the cancerous melanoma cell line, and metabolism and viability of human
keratinocytes were elevated. The latter phenomenon can probably be attributed to GO-
induced ROS generation. Furthermore, we investigated the biological effects of GO in blood,
including hemolysis, platelet aggregation, and plasma coagulation. Plasma coagulation
analysis reveal no influence of GO in a wide concentration range (0.01–10 µg/mL) on
PT, TT and aPTT values. However, higher concentrations of GO particles (≥50 µg/mL)
can affect the blood cells, including erythrocytes and platelets, changing RBC membrane
integrity and influencing the process of platelet aggregation. These findings suggest that
GO particles are promising platforms for drug delivery, with the potential to improve
cancer therapy in the future, but also for bioimaging and phototherapy, antimicrobial
coatings, and tissue engineering.
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3. Jiříčková, A.; Jankovský, O.; Sofer, Z.; Sedmidubský, D. Synthesis and Applications of Graphene Oxide. Materials 2022, 15, 920.
[CrossRef]

4. Yu, W.; Sisi, L.; Haiyan, Y.; Jie, L. Progress in the Functional Modification of Graphene/Graphene Oxide: A Review. RSC Adv.
2020, 10, 15328–15345. [CrossRef]

5. AbouAitah, K.; Sabbagh, F.; Kim, B.S. Graphene Oxide Nanostructures as Nanoplatforms for Delivering Natural Therapeutic
Agents: Applications in Cancer Treatment, Bacterial Infections, and Bone Regeneration Medicine. Nanomaterials 2023, 13, 2666.
[CrossRef] [PubMed]

6. Lee, J.; Kim, J.; Kim, S.; Min, D.H. Biosensors Based on Graphene Oxide and Its Biomedical Application. Adv. Drug Deliv. Rev.
2016, 105, 275–287. [CrossRef] [PubMed]

7. Esmaeili, Y.; Bidram, E.; Zarrabi, A.; Amini, A.; Cheng, C. Graphene Oxide and Its Derivatives as Promising In-Vitro Bio-Imaging
Platforms. Sci. Rep. 2020, 10, 18052. [CrossRef]

8. Seifi, T.; Reza Kamali, A. Antiviral Performance of Graphene-Based Materials with Emphasis on COVID-19: A Review. Med.
Drug Discov. 2021, 11, 100099. [CrossRef] [PubMed]

9. Shafiee, A.; Iravani, S.; Varma, R.S. Graphene and Graphene Oxide with Anticancer Applications: Challenges and Future
Perspectives. MedComm 2022, 3, e118. [CrossRef] [PubMed]

10. Shi, H.; Zhang, B.; Liu, S.; Tan, C.; Tan, Y.; Jiang, Y. A New Strategy Involving the Use of Peptides and Graphene Oxide for
Fluorescence Turn-on Detection of Proteins. Sensors 2018, 18, 385. [CrossRef] [PubMed]
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