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Introduction

Environmental pollution is a subject of 
increasing interest due to its potentially harmful 
effect on the health of human (1-4) and animals 
(5-8). Carbon black (CB) is produced by the 
incomplete combustion of petroleum products, 
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such as in traffic. When inhaled, small enough 
particles of CB can enter the circulation and in 
this way also reach the tissue cells. The adverse 
effects of CB on health were observed (9-11) while 
for scientific and medical purposes, the possible 
mechanisms were studied in vitro (12-15) and in 
vivo (15). Studies on experimental animals have 
shown changes in development, in the immune 
response and in gene expression (15), however, 
mechanisms underlying harmful effects of CB 
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on human and animals are yet obscure. Some 
authors report that the effects of nanomaterial 
depends primarily on the shape and size of 
nanoparticles, rather than on their composition 
(16). This suggests, that non-specific biophysical 
mechanisms are relevant to describe the effect of 
nanoparticles on cells and should therefore be 
included in analyses of the effects of nanomaterial 
on cells and organisms. 

By choosing an appropriate experimental 
system, the relevant conditions can be achieved 
and higher standard ethical principles applied 
in human and in animals (17). Studying basic 
biophysical mechanisms including the interaction 
of the test compound with blood cells requires 
a minimally invasive procedure (taking a small 
volume of blood) and no material that impairs 
health and well being of animals. In this work, the 
in vitro effect of CB on biophysical properties of 
canine erythrocyte and platelet membranes were 
considered. As mature mammalian erythrocytes 
have no internal structure, exogenously added 
particles that interact with the membrane can 
cause changes in its properties which is revealed 
in the change of cell shape (13,21-26). The 
equilibrium shape of erythrocyte is determined 
solely by the minimum of the membrane free 
energy (18,19). Shape changes and mediated 
interactions are relevant also for platelets, 
especially since they indicate a propensity of 
platelets for disturbances in blood clotting that 
may lead to thromboembolisms (20). It is the 
aim of this work to consider the effect of carbon 
black nanomaterial on biophysical properties of 
biological membranes, that can be deduced from 
the observed shape changes of erythrocytes and 
platelets.

Material and methods

Carbon black nanomaterial and suspensions

Nanopowder of CB was purchased from 
PlasmaChem GmbH (Berlin, Germany) with the 
average size of primary particles of 13 nm. For 
experiments with diluted blood samples, washed 
erythrocytes or platelet rich plasma, stock 
suspensions of 5 mg/mL CB were prepared in 
citrated and phosphate buffered saline (PBS): 137 
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4x2H2O, 
2 mM KH2PO4, 10.9 mM Na3C6H5O7. The final 

concentration of CB in the sample was 1 mg/ml 
(26). 

Blood sampling

The procedures conformed to the European 
Union’s legislation and were in accordance with 
guidelines set by the Committee for Research and 
Ethical Issues of IASP. Sampling was performed 
according to the Declaration of Helsinki and a 
written informed consent to take blood was given 
by the animal owners. Blood was taken from 
two healthy middle-sized pet dogs for which the 
sample volume represented about 1% of total 
blood volume. The study was approved by the 
National Ethics Committee, No 117/02/10. No 
adverse effects on animals’ health due to sampling 
were observed.

For SEM imaging 10 mL of blood was collected 
from two healthy dogs (female, 2 years, 13 kg and 
male, 12 years, 11 kg) into 2.7 mL tubes containing 
270 µL trisodium citrate at a concentration 0.109 
mol/L (BD Vacutainers, Becton Dickinson, CA). 
Blood was collected by vein puncture by using a 
21-gauge needle (length 70 mm, inner radius 0.4 
mm) (Microlance, Becton Dickinson, NJ, USA). 
Blood was pulled by a syringe. 

For direct observation under the optical 
microscope, 1 mL of blood was collected from a 
healthy dog (female, 6 years) as described above 
into a plastic tube without anticoagulant. A 
drop of blood was taken from the collecting tube 
immediately after the sampling with a pipette, 
inserted into an Eppendorf tube previously filled 
with 1 mL of PBS and gently mixed by turning the 
sample upside down. 

