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Abstract

Due to their unique physical and chemical characteristics, 
carbon-based nanomaterials have a high potential for 
use in biomedical studies. However, their interaction with 
blood components, particularly red blood cells (RBCs), 
is of concern due to potential hemolytic activity. Certain 
studies have demonstrated no clear risks, while others 
have indicated that carbon-based nanomaterials may pose 
health threats. The current study aimed to explore the 
hemolytic properties of selected carbon nanostructures 
characterized by distinct morphologies and surface func-
tionalities. The examined nanomaterials included graphene 
oxide (GO), reduced graphene oxide (rGO), multi-walled 
carbon nanotubes (MWNTs), and high-purity short-walled 
carbon nanotubes (HPS), as well as their hydroxylated 
derivatives (HPS-OH and MWNT-OH). The objective was 
to investigate how their features affect blood compatibility 
and their potential toxic effects. Hemolysis assays were 
conducted on feline red blood cells at different concen-
trations, along with zeta potential, UV-Vis spectrometry, 
NTA, BSA adsorption, and scanning electron microscopy 
(SEM) analyses. Additionally, microscopic assessment 
of erythrocyte morphology provided visual confirmation 
of nanomaterial-induced alterations in cell integrity and 
aggregation behavior. Results show that the hemolytic 
activity of the studied carbon nanomaterials is dependent 
on their concentration, surface chemistry, charge, and ag-
gregation properties. Understanding these relationships 
is important for predicting the biocompatibility of nanoma-
terials and guiding the safe design of carbon-containing 
nanostructures developed for biomedical and engineering 
applications.

Keywords: graphene oxide, reduced graphene oxide, multi-
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Introduction

Carbon-based nanomaterials are gaining increasing inter-
est in biomedical applications due to their diverse struc-
tures, high surface area, and exceptional mechanical prop-

erties [1,2]. Among them, graphene oxide (GO), reduced 
graphene oxide (rGO), multi-walled carbon nanotubes 
(MW), and high-purity short-walled carbon nanotubes 
(HPS) and their hydroxylated derivatives (HPS‑OH and 
MW‑OH) are among the most extensively studied carbon 
nanomaterials. Their structural diversity – ranging from 
2D sheets (GO, rGO) to 1D tubular forms (MW, HPS) [3], 
offers flexibility in biological design [4]. Key research areas 
involving these nanostructures include cancer therapy 
[5], scaffolds for tissue engineering [6], approaches to 
skin tissue care and management, primarily focused on 
wound healing [7], gene delivery [8], and biosensing [9]. 
Carbon-based nanoparticles are also known for their 
potent antimicrobial activity. Novel allotropes of carbon, 
discovered over the past two decades, have been applied 
across various scientific fields due to their microbicidal 
activity [10,11].

However, consideration must be given not only to the 
promising applications of nanomaterials, but also to their 
potential risks and toxicological implications, particularly in 
terms of their interactions with biological systems. Hemo-
toxicity remains a significant concern when evaluating 
nanomaterials for biomedical use, as their interaction 
with blood components, particularly upon intravenous 
administration, can lead to adverse effects such as he-
molysis, aggregation, or immune activation [12]. Carbon 
nanomaterials, whether introduced into the bloodstream 
unintentionally or through biomedical applications, can 
interact directly with blood components, including proteins, 
red blood cells, platelets, and the coagulation system [13]. 
Furthermore, interactions between plasma proteins and 
carbon nanostructures, specifically bovine serum albumin 
(BSA) used in our study, are also important in assessing 
hemocompatibility. Albumins, particularly bovine serum 
albumin (BSA), are often used as model proteins to study 
protein–nanomaterial interactions due to their structural 
similarity to human serum albumin and their abundance in 
plasma [14]. When a protein corona forms, it can modify 
the surface charge, hydrophobicity and aggregation sta-
tus of the nanostructures, often reducing direct contact 
with the erythrocyte membrane, which has been shown 
to decrease hemolytic activity. [15] According to Fedel 
(2020), hemolysis is a key indicator of blood compatibility 
for carbon nanostructures, reflecting their propensity to 
damage RBC membranes directly [16]. Hemolytic potential 
varies with particle size, surface oxidation, and aggregation 
behavior. Fedel further highlights in the review the need 
for standardized assay conditions to enable meaningful 
comparisons across different carbon nanomaterials. In our 
study, we employed a standardized hemolysis assay to 
ensure reliable and reproducible results. Albumins, par-
ticularly BSA, are often used as model proteins to study 
protein–nanomaterial interactions due to their structural 
similarity to human serum albumin and their abundance in 
plasma [14]. BSA readily adsorbs on the surface of carbon 
nanomaterials through hydrophobic and hydrogen-bonding 
interactions, leading to conformational rearrangements and 
formation of stable nanocomplexes [17]. Recent molecular 
simulation and radiotracer studies have demonstrated that 
the adsorption of BSA on single-walled carbon nanotubes 
(SWCNTs) is primarily driven by hydrophobic interactions 
and π–π stacking, accompanied by hydrogen bonding be-
tween charged amino acid residues and the polarized sp² 
carbon surface [14]. The formation of such complexes sig-
nificantly alters the ζ-potential of CNTs (from approximately 
-10 to -16 mV) and thus affects their colloidal stability and 
biological behavior [14]. From a biomedical standpoint, 
these interactions are highly relevant because the protein 
corona can either mitigate or exacerbate hemolytic effects, 
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depending on its composition and stability [16]. Previous 
studies have demonstrated that the presence of adsorbed 
albumin can reduce the direct interaction of nanomaterials 
with erythrocyte membranes, thereby lowering hemolytic 
activity and improving hemocompatibility [16]. Conversely, 
unstable or partial protein coatings may promote aggre-
gation, mechanical membrane disruption, or oxidative 
stress, leading to morphological alterations in RBCs such 
as echinocyte or spherocyte formation.

