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Functionalised carbon nanotubes are a group of nanomaterials with many potential applications in
bionanomedicine. However, they can also be toxic, especially those functionalised with metal ions.
Carbon nanotubes enter cells easily. The research focused on investigating the acute e�ects of multi-
walled carbon nanotubes with attached Ni2+ ions (MWCNTs-Ni) on the functioning of red blood
cells. The very low concentration of MWCNTs-Ni used did not cause changes in the size and shape of
red blood cells, but it did a�ect the states of haemoglobin and its ability to reversibly bind oxygen.
MWCNTs-Ni-treated red blood cells showed an increased a�nity for O2, similar to that observed in red
blood cells from essential hypertensive subjects. The results indicate a potential risk that MWCNTs-Ni
may in�uence the development of hypertension.
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1. Introduction

Functionalised carbon nanotubes (CNTs) are
promising nanomaterials for applications in many
�elds, especially in biophysics and nanomedicine.
This is due to their unique physicochemical prop-
erties and biocompatibility [1]. Nanotechnology is
playing an increasingly important role in medicine,
for example through the use of nanoparticles that
allow for higher-resolution imaging of cells, tissues,
and whole organisms, and nanostructures that act
as nanocarriers in targeted therapies. CNTs are the
subject of intense research due to their relatively
easy functionalisation, which is very important for
the control of their interactions with biological sys-
tems [2, 3]. Another promising application of CNTs
is their use in the production of implants. They can
be used, for example, in dentistry [4] or in retinal
regeneration [5].
The issue of toxicity and biodistribution of CNTs

is still controversial [6]. Research is needed to
clarify these issues [7, 8]. Carbon nanotubes can
trigger toxic e�ects at both cellular and organ-
ismal levels [9]. At the cellular level, they can
induce oxidative stress, DNA damage, apoptosis,

in�ammation, and changes in the cellular cytoskele-
ton. They can cause in�ammatory reactions in the
body, damage lung tissue, and a�ect the function-
ing of the immune system. In order to better under-
stand the mechanisms of toxicity of CNTs and their
impact on human health, it is necessary to consider
the potential routes of entry into the body, such as
inhalation, ingestion (e.g., through food contami-
nation), and absorption through the skin. In addi-
tion, toxicity testing of CNTs should take into ac-
count the di�erences between their structure and
functional groups, as these may signi�cantly a�ect
the biological reactivity of these carbon nanomate-
rials. It has been shown that long-term exposure to
CNTs can lead to the development of cancer [10, 11].
Intravenous administration of single-walled carbon
nanotubes (SWCNTs) to mice resulted in transient
anaemia. Older red blood cells were preferentially
lysed [10]. Incubation of erythrocytes in vitro in
the presence of acid SWCNTs induces lysis. This
is dose- and time-dependent. Damage to the mem-
brane is indicated by the formation of hydrophobic
patches on the surface of the cells and by the ex-
ternalisation of phosphatidylserine [12]. In addition,
bundled SWCNTs were found to be more toxic than
single SWCNTs, causing signi�cant changes in the
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Fig. 1. Diagram showing the shape and average
diameter of an erythrocyte, the structure of type
A haemoglobin (HbA � the most abundant in
adult human blood), consisting of two α globins
and two β globins, each containing a haem group.
On the right-hand side, the bond between the O2

molecule and the haem iron (hexa-coordinate) is
shown for oxyhaemoglobin (oxyHb). The scheme is
based on [22�25].

shape and fusion of erythrocytes [13]. Function-
alised CNTs can be designed to increase their bio-
compatibility and targeting capabilities. This fur-
ther enhances their e�ectiveness as drug delivery
vehicles. Functionalisation increases the ability of
CNTs to penetrate into cells, which can be achieved
by a variety of mechanisms, including endocytosis
and passive di�usion [14�17]. Therefore, further re-
search on the toxicity of carbon nanotubes is neces-
sary to assess their safety and develop appropriate
regulatory strategies aimed at minimising potential
risks to health and the environment [18�21].

Our research presented here is speci�cally focused
on the investigation of the potential risk of exposure
of living organisms to metal-functionalised CNTs.
The e�ects of CNTs on the cardiovascular system
and the associated risk of developing civilisation
diseases such as hypertension are of particular inter-
est to us. Nanoparticles can easily enter the blood-
stream. Red blood cells (RBCs) are therefore most
exposed to their e�ects.