Preparation of blood cells for electron   
     microscopy

Blood was processed within 1 hour from 
sampling according to previously used protocols 
(27,13). Blood was centrifuged in a Centric 400R 
centrifuge (Domel d.o.o., Železniki, Slovenia) at 50 g 
and 37oC for 15 minutes to separate erythrocytes 
from platelet rich plasma. Erythrocytes 
were repeatedly washed with PBS citrate by 
centrifugation at 1550 g and 37oC for 10 minutes. 
Washed erythrocytes or platelet rich plasma 
were aliquoted into equal parts (50 µL in case of 
erythrocytes and 200 µL in case of platelet rich 
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plasma). CB suspended in PBS-citrate (or PBS-
citrate alone for control) was added to aliquotes 
in v/v ratio of 2:1 in case of erythrocytes and 
3:1 in case of platelet rich plasma, 3 and 2 units 
corresponding to erythrocytes and platelet rich 
plasma, respectively. After incubation for 1 hour, 
the samples were fixed in 0.1% glutaraldehyde, 
incubated for another hour at room temperature 
and centrifuged at 1550 g and 37oC for 10 minutes 
to allow erythrocytes to weakly agglomerate (in 
order to keep them grouped in pellet for further 
processing). Supernatant was exchanged for PBS-
citrate, samples were resuspended and fixed in 2% 
glutaraldehyde for an hour at room temperature.

Scanning electron microscopy of blood cells

Fixed samples were washed by exchanging 
supernatant with citrated PBS and incubated for 
20 minutes at room temperature. This procedure 
was repeated 4 times while the last incubation 
was performed over night at 8 oC. Samples were 
then post-fixed for 60 min at 22 oC in 1% OsO4 
dissolved in 0.9% NaCl, dehydrated in a graded 
series of acetone/water (50%-100%, v/v), critical-
point dried, gold-sputtered, and examined using 
a LEO Gemini 1530 (LEO, Oberkochen, Germany) 
scanning electron microscope.

Population study of CB effect on erythrocyte 
shape

PBS-diluted blood samples incubated with the 
test or control solution were observed under the 
Leitz Aristoplan (Leitz, Wetzlar, Germany) optical 
microscope connected to the Watec (Model: 
902DM3S), Watec Inc., New York, USA, camera 
and Pinnacle Studio HD, Version 15.0.0.7593 
framegraber and software, Avid Technology Inc., 
USA. The magnification of the objective was 63 
x. The sample was diluted to obtain a density of 
blood cells composing a monolayer with at least 
20 cells on the average in a frame. The test sample 
was composed of 175 mL of diluted blood and 25 
mL of suspended nanomaterial while the control 
sample was composed of 175 mL of diluted blood 
and 25 mL of PBS. An observation chamber 
1.5 x 1 cm2 was created on the glass by using 
silicon grease. 40 µL of the test suspension was 
placed in the observation chamber and closed 
by gently pressing the cover glass. Care was 

taken not to leave voids in the grease boundary 
in order to prevent evaporation of liquid from the 
observation chamber. For quantitative analysis of 
the effect of CB NPs on blood cell membranes, at 
least 50 frames were randomly imaged over the 
sample. The images were taken 1 hour, 3 hours 
and 24 hours after placing the samples into the 
observation chambers. Regions close to the silicon 
grease were avoided. During the incubation the 
samples were kept at the room temperature. 

Image analysis of erythrocyte populations

Diluted blood samples contained mostly 
erythrocytes and singular leukocytes. Leukocytes 
were not considered. For each sample an ensemble 
of pictures was created in which we were able to 
clearly distinguish different possible cell shape 
types (discocytes, echinocytes, stomatocytes and 
spherical shapes). The number of intact cells of 
each shape type was determined in each picture. It 
was assumed that the pictures were representative 
for the sample and that the number of cells of each 
shape type fluctuated around the corresponding 
average value. The average values of the percent 
of discocytes, echinocytes, stomatocytes and 
spherical cells were calculated. 5087 erythrocytes 
were included in the analysis.

Statistical analysis

The two tailed paired t-test with equal 
variance to compare the average values was 
used. Differences with p<0.05 were considered 
statistically significant. Power analysis was 
performed to validate the size of the samples. 
Power larger than 0.85 at α<0.05 indicated the 
sample of a proper size. Microsoft Excell software 
(Microsoft® Office Excel® 2007 SP3) and Power & 
Sample Size Calculator were used for calculation.