We hypothesize that the hemolytic and cytotoxic ef-
fects of carbon nanomaterials are strongly dependent on 
their surface functionalization (e.g., hydroxylation) and 
concentration-dependent colloidal behavior. Thus, the 
present study aims to systematically compare a panel 
of carbon nanomaterials (GO, rGO, MWCNT, MW-OH, 
HPS, and HPS-OH) in terms of hemolytic activity, protein 
adsorption (using the BSA model), and morphological 
effects on erythrocytes. By correlating physicochemical 
characterization with biological outcomes, we seek to 
identify design principles for safer carbon nanomaterials 
in biomaterial and medical applications.

Materials and Methods

Ethical statement
The feline blood samples used in this study were collected 
as residual biological material from routine veterinary diag-
nostic procedures and classified as biological waste. Since 
the samples were obtained post-analysis and involved no 
additional handling or treatment of animals, the study did 
not require approval from the institutional animal ethics 
committee, in accordance with the Polish Act of 15 January 
2015 on the Protection of Animals Used for Scientific or 
Educational Purposes (Journal of Laws 2015, item 266, 
as amended).

Blood samples
Whole blood samples from domestic cats (Felis catus) 
were used for the hemolysis and erythrocyte morphology 
assays. The samples were obtained as residual material 
from routine veterinary laboratory diagnostics and clas-
sified as biological waste. No animals were subjected to 
any experimental procedures or sacrificed specifically for 
this study. Following collection, the blood was stored in 
EDTA-coated tubes to prevent coagulation and used within 
24 hours of collection. Prior to experimentation, samples 
were visually inspected to confirm the absence of clots 
or hemolysis. All handling was performed under sterile 
conditions at room temperature. The use of feline blood 
as a model system was justified by its distinct osmotic 
and membrane fragility characteristics, which make feline 
erythrocytes a sensitive model for assessing hemolytic 
effects and nanoparticle-induced membrane alterations.

Nanomaterials and sample preparation
To evaluate hemolytic properties, six types of carbon na-
noparticles were used: graphene oxide (GO), reduced gra-
phene oxide (rGO), multi-walled carbon nanotubes 95%, 
<8nm (MW), multi-walled carbon nanotubes -OH 95%, 
<8nm (MW-OH), high-purity short-walled carbon nano-
tubes 98+%, <8nm (HPS), high-purity short-walled carbon 
nanotubes -OH 98+%, <8nm (HPS-OH). GO and rGO 
were purchased from the Institute of Electronic Materials 
Technology (Warsaw, Poland); however, MW and HPS and 
their hydroxylated derivatives were provided by SkySpring 
Nanomaterials (Houston, TX, USA). Samples were pre-
pared at concentrations of 2.5, 5, 10, 25, 50, and 100 µg/
mL in sterile conditions under a laminar hood.

Dynamic Light Scattering and Zeta Potential
Particle size measurements were conducted at 25°C us-
ing a Zetasizer ZSP, employing dynamic light scattering 
(DLS) and laser Doppler velocimetry. Prior to analysis, 
the nanoparticle suspensions were homogenized by ultra-
sonication using a probe sonicator for 5 minutes to ensure 
uniform dispersion. All measurements were conducted in 
triplicate to ensure reproducibility and statistical reliability.

Zeta potential (ζ) reflects the surface charge of nano-
tubes in aqueous dispersions and serves as a key physi-
cal parameter for evaluating how surfactants influence 
the dispersion behavior and stability of surfactant-CNT 
systems. [16] The zeta potential was measured using the 
Smoluchowski approximation with a Zetasizer ZSP. Each 
sample was measured after an equilibration period of 120 
seconds at 25°C. All measurements were repeated four 
times to increase credibility. For the BSA-nanoparticle 
interaction studies, two experimental conditions were pre-
pared. In the first setup, 0.975 mL of BSA solution (1 mg/
mL) was mixed with 0.025 mL of nanoparticle suspension 
(25 µg/mL), resulting in a lower nanoparticle-to-protein 
ratio. In the second setup, 0.9 mL of BSA solution (1 mg/
mL) was combined with 0.1 mL of nanoparticle suspen-
sion (100 µg/mL), providing a higher nanoparticle content 
while maintaining the same protein concentration. Mix-
tures were subjected to zeta potential measurements to 
evaluate the effect of BSA adsorption on surface charge 
and colloidal stability.

Nanoparticle Tracking Analysis (NTA)
NTA measurements were performed in a NanoSight NS300 
(Malvern Panalytical, Malvern, UK), equipped with a sam-
ple chamber and 488 nm laser.

For the NTA measurements, carbon nanoparticle sus-
pensions at concentrations of 25 µg/mL and 100 µg/mL 
were analyzed. The samples were introduced into the 
instrument chamber using sterile syringes. During analy-
sis, numerous individual particles were tracked in real 
time based on their Brownian motion, and particle size 
was calculated by the software using the Stokes-Einstein 
equation.

UV-Vis Spectrophotometry
Ultraviolet-visible (UV-Vis) relies on the absorption of 
electromagnetic radiation in the ultraviolet (200-400 nm) 
and visible (400-800 nm) regions by π-electron systems, 
enabling the identification of characteristic optical transi-
tions and electronic structure features specific to CNTs. 
[17] This technique was employed to monitor surfactant-
assisted stabilization, assess the CNT aggregation state, 
and identify characteristic absorption bands related to 
their electronic structure. UV-Vis spectrophotometry was 
employed to analyze sample absorbance across a spec-
tral range of 230–1000 nm. Samples were prepared of 
appropriate solvents and transferred into clean quartz 
cuvettes, ensuring the absence of bubbles or particulates. 
The spectrophotometer was calibrated using a blank, and 
measurements were taken at 25 °C.