This paper presents in vitro studies of the
acute e�ect of micromolar concentrations of multi-
wall carbon nanotubes (MWCNTs) with attached
nickel ions on healthy human red blood cell func-
tion (Fig. 1, see also [22�25]). MWCNTs are
often more toxic than SWCNTs due to their
larger surface area and are increasingly being used
in nano(bio)technologies [26]. Long-term (several
hours) e�ects of higher doses of carbon nanotubes
on erythrocytes can be found in the literature [13].
However, it cannot be ruled out that low concen-
trations of CNTs, which do not cause rheological
changes in RBcs, may already a�ect their function
of supplying O2 to the cells.

Fig. 2. Visualization of the method of connecting
the nickel cation to a carbon nanotube using an IDA
(iminodiacetic acid)-type complexation.

Mössbauer spectroscopy applied in this research
is a unique technique that allows the study of all
states of iron (including diamagnetic states) and
thus, di�erent types of haemoglobin, physiological
and non-physiological [27�30]. The hyper�ne pa-
rameters are sensitive to both the valence and spin
states of haem iron (HFe) and to the nature and
organisation of its ligands (binding site symme-
try) [28, 31�34]. It is also possible to measure the
oxygen saturation of Hb over time, which has been
used to test the ability of the haemoglobin con-
tained in red blood cells to bind O2 in a reversible
manner [35].
The aim of this research is to understand the ef-

fect of multi-walled carbon nanotubes with attached
Ni2+ ions (MWCNTs-Ni) on RBC functioning and
to highlight the potential risks to cells from even
short-term exposure to metal-functionalised carbon
nanotubes.

2. Materials and methods

2.1. Sample preparation

Blood samples were obtained from a healthy
middle-aged female donor at the John Paul II Hos-
pital in Kraków (Poland). Sodium heparinate was
used to anticoagulate the blood drawn. All exper-
iments were approved by the local Bioethics Com-
mittee of Physicians (317/KBL/OIL/2019).
Isolation and puri�cation of red blood cells

(RBC) were carried out according to the proce-
dure previously described in [35, 36]. Finally, the
sample contained isolated RBCs of a concentration
of 1.65 × 109 cells/ml. The cells were suspended
in phosphate bu�er (5 mM NaH2PO4/Na2HPO4,
0.15 M NaCl, pH 7.4) and divided into two frac-
tions. The �rst fraction, designated RBCcontrol, was
not further treated with functionalised carbon nan-
otubes and served as the control sample. The sec-
ond fraction, designated RBCMWCNT_Ni 1:1000, was
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   (a)

   (b)

Fig. 3. Example Mössbauer spectra of RBCcontrol measured after 5 h (a) and of RBCMWCNT_Ni 1:1000 mea-
sured after 6 h (b). The symbols and lines are explained in the �gure legend.

treated with functionalised multi-walled carbon
nanotubes. Both fractions had a volume of 5 ml.
The samples were incubated for 10 min at room
temperature under dark conditions with constant
mixing. Subsequently, they were washed a total of
three times in phosphate bu�er solution and then
centrifuged. The resulting sediment was collected
and stored at a temperature of −80◦C until further
analysis.
The material used was multi-walled carbon nan-

otubes (MWCNTs) with an average diameter of
≈ 20 nm [37, 38]. During the functionalisation pro-
cess, nickel (II) ions were attached to the nanotubes
(as shown in Fig. 2). The initial sample, comprising
a suspension of MWCNTs-Ni in distilled water, was
subjected to sonication for a period of 2 min prior
to its addition to the RBCs. The �nal concentration
of nanotubes in the sample RBCMWCNT_Ni 1:1000

was 5.9 µg/ml.
Both samples were analysed in an optical mi-

croscopy (Olympus IX71, Japan) to determine their
dimensions and shapes. This was achieved by exam-
ining 100 randomly selected control RBCs and those
treated with MWCNTs-Ni.

