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The development of novel nanoscale vehicles for drug delivery promotes the growth of interest in investi-

gations of interaction between nanomaterials. In this paper, we report the in vitro studies of eukaryotic cell

physiological response to incubation with graphene oxide and planar kaolin nanoclay. Graphene family ma-

terials, including graphene oxide (GO), hold promise for numerous applications due to their unique

electronic properties. However, graphene oxide reveals toxicity to some cell lines through an unidentified

mechanism. Thus, methods and agents reducing the toxicity of graphene oxide can widen its practical ap-

plication. We used a colorimetric test, flow cytometry and cell index assay methods to evaluate the effects

of separate and combined application of graphene oxide and kaolin on mammalian cells. We have shown

that the joint application of graphene oxide and kaolin reduced the negative effects of graphene by almost

20%, most likely because of coagulation of the nanoparticles with each other, which was detected by

atomic force microscopy.

1. Introduction

Graphene family materials, including graphene oxide (GO),

are actively studied and used in electronics,1,2 composites,3–6

and catalysis.7 Incorporation of carbon nanomaterials such as

graphene oxide into biomaterial composites of different

chemical natures has recently demonstrated to provide very

important properties for biomedical applications such as:

antibacterial capacity against multidrug-resistant pathogens8,9

(which was measured by two complementary antimicrobial

methods10), enhancement of water diffusion and compression

performance even with the incorporation of a minuscule

amount of carbon nanomaterials,11,12 and enhancement of a

wide range of physical properties of biomaterials of different

chemical natures with the incorporation of graphene

oxide.13–16 The urgency of studying the toxicity of graphene

oxide is associated with an increasing number of publications

on its use as a drug delivery system.17–19 However, there is al-

ready some evidence of the toxicity of graphene oxide for liv-

ing objects, such as mammalian cells20–24 and microorgan-

isms.24 In this regard, the search for methods and agents that

reduce the toxicity of graphene oxide is needed.25 At the same

time, approaches that do not require the physical removal of

excess graphene oxide from the medium are relevant. At the

moment, there are no reports in the literature on such

approaches.

Practical application of kaolin in the production of ce-

ramics26 and also as a sorbent has been described.27 It is

known that on the edges of kaolin particles, there are both

silicon oxide and aluminum oxide, which have a positive

charge at low pH values.28 It is assumed that the use of nano-

clay will increase in the future due to its ability to improve

the functional properties of many materials.29,30 The proper-

ties of nanomaterials are often tested in vitro on cell lines.31

For example, the effects of GO on the morphology, viability,

mortality and membrane integrity were evaluated in human

lung epithelial (A549) cells,32 mouse epithelial cells (JB6Cl41-

5a),33 and colorectal cancer (Colo205, HT-29, HTC-116, and

SW480), liver cancer (HepG2), human breast cancer (MCF-7),

adenocarcinoma (LNCaP) and human cervical (HeLa B) cell

lines.34 Recently, graphene oxide was found to increase the

proliferation of stem cells from human exfoliated deciduous

teeth, although it slightly inhibited the cell osteogenic differ-

entiation.35 The studies on the toxicity of kaolin on cells are

few, which also indicates the need to expand such studies.

However, very often kaolin is used to collect various agents,

for example, to remove heavy metals from the environment,36

due to its unique physicochemical properties.

In this article, we used planar natural nanoclay kaolin to

capture excess graphene oxide in the medium and reduce its
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toxicity. Using flow cytometry and colorimetric tests, we have
shown that the toxic effect of graphene oxide for eukaryotic
cells decreased after incubation with kaolin for 24 hours. The
interaction of both types of nanoparticles with eukaryotic
cells was visualized using enhanced dark-field microscopy.
The use of a biocompatible nanoclay can find applications in
biomedicine to reduce the intrinsic toxicity of graphene
oxide.

2. Materials and methods
2.1 Materials

Kaolin nanoclay and graphene oxide aqueous solutions, L-
glutamine, penicillin, streptomycin and phosphate physiolog-
ical solution were purchased from Sigma-Aldrich. Annexin V
FITC and PI were obtained from Invitrogen (Waltham, Massa-
chusetts, USA).

2.2 Particle characterization

The size and zeta potential of nanomaterials were measured
using a Zetasizer Nano ZS analyzer (Malvern, UK). Dynamic
light scattering is used to measure the size of particles and
molecules, while the determination of the zeta potential is
based on measuring the electrophoretic mobility of particles
using the Doppler effect.