Hemolysis Assay
The effect of nanomaterials on the integrity of erythro-
cyte cell membranes was assessed using a hemolytic 
test. The hemolysis assay was performed with cat whole 
blood. Blood collected from healthy donors into tubes with 
heparin and EDTA was centrifuged (1600 rpm, 5 min), 
and then the plasma and leukocyte layer were removed. 
The erythrocyte sediment was washed three times with 
sterile physiological saline solution (0.9% NaCl, ratio 1:9), 
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and then suspended in 9 mL of NaCl solution, depend-
ing on the volume of the obtained sediment. 0.9 mL of 
erythrocyte suspension and 100 µL of the appropriate 
nanomaterial suspension were added to Eppendorf tubes. 
100 µL of a NaCl solution was used as the negative 
control, while 100 µL of a 20% Triton X-100 solution 
was used as the positive control. Incubation was carried 
out at 37°C for 60 min. After incubation, samples were 
centrifuged (10 min), and 200 µL of supernatant was 
transferred to 96-well plates, where absorbance was 
measured at 405 and 540 nm. Results were expressed 
as a percentage of hemolysis relative to the positive 
control (100%). Procedure was carried out according to 
Kutwin et al. (2014). [18]

BSA test
Adsorption of bovine serum albumin (BSA, Thermo Sci-
entific Pierce) on the nanomaterials was evaluated fol-
lowing a modified BCA-based protocol. Briefly, nanoma-
terial suspensions were prepared at two concentrations:  
25 µg/mL and 100 µg/mL in phosphate-buffered saline 
(PBS, pH 7.4). To each suspension, BSA was added to 
achieve an initial protein concentration (C0) of 1 mg/mL in 
a total volume (V) of 1 mL. The mixtures were incubated 
for 1 hour at room temperature under gentle agitation.

Following incubation, samples were allowed to settle, 
and aliquots were collected separately from the upper and 
lower layers of the suspension. The BSA concentration 
remaining in solution after equilibrium (Ceq) was deter-
mined spectrophotometrically by measuring the absorb-
ance at 562 nm and converting it to concentration using 
the calibration equation:

The obtained Ceq values were converted to mg/mL by 
dividing by 1000.

Calculation of adsorption capacity
The amount of protein adsorbed per unit mass of nano-
material (Γ, mg BSA/mgnano) was calculated using the mass 
balance equation:

where C0 is the initial BSA concentration (mg/mL), V is 
the solution volume (mL), and mnano is the mass of na-
nomaterial in the sample (mg).

Henry’s isotherm analysis
For each nanomaterial and layer (upper/lower), the Γ val-
ues obtained at both nanomaterial concentrations (25 and 
100 µg/mL) were plotted as a function of Ceq. The data 
were fitted to Henry’s adsorption model:

where KH is Henry’s constant (mL/mg). Linear regres-
sion was forced through the origin, and the determination 
coefficient (R2) was calculated to assess the quality of fit.

Microscopic Evaluation of Erythrocyte Morphology
Blood Smear Preparation and Staining
Blood smears were prepared on microscope slides using 
5 μl of blood, then air-dried and stained using the classi-
cal Giemsa and May-Grünwald methods. The slides were 

analyzed using light microscopy to assess morphological 
changes in the erythrocytes
Scanning Electron Microscopy (SEM)
Red blood cell (RBC) morphology was examined using 
scanning electron microscopy (SEM) with an FEI Quanta 
200 electron microscope. Blood samples were initially 
rinsed with phosphate-buffered saline (PBS) and fixed 
in 2.5% glutaraldehyde for 1 hour. Following fixation, the 
samples were washed twice in 0.1 M PBS and mounted 
onto aluminum SEM stubs. The stubs were then incubated 
in a humid environment for 1 hour, rinsed again in PBS, 
and post-fixed with 1% osmium tetroxide for 1 hour. After 
rinsing with distilled water, the samples were dehydrated 
through a graded ethanol series. Critical point drying was 
carried out using liquid CO2 in a vacuum apparatus, fol-
lowed by sputter-coating with gold-palladium. SEM imaging 
was then performed as described by Kutwin et al. (2014). 

Data Analysis and Statistics
All experimental data were analyzed using GraphPad 
Prism 9.0® (GraphPad Software, San Diego, CA, USA). 
Results are presented as mean ± standard deviation (SD) 
from at least three independent measurements.

For comparisons between groups, statistical signifi-
cance was assessed using one-way analysis of variance 
(ANOVA), followed by Tukey’s post hoc test for multi-
ple group comparisons. A significance level of p ≤ 0.05 
was considered statistically significant. Data visualization 
(histograms and line plots) was performed in GraphPad 
Prism, and particle size distributions were analyzed using 
Zetasizer Nano ZS software (Malvern Panalytical, UK) and 
NanoSight NTA 3.4 (Malvern Panalytical, UK).

Results and Discussions

Dynamic Light Scattering and Zeta Potential
Physicochemical characteristics of nanomaterials provide 
insight into their interactions with living cells. Parameters 
such as size distribution, as measured by DLS, and zeta 
potential are particularly important for understanding their 
biological behavior.

The measured zeta potential values (FIG. 1) reveal 
notable differences in surface charge and colloidal stability 
among the tested samples. Graphene oxide (GO) exhibited 
the most negative zeta potential at -50.45 mV, indicating 
excellent colloidal stability due to strong electrostatic re-
pulsion between particles. In contrast, all other samples: 
HPS (-4.155 mV), HPS-OH (-8.315 mV), MW (-5.895 mV), 
MW-OH (-9.7975 mV), and rGO (-8.9125 mV) show signifi-
cantly lower mean negative zeta potential values. These 
lower values indicate weaker repulsive forces and, con-
sequently, moderate to poor colloidal stability, rendering 
these systems more susceptible to aggregation.

Reduced graphene oxide (rGO) shows a zeta potential 
of -8.9125 mV, significantly less negative than that of GO. 
This reduction is attributed to the removal of oxygen-
containing functional groups during the reduction process, 
which decreases the surface charge density and electro-
static repulsion.