2.2. Mössbauer spectroscopy measurements

The types of haemoglobin present in RBCs and
the reversible oxygen attachment to haemoglobin
(Fig. 1) were investigated using Mössbauer spec-
troscopy, as described in [35]. The measurements
utilised a home-made cryostat that allowed for gas
exchange, with a 100-mCi 57Co(Rh) source provid-
ing the radiation with an energy of 14.4 keV. The
measurements were carried out at a temperature

of 85 ± 0.1◦C, and spectra were recorded ev-
ery 30 min for up to 24 h. The analysis of the
collected spectra was performed using Recoil soft-
ware [39].

3. Results and discussion

The mean diameter of the control RBCs was
found to be 6.38 ± 0.21 µm, and that of the sam-
ple incubated in the presence of nanotubes was
6.17± 0.21 µm. Information about the shape of the
erythrocytes was provided by the determined oval-
ity of the RBCs based on the ratio of the longi-
tudinal diameter to the transverse diameter. For
the RBCcontrol and RBCMWCNT_Ni 1:1000, it was
1.045±0.045 and 1.046±0.056, respectively. The re-
sults show that MWCNTs-Ni at the concentration
used did not alter the shape of the erythrocytes.
However, a slight reduction in cell size of ≈ 0.2 µm
was observed on average. Nevertheless, this reduc-
tion is within the error range.
However, the results of Mössbauer spectroscopy

indicate that the functionality of RBCs treated with
the carbon nanotubes di�ers signi�cantly from that
of the control sample (Figs. 3�5). In both cases,
spectra collected after a longer period required the
consideration of at least four components. This
is demonstrated by the example spectra obtained
for RBCcontrol and RBCMWCNT_Ni 1:1000 presented
in Fig. 3a and b, respectively.
In the case of RBCs treated with MWCNTs-

Ni, two components, due to their characteris-
tic hyper�ne parameters and time evolution, are
assigned to oxyHbs. The component whose hy-
per�ne parameters are IS = 0.16 ± 0.01 mm/s
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        (a)

        (b)

        (c)

Fig. 4. The time evolution of the (a) isomeric shift,
(b) quadrupole splitting, and (c) contribution of dif-
ferent haemoglobin components in RBCcontrol. The
symbols are explained in the �gure legend.

and QS = 2.20 ± 0.04 mm/s is called oxyHb1.
The second one with IS = 0.17 ± 0.01 mm/s and
QS = 1.95±0.06 mm/s is called oxyHb2. Both have
their own precursors, which appear in the spectra
for the initial measurement times up to ≈ 2.5 h after
treating the sample with high N2 pressure and re-
moving O2. The temporal evolution of the hyper�ne
parameters (IS � isomeric shift and QS � quadru-
ple split) of the individual haemoglobin forms and
their fractions are shown in Fig. 5a�c. As can be
seen in Fig. 5c, Comp_1 passed partly directly and

         (a) 

         
         (b)

          (c)

  

Fig. 5. The time evolution of the (a) isomeric
shift, (b) quadrupole splitting, and (c) contri-
bution of di�erent haemoglobin components in
RBCMWCNT_Ni 1:1000. The symbols are explained
in the �gure legend.

partly indirectly through Comp_2 into oxyHb1. In
turn, Comp_3 evolved towards oxyHb2. Comp_4
ultimately converted to deoxyHbOH with IS =
0.17 ± 0.01 mm/s and QS = 1.6 ± 0.06 mm/s (red
component in Fig. 3b). Figure 3b also shows metHb
with a small isomeric shift and quadrupole splitting
(IS= 0.10±0.05mm/s and QS= 0.40±0.10mm/s).
MetHb evolved from deoxyHbOH, as indicated by
the conserved sum of their contributions to the spec-
tra for times > 2.5 h (Fig. 5c). During the initial
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           (a)

           (b)

Fig. 6. Time evolution of the contributions of dif-
ferent forms of oxyhaemoglobin in (a) untreated
RBCs and (b) treated with MWCNTs-Ni. The des-
ignations oxyHb∗

1 and oxyHb∗
2 mean that all forms

of oxyhaemoglobin that were precursors of oxyHb1

and oxyHb2, respectively, were included for the ini-
tial times (see main text and Figs. 4c and 5c).