Theoretical model of the cell shape

A two dimensional model of the cell without 
internal structure was constructed to illustrate 
the observed shape changes. In the model, the 
cell membrane was represented by a closed curve 
with bending but no stretching properties. The 
curve was described by using polar coordinates 
(ρ,θ) (Figure 1). 
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Figure 1: Parametrization of the shape

For convenience, the curve was parametrized 
by introducing the arclength S and the angle 
between the tangent to the curve and the x-axis Ψ 
(Figure 1). The equations of differential geometry 
give the curvature in terms of the parameters S 
and Ψ,

where the dot denotes a derivative with respect to 
S,    = d  /dS. The bending energy of the curve is 
given by

where L is the perimeter of the curve kc is the two 
dimensional elastic constant, dS is the arclength 
element and C0  is the spontaneous curvature of 
the membrane. The spontaneous curvature  does 
not enter the shape equations due to the Gauss-
Bonnet theorem. The free energy of the two 
dimensional erythrocyte is composed of the elastic 
bending energy and the enthalpic term PA:

where A is the enclosed area and P is the two-
dimensional pressure. 

Dimensionless quantities are introduced. 
We define R  as a radius of the circle with fixed 
membrane circumference  

The enclosed area is normalized with respect to 
the maximal possible enclosed area Amax  

and the membrane free energy is normalized with 
respect to the bending energy of a circle with 

Minimization of the dimensionless membrane 
free energy was performed by variation of the free 
energy δF = 0. The constraints requiring fixed 
curve perimeter 

and fixed enclosed area

The dimensionless area can take on values 
within the interval a ∈[0,1], with 1 corresponding 
to a circle. The variational problem was solved 
using Euler-Lagrange formalism, which yielded 
four coupled differential equations

Dimensionless arclength s, dimensionless 
curvature c  and dimensionless pressure p take 
on the respective forms

were taken into account. 

where χ(s) and у(s) denote the plane coordinates 
and  (s) is a local Lagrange multiplier. The 
equations were solved numerically by the shooting 
method. Mathematica, Wolfram Reserch, Inc. 
(version 9.0.1.0, Champaign, U.S.A.) was used for 
calculation. Some results were further rendered 
by Surface Evolver, an open-source software 
(version 2.70, Susquehanna, U.S.A.), available at 
http://www.susqu.edu/brakke/evolver/evolver.
html.
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Results

Figure 2 shows the effect of CB on washed 
erythrocytes (A) and platelets (B) as observed 
by the scanning electron microscope (SEM). 
Erythrocytes and platelets were incubated with 
CB nanomaterial for 1 hour. Most of the cells in 
Figure 2A reveal discocytic shape (short arrow). 
Deposited material can be seen on the erythrocyte 
surface that could correspond to CB agglomerates 
(long arrow). Agglomerates adhered to the 
erythrocyte surface but did not cause distortion of 
local membrane curvature. Incubation of platelets 
with CB nanomaterial preserved the disc-like 
shape chacteristic for resting platelets (Figure 2B). 

The effect of CB nanomaterial on populations 
of erythrocytes in PBS-diluted blood samples  is 
shown in Figures 3 and 4. Discocytes (Figure 
3B, black triangle), echinocytes (Figure 3B, white 
arrow), spherically shaped cells (Figure 3C, white 
arrow) and ghosts (Figure 3C, black/white striped 
arrows) can be distinguished. The contrast in 
Figure 3C was enhanced to make the ghosts visible.

The number of cells in the test sample and in 
the control sample diminished with time (Figure 
3, Figure 4A), the effect being stronger in control. 
The differences between the average values of the 
number of erythrocytes in the frame after 1 hour, 
3 hours and 24 hours were statistically significant 
with sufficient power (p<10-4, P(α=p) > 0.95). After 
1 hour, the control sample contained a higher 
proportion of echinocytes than the test sample 
(Figure 4B). No trend for an increase or a decrease 
of the average proportions of the respective cell 
types in the test and in the control with time 
(Figure 4 B,C,D) was observed. 