The initial measurements, conducted without BSA 
(Fig. 1), revealed significant differences in surface charge. 
GO had an exceptionally high negative zeta potential 
(-50.45 mV), suggesting excellent colloidal stability, while 
HPS, MW, MW-OH, and rGO exhibited much lower values 
(-4 to -10 mV), indicating poor stability and strong aggrega-
tion tendencies. Hydroxylation provided modest improve-
ments in surface charge but did not achieve the threshold 
for stable dispersions (±30 mV). When nanoparticles were 
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mixed with BSA at a lower nanoparticle concentration 
(25 µg/mL) (FIG. 2), the zeta potentials converged into 
a narrower range between -16.3 mV and -26.6 mV. This 
indicates that BSA adsorption alters the surface charge, 
partially shielding highly charged particles like GO (from 
-50.45 mV to -25.5 mV) but stabilizing poorly charged 
materials like rGO (from -8.9 mV to -26.6 mV). As a result, 
BSA promoted a more uniform level of moderate colloidal 
stability across all samples. 

At the higher nanoparticle concentration (100 µg/mL) with 
the same amount of BSA, the zeta potential values (FIG. 3) 
were again within a moderate range (-16.3 to -28.5 mV). GO 
maintained the most negative charge (-28.5 mV), followed 
closely by MW-OH (-24.7 mV), while HPS remained the 
least negative (-16.3 mV). Compared with the 25 µg/mL ex-
periment, the higher nanoparticle concentration appears to 
slightly enhance negative charge in most samples, possibly 
due to increased surface interaction between nanoparticles 

and BSA molecules. Across both BSA experiments, rGO 
consistently benefited from protein adsorption, showing a 
marked improvement in stability compared to its original 
poor charge profile. Taken together, these results suggest 
that BSA acts as a stabilizing agent by adsorbing onto 
nanoparticle surfaces and normalizing their zeta potentials 
into a moderately stable range. While GO loses some of 
its extreme stability upon BSA addition, other materials 
gain enhanced stability, making BSA an effective disper-
sant for otherwise unstable nanoparticle systems. Surface 
functionalization emerged as a decisive factor influencing 
hemocompatibility. Hydroxylated materials, such as HPS-
OH and MW-OH, exhibited reduced hemolysis compared to 
their non-functionalized counterparts (HPS and MWCNT). 
This effect is likely related to improved aqueous dispersibility 
and diminished hydrophobic interactions with erythrocyte 
membranes. Such results are in agreement with litera-
ture reports indicating that hydroxylated or polymer-coated 

FIG. 1. Zeta potential of GO, HPS, HPS-OH, MW, MW-OH, rGO. Where Zp is the mean value of each sample’s 
zeta potential. All measurements were performed four times.

FIG. 2. Zeta potential of GO, HPS, HPS-OH, MW, MW-OH, and rGO at a concentration of 25 µg/mL in the pre-
sence of BSA (1 mg/mL). Where Zp is the mean value of each sample’s zeta potential. All measurements were 
performed four times.
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carbon nanotubes display lower hemolytic activity due to 
surface passivation, which shields sharp nanotube edges 
and facilitates the formation of a biocompatible protein co-
rona [19]. For further analysis, concentrations of 25 µg/mL 
and 100 µg/mL were selected, as they produced hemolysis 
values within physiologically acceptable ranges. Neverthe-
less, a concentration-dependent increase in hemolysis was 
observed for most tested materials. GO showed a strongly 
negative zeta potential (-50.45 mV), confirming its excel-
lent colloidal stability through strong electrostatic repulsion. 
Conversely, rGO, MWCNTs, and HPS-derived nanomateri-
als exhibited lower absolute zeta potential values (-4 to -9 
mV), indicating reduced charge stabilization and a greater 
tendency towards aggregation. This finding is consistent 
with the general principle that suspensions with zeta po-
tentials more negative than -30 mV or more positive than 
+30 mV are typically stable, whereas those within -30 mV 
to +30 mV are prone to aggregation [34].

DLS measurements (FIG. 4) revealed clear differences 
in particle size and distribution among the tested nano-
materials, reflecting the effect of surface modification on 
their colloidal behavior. Graphene oxide (GO) shows an 
average particle size of 524.1 nm with a narrow and uni-
form distribution, consistent with its highly negative zeta 
potential (-50.45 mV), which ensures excellent dispersion 
stability. Reduced graphene oxide (rGO) also showed fa-
vorable dispersion characteristics, with a relatively small 
average particle size of 322 nm and a narrow distribu-
tion, despite its moderate zeta potential. In contrast, hy-
droxylation of both MW and HPS led to improvements in 
dispersion. The average particle size of MW decreased 
from 2254 nm to 319.5 nm upon hydroxylation (MW-OH), 
and HPS decreased from 705.4 nm to 551 nm (HPS-OH). 
These reductions suggest that the introduction of hydroxyl 
groups enhanced surface functionalization, improving 
colloidal behavior by increasing electrostatic or steric  

FIG. 3. Zeta potential of GO, HPS, HPS-OH, MW, MW-OH, and rGO at a concentration of 100 µg/mL in the ad-
dition of BSA (1 mg/mL). Where Zp is the mean value of each sample’s zeta potential. All measurements were 
performed four times.

FIG. 4. Size distribution of nanomaterials used. All measurements were performed three times.
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repulsion. DLS results support the conclusions drawn 
from the zeta potential data. The surface chemistry and 
particle size of carbon-based nanostructures—includ-
ing graphene platelets, multi-walled carbon nanotubes 
(MWCNTs), and short-walled CNTs—are crucial deter-
minants of their toxicity, biodistribution, and excretion  

[20-21]. Consequently, different carbon-based nanoma-
terials can elicit markedly distinct biological responses in 
vivo. Consistent with previous studies, graphene oxide 
(GO) exhibited dose-dependent hemolysis, likely due to 
its high surface oxidation and strong affinity for the lipid 
bilayer of erythrocyte membranes [22].