2.3 Cell culture

Rat dermal fibroblasts (RDFs) were isolated from the normal
skin of a 3 day-old rat. The skin was rinsed with PBS (buffer-
ing phosphate physiological solution) three times and cut
into pieces (1.5 mm3). The skin pieces were put in culture
dishes and α-MEM medium supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS), 100 I.U. ml−1 peni-
cillin and 100 ng ml−1 streptomycin and L-glutamine was
added. Then the culture dish was placed in a humidified in-
cubator containing 5% CO2 at 37 °C. The cells were harvested
with trypsin–EDTA (0.05%, Sigma) when they achieved 80%
confluence and seeded into 25 cm2 culture flasks (Corning).
The cells were used in the experiment at passages three–
eight. All experiments were carried out in compliance with
the procedure protocols approved by Kazan Federal Univer-
sity local ethics committee (protocol #5, date 27.05.2014)
according to the rules adopted by Kazan Federal University
and Russian Federation Laws. The human colon cancer cells
(HCT116) were obtained from the American Type Culture Col-
lection (ATCC, USA). Before the experiments, the cells were
seeded in 6-well plates with a number of 100 thousand cells
per well. After 24 hours of incubation, nanomaterials were
added into each well to a required concentration of 50–200
μg ml−1. In the variant where a mixture (1 : 1) of graphene ox-
ide and kaolin was added to the cells, nanomaterials were
mixed 12 h prior to cell treatment. After 24 hours of com-
bined incubation, the toxic effect of nanoparticles was
analyzed.

2.4 Flow cytometry analysis

Analysis of kaolin and graphene oxide toxicity and apoptosis-
inducing potential on the cells was carried out with the flow
cytometry method using a BD FACS (USA) instrument
according to a standard protocol provided by the staining kit
manufacturer. The cells were stained with a Dead Cell Apo-
ptosis kit with Annexin V FITC and PI (propidium iodide) for
flow cytometry (Invitrogen). During the analysis, the number
of annexin positive cells (green) and propidium iodide posi-
tive cells (red) was determined.

2.5 MTT test

The HCT116 cells (2000 per well) were placed in a 96-well
plate with α-MEM medium. After 24 hours, 20 μl of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
Sigma) solution was added and incubated for 4 hours. The
supernatant was removed and 200 μl of DMSO (dimethyl sulf-
oxide, Sigma) was added into each well. Finally, absorbance
was recorded at 540 nm using a MultiScan reader (Thermo
Scientific, USA).

2.6 Cell index assay

Cell growth was measured with an xCELLigence real-time cell
analyzer (Roche, Germany). The cells were grown for 4 days
in special culture plates (E-plate) and each day, the cell im-
pedance was measured between the sensor electrodes every
60 min, allowing us to estimate the cell density. The back-
ground value was measured in an E-plate, containing 100 μl
of culture medium. HCT-116 cells were seeded as 5000 cells
per well and in 24 h, kaolin (100 μg ml−1), graphene oxide
(100 μg ml−1) and a mixture of kaolin with graphene oxide
(100 and 200 μg ml−1) were added. All concentrations are fi-
nal concentrations of nanomaterials in culture medium.

2.7 Imaging

AFM images were obtained using a Dimension Icon (Bruker,
USA) microscope, operating in the PeakForce Tapping mode.
ScanAsyst-air probes (Bruker) were used (115 μm, tip radius 2
nm, spring constant (0.4 N m−1)). The images were obtained
at 512–1024 lines per scan at 0.8–0.9 Hz scan rate in order to
provide high resolution of images and mapping of mechani-
cal properties. Images were collected as peak force error and
adhesion images. The data obtained were processed using
Nanoscope Analysis v.1.7. software (Bruker). Dark field
microscopy images were obtained using a Cytoviva® high an-
nular aperture dark-field condenser attached to an Olympus
BX51 upright microscope. The cells were trypsinized, washed
with buffer (PBS) and put on a coverslip without fixation. The
exposure time was 100 μs. Images were analyzed using Expo-
nent 7 imaging software (Dage-MTI).

2.8 Statistical analysis

Results of three independent experiments each including 3
or more replicas are presented in figures and tables as means
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± SD. Statistical analysis was performed using the Student's
t-test and differences were considered significant at p < 0.05.

3. Results and discussion

At the first stage, the hydrodynamic diameters and zeta-
potentials of nanoparticles were characterized using laser
light scattering. The results of measurements are shown in
Table 1. We found that sizes of the individual nanoparticles
corresponded well to those reported earlier.37

Nanoparticles formed well-dispersed aggregates, which
could be visualized using dark-field (DF) microscopy (Fig. 1).
Imaging of nanoparticles using dark-field microscopy is an
informative approach for examination of the nanoparticle
distribution on cellular membranes and inside the cells,38 fa-
cilitating the detection of nanoparticles in situ, without any
pre-treatment or fixation of cells. We found that both types of
nanomaterials and their mixture were stable in water at room
temperature.

A previous report suggests that positively-charged sites
may exist on the edges of kaolin plates, because the charges
of amphoteric octahedral Al–OH sites at the broken edges
and exposed hydroxyl-terminated planes of kaolin depend on
pH.39 At pH below 6–6.5, a significant fraction of the edge
sites of kaolin must be positively charged in spite of the over-
all negative charge of the clay plate.39 In our work, the pH
values of the kaolin and graphene oxide suspensions were
within the acidic pH range (pH = 5), therefore, the terminal
regions of the planar nanoclay were most likely positively
charged, favouring sorption of negatively charged graphene
oxide particles when graphene oxide was mixed with kaolin.
Usually, the detoxifying ability of clay minerals such as mont-
morillonite and kaolin is associated with their cation ex-
change capacity, allowing protection of living organisms from
the negative effect of heavy metals, for example, cadmium
(Cd).36 However, kaolin exhibits one of the lowest cation ex-
change capacities as compared to other types of nanoclays
(montmorillonite, halloysite, etc.).40 Alternatively, in this
work, we tried to take advantage of high sorption properties
of kaolin41 to apply it for improvement of graphene oxide tox-
icity towards mammalian cells. As the first step, we estimated
the absorption of the nanomaterials by the cells.