Figure 2: Scanning electron microscope (SEM) 
images of canine erythrocytes (A) and platelets 
(B) incubated with carbon black for 1 hour. 
Carbon black agglomerates adhered to the 
erythrocyte surface (long arrow) but the normal 
discoid shape of erythrocytes was preserved 
(short arrow). Platelets incubated with carbon 
black for 1 hour retained disc-like shape

These results indicate that the osmotic effects 
took place during the observed transformations. As 
these effects took place also in the control sample, a 
possible explanation would be that the osmotically 
active particles were removed from the outer 
solution by adhering to the glass of the observation 
chamber and/or by interacting with each other. To 
attain the Donnan equilibrium, water entered the 
cells and induced a shape transformation towards 
the sphere. As the cell membrane poorly tolerates 
stretching, the continuation of this process caused 
membrane disintegration and ghost formation. 
The process took place gradually with time. In the 
test sample, the added CB nanomaterial changed 
the osmolarity of the solution in a way to suppress 
the above process. Nanoparticles increased the 
osmolarity of the solution by intervening with the 
adhesion of solutes to the glass and/or with their 
mutual interaction. Osmotic swelling of cells was 
therefore decelerated with respect to the control 
sample. 

The theoretically calculated sequence illustrates 
the suggested mechanism. Figure 5 shows two 
sequences of calculated two dimensional shapes 
simulating erythrocyte swelling, starting from a 
discocyte (a) and an echinocyte (d). Swelling was 
simulated by increasing the area enclosed by 
the curve. Initial echinocytic shape had higher 
energy than the discocytic shape, but increasing 
the enclosed area diminished the energies and 
led both sequences to the final circular shape. 
Thus, the two sequences presented in Figure 5 
correspond to two branches in the phase diagram 
trajectories. 
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Figure 3: Optical microscope images of populations of PBS-diluted canine blood incubated with carbon black (A-
C) after 1 hour, 3 hours and 24 hours, respectively and control samples of PBS-diluted canine blood (D-F) after 
1 hour, 3 hours and 24 hours, respectively. Characteristic shapes of erythrocytes: discocytes (B, black triangle), 
echinocytes (B, black arrow), spherically shaped cells (C, white arrow) and ghosts (C, black/white striped arrows) 
can be distinguished. White triangle points to a large carbon black aggolmerate (panel A). Contrast in panel C was 
enhanced to make the ghosts visible

Figure 4: Abundance of erythrocy-
tes with different shape types in the 
diluted canine blood. A: time depen-
dence of the number of erythrocytes 
in the test sample and in the con-
trol sample, B: portion of the disco-
cytes in the samples, C: portion of 
the echinocytes in the samples and 
D: portion of the spherically shaped 
cells in the samples. Bars denote 
standard deviations
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Figure 5: Theoretical description of the os-
motic swelling of an erythrocyte starting 
from a discocyte (a-b-c) and an echinocyte 
(d-e-c). The shapes were calculated by a two 
dimensional model based on the minimiza-
tion of the free energy of the curve at a given 
enclosed area. The swelling is simulated by 
an increase of the enclosed area a: 0.57 
(shape a), 0.82 (shape b), 1 (shape c), 0.6 
(shape d), 0.85 (shape e)

Discussion

In this work, the effect of carbon black 
nanoparticles on biophysical properties that are 
revealed in changes of the shape of erythrocytes 
and platelets was considered. In erythrocytes, 
haemolytic effects of some types of nanoparticles 
were reported in the literature (16), where it was 
suggested that these effects of nanoparticles are 
due to the shape and size and not the composition 
of the NPs (16). Toxicity of carbon compounds was 
found to depend on configuration: nanotubes and 
quartz were much more toxic than carbon black 
(28). These effects cannot be explained by the 
chemical reactions but are related to biophysical 
mechanisms that were addressed in this work. 
Namely, shape changes induced by formation 
of inclusions in membranes lead to membrane 
budding, vesiculation and finally disintegration. 

However, other effects ascribed to nanoparticles 
were reported in the literature. Production 
of reactive oxygen species (29), procoagulant 
activity (30), genotoxicity (31), and effects of 
biodistribution within the body (32) were reported 
in leukocytes. Carbon black nanoparticles were 
found to induce reactive oxygen species-mediated 
inflammatory effects in bronchial epithelial cell 
line; the effect correlated with the concentration 
of nanoparticles and the structure of their surface 
(33). Furthermore, nanoparticles were found to 
interact with plasma proteins causing changes in 
conformation, activation, and inhibition of plasma 
proteins, exposure of epitopes and changes in 
physicochemical properties of nanoparticles 
such as their ability to agglomerate or adsorb 

proteins (34-35), which influences the coagulation 
system (36). These effects may depend on time of 
incubation and amount of nanomaterial (34-35).