FIG. 5. Average Size Distribution of each carbon nanostructure at a concentration 25 µg/mL

Nanoparticle Tracking Analysis (NTA)

FIG. 6. Average Size Distribution of each carbon nanostructure at a concentration of 100 µg/mL
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DLS measurements were used to determine the hy-
drodynamic diameter and dispersity of the particles in 
aqueous suspension, while NTA enabled the quantification 
of particle concentration and visualization of distribution 
profiles at different sample dilutions (FIG. 5-6). The NTA 
results (TABLE 1) summarize the size distribution, con-
centration, and polydispersity of different carbon-based 
nanoparticles measured at two concentrations (25 µg/mL 
and 100 µg/mL) (TABLE 1). Overall, the data reveal a 
broad variability in mean particle sizes, ranging from 122 
nm (MW 25 µg/mL) up to 470 nm (HPS 100 µg/mL), in-
dicating diverse levels of heterogeneity across samples. 
The span values, which reflect distribution width, vary 
substantially: some samples, such as MW 25 µg/mL (5.77) 
and MW-OH 100 µg/mL (6.31), show highly polydisperse 
populations, while others, like HPS-OH 25 µg/mL (1.74), 
are more monodisperse. Concentrations are in the order of 

10^8 particles/mL for all samples, with the highest values 
observed for HPS-OH 25 µg/mL (4.80 × 10^8 particles/mL). 
Increasing the nanoparticle concentration from 25 µg/mL to 
100 µg/mL did not always result in proportional increases 
in mean size or concentration, suggesting differences in 
aggregation behavior and stability among the materials. 
For example, GO exhibited consistent sizes between the 
two concentrations (162 nm vs. 232 nm), whereas HPS 
showed a shift from 246 nm at 25 µg/mL to 470 nm at 
100 µg/mL, indicating strong aggregation tendencies. 
Comparative diagrams (FIG. 7) illustrate the differences in 
particle size distributions across the tested nanomaterials 
and concentrations. Panels (A–F) highlight the influence of 
surface chemistry and concentration on aggregation be-
havior and colloidal stability, revealing distinct differences 
between graphene-based and polymeric systems, as well 
as between hydroxylated and non-hydroxylated forms.

TABLE 1. NTA Results for Nanoparticle Suspensions at 25 µg/mL and 100 µg/mL

Type of nanoparticle Mode [nm] Mean [nm] Standard 
deviation [nm]

Concentration 
[particles/ml] D10 [nm] D50 [nm] D90 [nm] Valid tracks Span

GO 25 ug/ml 7.5 162 199 1.05 x 108 9 101 391 5633 3.81

HPS 25 ug/ml 67.5 246 1220 2.25 x 108 31 118 420 2669 3.29

HPS-OH 25 ug/ml 127.5 229 1303 4.80 x 108 80 173 379 14866 1.74

MW 25 ug/ml 7.5 122 178 2.03 x 108 7 56 329 3458 5.77

MW-OH 25 ug/ml 47.5 199 188 2.27 x 108 45 141 432 2338 2.75

rGO 25 ug/ml 82.5 245 248 2.75 x 108 72 165 502 1723 2.60

GO 100 ug/ml 62.5 232 242 2.77 x 108 63 160 460 2067 2.49

HPS 100 ug/ml 12.5 470 3509 2.72 x 108 34 173 527 5155 2.84

HPS-OH 100 ug/ml 87.5 317 3835 2.00 x 108 63 148 403 8575 2.30

MW 100 ug/ml 62.5 203 194 2.80 x 108 53 138 433 2028 2.75

MW-OH 100 ug/ml 7.5 112 207 2.06 x 108 6 45 291 4029 6.31

rGO 100 ug/ml 62.5 194 173 1.92 x 108 52 132 430 2139 2.86

FIG. 7. Comparative diagrams of average size distribution where: (A) GO vs rGO, (B) GO 100 vs 25 µg/mL, (C) 
MW 100 vs 25 µg/mL, (D) MW-OH vs MW, (E) HPS vs MW, (F) HPS-OH vs MW-OH
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UV-Vis Spectrophotometry

Typically, GO shows a prominent absorption peak around 
231-233 nm, attributed to π → π* transitions of aromatic 
C–C bonds. Additionally, a shoulder appears near 300 nm, 
corresponding to n → π* transitions of C=O bonds. [23] 
In  rGO, this absorption peak undergoes a redshift, ap-
pearing at approximately 257 nm. This shift denotes the 
partial restoration of the π-conjugated system as oxygen 
functional groups are removed during the reduction of GO 
to rGO. [24] MWCNTs typically display an absorption peak 
around 260 nm in their UV-Vis spectra. This peak is attrib-
uted to the π-plasmon resonance of the graphitic structure. 
[25] Upon hydroxyl functionalization, this peak often shifts 
slightly, with MWCNTs-OH displaying an absorption peak at 
approximately 270 nm. This shift indicates modifications in 
the electronic structure due to the introduction of hydroxyl 
groups. [26] In the case of HPS, the peak was observed 

at around 250nm, and in HPS CNT-OH, at 275nm, which 
signifies its similarity to MWCNT and how hydroxyl func-
tionalization affects both of these nanostructures. 

Hemolytic Activity
Following the physicochemical characterization, the hemo-
lytic activity of the nanomaterials was examined to deter-
mine their blood compatibility and assess whether surface 
modifications influence erythrocyte membrane integrity. 
The percentage of hemolysis (FIG. 9) was calculated 
by dividing the absorbance of the given sample by the 
absorbance of the positive control.

For further examination, samples at concentrations 
of 100 µg/mL and 25 µg/mL were chosen. These two 
yielded hemolysis values falling within physiologically ac-
cepted thresholds (i.e., <5% non-hemolytic, 5–25% mildly 
hemolytic, >25% hemolytic), which aligns with established 
hemocompatibility criteria described by Dobrovolskaia et 
al. (2008) [27]. Conditions yielding 100% hemolysis, as 
observed in 50µg/mL and 10µg/mL, may indicate absorb-
ance saturation or non-specific interactions, as previously 
noted in hemolysis studies involving nanoparticles with 
high optical density or aggregation tendencies. [27] It is 
worth mentioning that some nanomaterials, especially 
those with a high specific surface area or a tendency to 
form aggregates (e.g., graphene, metal oxides, fullerenes), 
can spontaneously absorb light or opalize the solution, 
which can be misinterpreted as an increase or decrease 
in hemolysis. The rGO showed lower hemolytic activity, 
attributed to its reduced oxidation state and greater ten-
dency to aggregate into larger clusters, which decreases 
direct contact with red blood cell (RBC) membranes but 
may still cause mechanical membrane disruption in certain 
contexts [28]. Additionally, interaction with proteins present 
in blood (formation of so-called corona proteins) can alter 
both the bioactivity of the materials and their effect on 
the test's optical system. These phenomena can lead to 
false-positive or false-negative results. [29]