three-hour period, deoxyHbOH also partially trans-
formed into oxyHb2. During the same period of
time, deoxyHb was in saturation with oxygen and
was converted to oxyHb1. Comp_5, with an iso-
meric shift near 0 mm/s and a quadrupole splitting
of about 2.5 mm/s, indicating a signi�cant nitro-
gen e�ect on this haemoglobin form, converted to
Comp_1, the precursor of oxyHb1.
In the control sample (Figs. 3 and 4), both

oxyHb1 and oxyHb2 exhibited similar hyper�ne pa-
rameters, in line with the observations made for
RBCs treated with carbon nanotubes. However,
the higher quadrupole splitting of oxyHb2 (QS =
2.05± 0.09 mm/s) was notable (Fig. 4b). The aver-
age IS values of oxyHbOH and metHb were found
to be lower by approximately 0.02 and 0.04 mm/s,
respectively (Fig. 4a), while their quadrupole split-
tings were higher by ≈ 0.1 mm/s in both cases
for RBCscontrol (Fig. 4b). An intermediate state
of deoxyHb (called Comp_int, see Fig. 4) was de-
tected in untreated RBCs, but quickly converted

to oxyHb1 via Comp_1. Comp_3, which converted
to oxyHb2, had a lower IS but a higher QS than
in the MWCNTs-Ni treated RBCs (Fig. 4a and b).
In the initial four hours of the control sample, de-
oxyHbOH underwent partial conversion to oxyHb1
and oxyHb2, with a �nal concentration of ≈ 20%.
The precursor of deoxyHbOH, i.e., Comp_4, was
characterised by higher IS and QS values than for
RBCMWCNT_Ni 1:1000. Over time, its contribution
to the spectra decreased slightly, resulting in a grad-
ual increase in total oxyHb contribution, as visible
in Figs. 4c and 6a.
Nonetheless, the most pronounced contrasts be-

tween RBCcontrol and RBCMWCNT_Ni 1:1000 that
were observed in Mössbauer experiments were a
consequence of the temporal evolution of distinct
forms of oxyhaemoglobin (Figs. 4c and 5c). Figure 6
provides further illustration of the changes in to-
tal oxyHb over time for each system. Firstly, the
control sample for times < 8 h was dominated by
oxyHb1, the proportion of which decreased over
time from around 55% to around 22%. This was
accompanied by a gradual increase in the frac-
tion of oxyHb2, which stabilised at around 57%.
In contrast, for the MWCNTs-Ni treated sample,
the oxyHb2 component dominated over the whole
time range. Its contribution for times > 1.5 h
gradually decreased to stabilise at a level of about
57%, i.e., similar to that of the control sample.
OxyHb1 reached a slightly higher level compared to
the control sample, and therefore the �nal satura-
tion in RBCMWCNT_Ni 1:1000 was about 3% higher
than in RBCcontrol. Moreover, the increase in the
oxyhaemoglobin fraction in the initial period was
steeper in the RBCs treated with carbon nanotubes
than in the untreated RBCs.

4. Conclusions

The low concentration of Ni2+ ion functionalised
MWCNTs (5.9 ug/ml) did not result in signi�cant
changes in the size and shape of the erythrocytes
compared to the control sample. The results ob-
tained using Mössbauer spectroscopy showed the
presence of di�erent forms of haemoglobin charac-
terised by hyper�ne parameters. These parameters
indicate di�erent conformations of the O2 binding
site within the Hb globin pocket. They may result
from both the symmetry of the HFe�O2 bond itself
(e.g., length and angle of the bond, position of the
Fe ion relative to the heme porphyrin plane) and the
binding of heme to globins, in particular their rigid-
ity. However, studies on the reverse binding of oxy-
gen to haemoglobin showed a signi�cant di�erence
between the control RBCs and those treated with
MWCNTs-Ni. In the latter case, on the one hand,
oxygen was released much more easily under the low
partial pressure of oxygen, and on the other hand,
it was incorporated much more e�ectively when the
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partial pressure of oxygen increased. This behaviour
is very reminiscent of a phenomenon that has pre-
viously been observed in the erythrocytes of people
su�ering from primary arterial hypertension [35].
This could be an indication of a potential risk of the
impact of metal-functionalised carbon nanotubes on
the development of high blood pressure when they
are present in the blood circulation, even at very low
concentrations. Further research is currently being
carried out in this direction.
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