We found that CB NPs agglomerated in citrated 
and phosphate buffered saline and in platelet rich 
plasma. As regards the biophysical properties 
that affect the cell shape, no deleterious effects of 
CB on canine erythrocyte and platelet membranes 
were observed. Scanning electron micrographs 
showed that larger CB agglomerates adhered to 
the erythrocyte membrane but did not distort 
the local membrane curvature nor the global cell 
shape (Figure 2A). A decrease of the number of 
intact erythrocytes in samples in the time interval 
of 24 hours was observed in the suspensions 
of PBS-diluted blood (Figure 4A), however, this 
effect was present also in the control sample 
(Figure 4A). The number of cells diminished at 
the expense of the number of ghosts which are 
poorly visible in the images unless the image is 
processed (as in Figure 3C). Moreover, spherically 
shaped cells are present in the samples (Figure 
3) indicating that erythrocyte underwent swelling 
prior to the erythrocyte-ghost transformation. 
Although the initial number of cells was higher in 
the control sample (Figure 4A), it decreased more 
rapidly with time than the number of cells in the 
test sample, so after 24 hours the number of cells 
with preserved membrane was considerably and 
statistically significantly higher in the test sample 
(p<10-4, P(α=p) > 0.95). 

The theoretical sequences in some aspect 
illustrate the suggested transformations to sphere 
derived from the experimental observations, 
however, the two-dimensional model cannot 
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describe all the properties of the intermediate 
shapes.Thus, the extensions of the two dimensional 
shapes (Figure 5) do not refer to the extensions of 
the contours of imaged erythrocytes (Figure 3) as 
the cell volume requires an extension also in the 
direction perpendicular to the image plane. This is 
in contrast with the calculated sequence (Figure 
5) where the enclosed area increases. It should be 
kept in mind that the enclosed area of the shapes 
in Figure 5 represents the cell volume of real cells 
which increases in osmotic swelling. 

In three dimensional models, minimization of 
the bending energy of laterally isotropic membrane 
(37) (which is analogous to the expression used 
in this work) cannot explain the stable shape of 
the echinocyte but including the shear energy 
of the membrane skeleton provides a possible 
explanation (38,39). By using a geometrical ansatz 
for the shape of the spicules and distributing the 
spicules over the spherical surface it was found that 
in the echinocyte – spherical cell transformation 
the echinocyte spicules become more numerous 
and thinner when the transformation is driven 
by an increase of the difference between the 
outer and the inner membrane layer area (38). 
A more refined model where the shape of the 
spicules was determined by a rigorous solution of 
the variational problem confirmed these results 
(39). Previous models did not present a rigorous 
solution to the variational problem for the entire 
cell which is an advantage of the two dimensional 
model presented in this work. 

Previous theoretical work regarding shape 
transformation of echinocyte into spherical cell 
considered mostly processes driven by the change 
of the difference between the outer and the inner 
membrane layer areas (40-43). This mechanism 
takes place if exogeneously added molecules 
intercalate preferentially in the outer membrane 
layer (41-43) or due to the conformational change 
of membrane proteins (44). These results cannot 
be directly applied to the features considered in 
our work where the presented two dimesional 
model provided an illustration of a possible 
trajectory of shapes in osmotic swelling of initially 
mildly undulated echinocytes. 

CB nanomaterial preserved the disc-like shape 
of resting platelets (Figure 2B). In contrast, the 
effect of ZnO nanomaterial was previously found 
to cause shape transformation of platelets (13). 
ZnO-treated platelets were considerably rounded 
and presented tubular protrusions characteristic 

for activated platelets while CB treated platelets 
did not exhibit such features. Furthermore, it was 
previously reported that CB nanoparticles had no 
effect on the platelet aggregation (26). On the other 
hand, certain carbon particles stimulated platelet 
aggregation and accelerated the rate of vascular 
thrombosis in rat (45).