FIG. 8. Diagrams of UV-Vis spectrometry of each carbon nanoparticle

FIG. 9. Hemolytic activity of carbon-based nano-
materials at two concentrations (25 µg/mL and 
100  µg/mL). Data are expressed as mean ± SD 
(n = 3). Asterisks (*) indicate statistically signifi-
cant differences between groups (p ≤ 0.05).
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BSA Test
To complement the hemocompatibility assessment, the inter-
action of nanomaterials with serum proteins was examined 
using the bovine serum albumin (BSA) adsorption assay. 
This test provides valuable insight into the protein corona 
formation process, which plays a crucial role in determining 
the behavior of nanoparticles in biological environments. 
The coefficient of determination (R² = 0.9837) indicated an 
excellent fit of the standard curve, confirming the reliability 
and accuracy of the BSA assay for quantitative analysis. 
Samples were mixed with nanoparticles at concentrations 
of 100 µg/mL and 25 µg/mL. After that, the upper and lower 
layers of the experimental samples were collected, ensuring 
a comprehensive analysis of protein-nanoparticle interac-
tions. After incubation with BSA (1 mg/mL), the mixtures 
were separated into upper and lower fractions to distinguish 
between unbound and adsorbed protein (TABLE 2). The 
absorbance of each layer was recorded, and BSA concen-
tration was calculated (TABLE 3) based on the standard 
calibration curve equation (Absorbance – 0.3308)/0.0021, 

allowing for the estimation of protein amounts associated 
with each nanomaterial.

Using the obtained absorbance values and the standard 
curve equation, the concentration of unbound BSA in each 
fraction was calculated to determine the amount of protein 
adsorbed onto the nanoparticle surface.

The BSA assay results indicate material-dependent 
protein binding. GO and rGO exhibited a strong affinity for 
BSA, with the majority of the protein detected in the lower 
layer, indicating significant adsorption and sedimentation. 
In contrast, HPS-OH exhibited high protein levels in the 
upper layer, possibly due to reduced binding resulting from 
hydrophilic surface modifications. MWCNT and MWCNT-
OH exhibited moderate protein interaction. These quan-
titative data demonstrate material-dependent differences 
in BSA adsorption, reflecting how surface chemistry and 
hydroxyl functionalization influence protein–nanoparticle 
interactions. High adsorption of BSA observed for HPS and 
MW-OH may result from hydroxyl functionalization, which 
enhances hydrogen bonding and electrostatic interactions. 

TABLE 2. Absorbance values of BSA (1 mg/mL) in 
upper and lower layers after incubation with car-
bon-based nanomaterials at two concentrations 
(25 µg/mL and 100 µg/mL). Measurements were 
performed in triplicate, and data are expressed 
as mean absorbance values.

TABLE 3. Calculated concentration of BSA (µg/mL) 
in upper and lower layers following incubation with 
nanomaterials at two concentrations (25 µg/mL 
and 100 µg/mL), determined from the standard 
curve equation.

Material Concentration of 
nanoparticle [g/mL] Layer Absorbance

GO 100 upper 0.4832333

HPS 100 upper 1.108633

HPS-OH 100 upper 0.576933

MW 100 upper 0.8989

MW-OH 100 upper 0.9379

RGO 100 upper 0.955267

GO 25 upper 1.0678

HPS 25 upper 0.669167

HPS-OH 25 upper 2.1771

MW 25 upper 2.3041

MW-OH 25 upper 1.980233

RGO 25 upper 1.817567

GO 100 lower 2.1868

HPS 100 lower 1.2679

HPS-OH 100 lower 1.211133

MW 100 lower 0.9415

MW-OH 100 lower 1.198467

RGO 100 lower 1.9224

GO 25 lower 1.9994667

HPS 25 lower 0.797567

HPS-OH 25 lower 1.1864

MW 25 lower 1.584567

MW-OH 25 lower 0.7547

RGO 25 lower 0.9366

Material Concentration of 
nanoparticle [ug/mL] Layer Calculated concentration 

of BSA [µg/mL]

GO 100 upper 72.587301

HPS 100 upper 370.3968

HPS-OH 100 upper 117.2064

MW 100 upper 270.5238

MW-OH 100 upper 289.0952

RGO 100 upper 297.3651

GO 25 upper 350.95236

HPS 25 upper 161.127

HPS-OH 25 upper 879.1905

MW 25 upper 939.6667

MW-OH 25 upper 785.4445

RGO 25 upper 707.9841

GO 100 lower 883.80953

HPS 100 lower 446.2381

HPS-OH 100 lower 419.2063

MW 100 lower 290.8095

MW-OH 100 lower 413.1746

RGO 100 lower 757.9048

GO 25 lower 794.60317

HPS 25 lower 222.2698

HPS-OH 25 lower 407.4286

MW 25 lower 597.0317

MW-OH 25 lower 201.8571

RGO 25 lower 288.4762



10
In contrast, GO—despite its high surface area—exhibited 
lower affinity in certain conditions, possibly due to hydration 
layers or repulsion effects at the tested pH. Differences 
between upper and lower sample layers likely stemmed 
from sedimentation phenomena, where denser aggregates 
in the lower fraction altered available surface area and 
binding geometry.

To provide a quantitative comparison of protein binding 
among the tested nanomaterials, the adsorption capacity 
(Γ) of BSA was calculated based on the measured protein 
concentrations in the upper and lower layers. This param-
eter reflects the total amount of protein adsorbed per unit 
mass of nanomaterial, enabling the direct evaluation of 
the influence of surface modification and concentration on 
protein–nanoparticle interactions.BSA adsorption capacity 
(Γ) determined for the studied nanomaterials ranged from 
1.16 to 33.55 mg BSA/mg of material, depending on the 
nanomaterial type, layer (upper or lower), and the nano-
particle concentration in suspension (25 or 100 µg/mL) 
(TABLE 4. ). The highest adsorption was recorded for HPS 
(upper layer) at 25 µg/mL (Γ ≈ approx. 33.55 mg/mg), fol-
lowed by MW-OH (lower layer) at the same concentration 

(Γ≈ approx. 31.93 mg/mg). In contrast, the lowest capacity 
was observed for GO (lower layer) at 100 µg/mL (Γ≈ ap-
prox. 1.16 mg/mg).

In most cases, Γ values were markedly higher at lower 
nanomaterial concentrations (25 µg/mL), suggesting that 
under dilute conditions, the number of available adsorption 
sites per unit mass is higher, and protein binding is less 
affected by nanoparticle aggregation. To further elucidate 
the mechanism of protein adsorption, Henry’s isotherm 
model was applied to evaluate the relationship between the 
equilibrium concentration of unbound BSA (C_eq) and the 
adsorption capacity (Γ). This analysis allowed assessment 
of adsorption affinity through the determination of Henry’s 
constants (K_H) and the corresponding coefficients of 
determination (R²).

Henry’s isotherm analysis (Fig. ) confirmed a generally 
linear relationship between Γ and Ceq for the tested con-
centration range, with R2 exceeding 0.95 for the majority 
of material–layer combinations TABLE 5.

The highest KHK values were obtained for HPS (lower 
layer) and HPS (upper layer), indicating strong affinity of 
BSA for this surface. Conversely, GO in the lower layer ex-
hibited the lowest KHK, which is consistent with its minimal 
adsorption capacity. For materials including MW-OH upper, 
RGO lower, R2 values below 0.90 were recorded, which 
may indicate more complex adsorption mechanisms involv-
ing multilayer formation or heterogeneous binding sites.

Overall, the BSA adsorption analysis demonstrated that 
protein–nanoparticle interactions are highly material-de-
pendent and influenced by both concentration and surface 
functionalization. Hydroxylated nanomaterials, such as MW-
OH and HPS-OH, generally exhibited more controlled and 
reversible adsorption profiles, suggesting improved colloidal 
stability and reduced nonspecific protein binding compared 
to their unmodified counterparts. To complement these 
findings and assess the potential impact of nanoparticle 
exposure on blood cell morphology, May–Grünwald–Giemsa 
staining and scanning electron microscopy (SEM) obser-
vations were performed. These analyses enabled direct 

TABLE 4. Adsorption capacity (Γ) of BSA on diffe-
rent carbon-based nanomaterials at two nanopar-
ticle concentrations (25 µg/mL and 100 µg/mL) and 
in two fractions (upper and lower layers).

TABLE 5. Henry’s constants (KH) and determi-
nation coefficients (R²) describing the linear 
relationship between equilibrium BSA concentra-
tion (Ceq) and adsorption capacity (Γ) for tested 
nanomaterials.

Material Layer Nanoparticle con-
centration (µg/mL)

Adsorption capacity (Γ) 
(mg/mg)

GO upper 100 9.27

HPS upper 100 6.30

HPS-OH upper 100 8.83

MW upper 100 7.29

MW-OH upper 100 7.11

RGO upper 100 7.03

GO upper 25 25.96

HPS upper 25 33.55

HPS-OH upper 25 4.83

MW upper 25 2.41

MW-OH upper 25 8.58

RGO upper 25 11.68

GO lower 100 1.16

HPS lower 100 5.54

HPS-OH lower 100 5.81

MW lower 100 7.09

MW-OH lower 100 5.87

RGO lower 100 2.42

GO lower 25 8.22

HPS lower 25 31.11

HPS-OH lower 25 23.70

MW lower 25 16.12

MW-OH lower 25 31.93

RGO lower 25 28.46

Material Layer KH (mL/mg) R2

GO upper 26.06 0.999

HPS upper 49.91 0.969

HPS-OH upper 4.63 0.739

MW upper 2.57 0.836

MW-OH upper 10.64 0.845

RGO upper 14.27 0.924

GO lower 7.87 0.893

HPS lower 48.55 0.972

HPS-OH lower 28.34 0.978

MW lower 26.99 0.981

MW-OH lower 37.60 0.947

RGO lower 37.52 0.892
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visualization of erythrocyte shape alterations, providing 
a morphological perspective on hemocompatibility and 
confirming the functional relevance of the physicochemical 
and protein-binding results.

Morphology of RBC 
To further verify the impact of nanoparticle–protein inter-
actions on cellular responses, morphological evaluation 
of erythrocytes was conducted. In this study, feline whole 
blood was used as a model system for the hemolysis 
assay. The choice of cat blood (domestic cat) was moti-
vated by its specific erythrocyte properties—particularly 
the membrane fragility and osmotic characteristics of feline 
red blood cells. These traits make them more susceptible 
to external stressors and thus a sensitive model for de-
tecting hematotoxic effects, as feline erythrocytes exhibit 
greater osmotic fragility than human erythrocytes [30]. 
Such characteristics allow for early detection of hemolytic 
responses induced by nanomaterial exposure. While feline 
erythrocytes are particularly sensitive to membrane per-
turbations, it is important to contextualize their relevance 
by comparing them to human red blood cells (RBCs). 
Feline RBCs differ from human RBCs in several structural 
and biochemical aspects. Notably, they possess a higher 
number of sulfhydryl groups per hemoglobin molecule, 
making them more prone to oxidative damage under mild 
stress conditions [31]. Furthermore, feline spleens lack a 
sinusoidal architecture, reducing their ability to filter dam-
aged erythrocytes, which allows structurally compromised 
RBCs to persist longer in circulation and amplify subclini-
cal hemolytic effects. In contrast, human RBCs are more 
deformable and undergo efficient splenic culling, which 
may mitigate the visible effects of early-stage hemolysis. 
Despite these interspecies differences, both feline and 
human erythrocytes share fundamental properties re-
garding membrane structure and response to osmotic or 
oxidative insults. Thus, feline RBCs serve as a sensitive 