This study indicates that carbon black 
nanomaterial may affect blood cells of animal and 
human indirectly through osmotic effects which 
were in this study found the most prominent. 
However, the test sample after 1 hour also 
contained considerably higher proportion of 
discocytes than the control sample (Figure 4B) 
which did not necessary derive from osmotic 
effects. In order to answer the question whether 
CB nanomaterial exerts harmful effects on 
blood cell membranes more refined studies are 
necessary, including the effect of the integrity 
of the membrane skeleton (46-48), lateral 
inhomogeneities of the membrane (49,50), 
complex interactions between the molecules in 
the solution (51-53) and microexovesiculation (54) 
on the cells and their environment. 

Conclusions 

The effect of CB nanomaterial on the canine 
erythrocyte membranes was observed. CB 
agglomerates adhered to the erythrocytes but by 
that did not cause local or global shape change. 
Observed hemolysis in the in vitro control 
samples was explained by the osmotic effects. CB 
nanomaterial suppressed this hemolytic effect 
which can be explained by its direct and indirect 
effect on the osmolarity of the solution. Activation 
of platelets after 1 hour of incubation with CB 
nanomaterial was not observed. No harmful 
direct in vitro effect of CB nanomaterial on the 
erythrocyte and platelet membrane shapes was 
found on the level of cell populations.
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VPLIV NANOMATERIALA ČRNEGA OGLJIKA NA OBLIKO PASJIH ERITROCITOV IN 
TROMBOCITOV

J. L. Krek, M. Šimundić, M. Drab, M. Pajnič, V. Šuštar, R. Štukelj, D. Drobne, V. Kralj-Iglič

Povzetek: Obravnavali smo vpliv aglomeriranega nanomateriala črnega ogljika na biofizikalne lastnosti membrane, ki se odražajo 
v spremembah celične oblike pasjih rdečih krvničk in trombocitov. Vzorce pasje krvi, razredčene s citriranim fosfatnim pufrom, 
smo inkubirali z nanomaterialom črnega ogljika in jih opazovali z vrstičnim elektronskim mikroskopom ter optičnim mikroskopom. 
Ugotovili smo, da aglomerati nanomateriala interagirajo z membrano eritrocita. Na populacijah smo opazovali število celic in 
deleže posameznih vrst celic glede na obliko (diskociti, ehinociti, kroglaste celice) v suspenziji z dodanim nanomaterialom črnega 
ogljika in v kontrolni suspenziji z dodanim citriranim fosfatnim pufrom. Kolektive, oblikovane iz reprezentativnih slik populacij celic, 
smo ocenili s statističnimi metodami. Za lažjo ponazoritev procesa osmotskega nabrekanja eritrocita iz začetne diskocitne ali 
ehinocitne v končno kroglasto obliko, ki ji sledi disintegracija membrane, smo izdelali dvodimenzionalni matematični model 
oblike eritrocita. V razredčeni krvi smo našli aglomerate nanomateriala črnega ogljika z največjo razsežnostjo v mikrometrskem 
območju. Aglomerati so interagirali z membrano eritrocita, ne da bi opazno spremenili lokalno ukrivljenost membrane in obliko 
celotne celice. Inkubacija krvi s citriranim fosfatnim pufrom je povzročila časovno odvisno zmanjševanje števila intaktnih 
eritrocitov v vzorcih, kar smo pripisali disintegraciji membrane eritrocita, pri čemer pa je dodan nanomaterial črnega ogljika 
deloval zaviralno. Relativni deleži posameznih vrst oblik so se v 24 urah v veliki meri ohranili. Opažene pojave smo lahko razložili 
z osmotskimi učinki. Inkubacija pasjih trombocitov z nanomaterialom črnega ogljika je v 24 urah ohranila diskasto obliko, ki je 
značilna za mirujoče trombocite. Ugotovili smo, da nanomaterial črnega ogljika interagira z membrano krvnih celic, vendar nima 
neposrednega učinka na lokalno in globalno obliko celice. Veliki aglomerati, ki nastanejo v krvni plazmi, pa bi lahko predstavljali 
mehanske ovire v krvnem obtoku.

Kljuène besede:  črni ogljik; nanodelci; oblika eritrocita; osmoza; varnost nanomaterialov; nanotoksikologija; alternativa 
laboratorijskim/poskusnim živalim 