early-detection model for hemolytic potential, especially 
for identifying subtle membrane alterations that may also 
be relevant in the human context. Our findings therefore 
provide valuable mechanistic insight, while future stud-
ies incorporating human RBCs are warranted to confirm 
translational relevance. This approach provided visual 
confirmation of how surface chemistry and nanoparticle 
concentration affect the integrity and aggregation behavior 
of blood cells. Microscopic examination of blood smears 
(FIG. 10) revealed that the surface chemistry and concen-
tration of carbon nanostructures strongly influenced their 
distribution and interaction with erythrocytes. At lower con-
centrations, the nanomaterials were more evenly dispersed 
across the smear, minimizing direct contact with red blood 
cells and allowing better hemocompatibility. In contrast, 
higher concentrations led to pronounced aggregation of 
the nanoparticles themselves, rather than uniform disper-
sion. Additionally, surface functional groups such as –OH 
increased protein adsorption, promoting the formation of 
a protein corona that could block uniform distribution in 
the smear and reduce direct contact with red blood cells.

Microscopic examination of blood smears revealed 
that the surface chemistry and concentration of carbon 
nanostructures strongly influenced their distribution and 
interaction with erythrocytes.

SEM Imaging
Comparative microscopic evaluation clearly demonstrates 
that nanoparticle concentration and surface chemistry modu-
late erythrocyte–nanomaterial interactions. The presence of 
hydroxyl and oxygen-containing functional groups facilitated 
the formation of a protein corona, thereby limiting direct 
nanoparticle–cell contact at low doses. In contrast, higher 
concentrations promoted aggregation and localized parti-
cle accumulation. The erythrocyte morphologies observed 
through scanning electron microscopy (SEM) (FIG. 11–12) 
illustrate a progressive increase in membrane stress and 

FIG. 10. Visualization of erythrocytes exposed to carbon-based nanomaterials at a concentration of 
25 µg/mL upper panel and 100 µg/mL lower panel using May–Grünwald–Giemsa staining under light microscopy 
(1000× magnification). 
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the associated risk of hemolysis. The echinocyte I shows 
mild membrane protrusions while largely maintaining the 
typical discocyte shape, which indicates minimal cellular 
stress. Additionally, the echinocyte II presents longer and 
more pronounced spicules, with visible shape distortion 
corresponding to moderate stress levels. The echinocyte 
III exhibits numerous sharp, elongated spicules and a near-

complete loss of the disc shape, signifying severe membrane 
deformation. Finally, the sphero-echinocyte displays a more 
spherical form with shorter, irregular spicules, reflecting 
extreme membrane damage and a high risk of hemolysis 
[32-35].These morphological observations corroborate the 
hemolysis assay results, confirming that increasing na-
noparticle concentration and surface reactivity correlate 

FIG. 11. Scanning electron microscopy (SEM) visualization of erythrocytes exposed to carbon-based nanoma-
terials at concentrations 25 µg/mL (a. echinocyte I, b. echinocyte II, c. echinocyte III, d. sphero-stomatocyte) 

FIG. 12. Scanning electron microscopy (SEM) visualization of erythrocytes exposed to carbon-based nanoma-
terials at concentrations of 100 µg/mL.
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with progressive erythrocyte membrane damage.These 
morphological transitions from discocytes to echinocytic 
and stomatocytic forms reflect the concentration-dependent 
effects of nanoparticle exposure. Such changes are typi-
cally associated with modifications in membrane curvature 
and surface tension resulting from the adsorption of nano-
particles or the formation of a protein corona. The pres-
ence of higher-order echinocyte stages (II–III) at elevated 
concentrations suggests enhanced surface interaction or 
oxidative stress, whereas the predominance of discocytes 
and early echinocyte I forms at lower doses indicates pre-
served membrane integrity and compatibility. The appear-
ance of sphero-stomatocytes indicates a more advanced 
or irreversible deformation stage, likely caused by strong 
adhesion, oxidative stress, or mechanical effects exerted 
by aggregated or sharp-edged nanostructures [36]. Overall, 
the hemolytic behavior of carbon-based nanomaterials is 
dictated by multiple interrelated parameters—concentration, 
structure, size, shape, and surface functional groups—which 
collectively determine their interactions with red blood cells 
[37-38]. Numerous studies corroborate that physicochemi-
cal variations among carbon nanomaterials substantially 
modulate their hemolytic potential and blood compatibility 
[18, 38]. Nonetheless, some carbon nanostructures have 
been reported to exhibit no measurable hemolytic activity 
under certain conditions, underscoring the importance of 
experimental context and surface chemistry [39].

Conclusions

The interaction of carbon-based nanomaterials with feline 
erythrocytes revealed that surface chemistry and concen-
tration are the key determinants of hemocompatibility. 

Incubation of GO, rGO, MWCNTs, MW-OH, HPS, and 
HPS-OH with red blood cells induced structural alterations 
of erythrocyte membranes and caused concentration-
dependent hemolysis. More hydrophobic materials, such 
as rGO, HPS, and MWCNTs, exhibited greater hemolytic 
potential than their oxidized or hydroxylated counterparts 
(GO, MWCNT-OH, HPS-OH), which are more hydrophilic 
and thus display enhanced blood compatibility. All tested 
nanostructures triggered varying degrees of morphological 
deformation, including the formation of echinocyte types 
I–III and sphero-echinocytes, reflecting stress responses 
associated with nanoparticle–membrane interactions. 
These findings confirm that physicochemical characteris-
tics—particularly surface functionalization, oxidation state, 
and colloidal stability—play a decisive role in determining 
biological responses to carbon nanomaterials.

In summary, surface modification and precise control of 
dispersion behavior are crucial strategies for minimizing 
hemolytic effects and enhancing the biocompatibility of 
carbon nanostructures. Careful physicochemical charac-
terization and dose optimization are therefore required 
before considering any biomedical or therapeutic applica-
tions of these materials.
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