Using enhanced dark-field microscopy, we visualised the
internalization of both types of nanomaterials by human co-
lon cancer cells (HCT116). HCT116 cells were incubated with
nanomaterials for 24 h, then they were detached with trypsin,
and cell suspension in buffer was visualised. The nano-
particles and their mixture were suspended in phosphate

buffer and added to the medium at a concentration of 100 μg
ml−1. We found that in all variants, the nanoparticles were
visualised inside the cells (Fig. 2).

The time-resolved interactions of nanoparticles with non-
fixed viable cells were also imaged using dark-field micros-
copy in real-time video recording mode (ESI† 1–3), and the
typical shots from the videos are presented in Fig. 3. There
have been previous reports of graphene oxide uptake by hu-
man fibroblasts,42 and graphene oxide modified with
polyethylene-glycol (PEG) entered mesenchymal stem cells
and was distributed in the cytosol.43 Kaolin was also found to
be strongly adhered to the cell surface and efficiently taken
up by different cell types.44 The visualisation of graphene ox-
ide and kaolin nanoparticles alone and in mixture using
dark-field microscopy demonstrates that they are actively
internalized by cells, and it is likely that the binding of these
nanoparticles occurs both on the membranes and in the
cytosol.

The influence of nanomaterials on the proliferative activity
of HCT116 cells was determined by two different methods.
The MTT test was used to evaluate the activity of cellular hy-
drogenases45 24 hours after nanomaterial addition and cell
impedance was measured during cell growth with nano-
materials for 96 h. We have shown that the incubation of
HCT-116 cells with graphene oxide reduced the number of
living cells by almost 40% in comparison with the control
(Fig. 4A). Reduction of the metabolic activity of HCT116 cells
by 100 μg ml−1 graphene oxide is in good agreement with a
loss of cell viability of A549 cells induced by similar graphene
oxide concentrations32 and the results of Wang et al. (2011)42

who found that the dose of graphene oxide of more than 50
μg mL−1 exhibits obvious cytotoxicity to human fibroblast
cells. At the same time, the toxicity of graphene oxide nano-
sheets is dependent not only on the dose but also on the size
of the particles.32

Joint application of graphene and kaolin reduced the neg-
ative effect of graphene by almost 20% (Fig. 4A). However, al-
though 100 μg ml−1 of the added 1 : 1 mixture of kaolin and
graphene oxide suspension apparently contained the same
number of particles as separate 100 μg ml−1 kaolin or
graphene suspensions, the concentration of each nanoparti-
cle species in the mixture was only 50 μg ml−1. Thus, the
question arose as to whether the reduced toxicity of graphene
oxide after its mixing with kaolin was related to detoxifying
effect of kaolin or to lower graphene oxide concentration.
Then, we increased the concentration of the added 1 : 1 kao-
lin–graphene oxide mixture to 200 μg ml−1, so graphene oxide
and kaolin contents in the mixture were the same as in sepa-
rate kaolin and graphene oxide suspensions. Additionally, we
increased the incubation time of cells with nanomaterials up
to 72 h to track the long-term changes in cell proliferative ac-
tivity (Fig. 4B). We have found that kaolin reduces the toxic
effect of equal concentrations of graphene oxide after 72
hours of joint incubation. The decrease in graphene toxicity
even when high levels of kaolin and graphene are used coin-
cides with the results obtained earlier.37

Table 1 The average hydrodynamic diameter and zeta potential of nano-

materials dispersed in deionized water

No. Sample Size, nm ± SD Zeta-potential, mV ± SD

1 Graphene oxide (GO) 1629.0 ± 201.6 −38.8 ± 3.4
2 Kaolin (KNPs) 2203.0 ± 22.3 −22.0 ± 0.7
3 GO + KNPs 1097.0 ± 81.9 −45.6 ± 0.8
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There are conflicting data on the effect of graphene oxide
on the viability of living organisms.34,46–48 We believe that
different biological entities vary in their susceptibility to
graphene oxide, so we decided to assess the effect of
graphene oxide, kaolin and their combined effect on the in-
duction of apoptosis in primary cells. To evaluate the effect

of the investigated nanoparticles on rat dermal fibroblast
(RDF) cells, a Dead Cell Apoptosis kit containing Annexin V
FITC and PI (Invitrogen) was used (Fig. 4C–F). It is known
that annexin has a high affinity for extracellular
phosphatidylserine (PS), which appears on the outer surface
of the plasma membrane at the early stage of apoptosis. The

Fig. 1 Dark-field microscopy images of nanoparticles: (A) kaolin (KNPs); (B) graphene oxide (GO); (C) graphene oxide incubated with kaolin. Scale

bar: 20 μm.

Fig. 2 Dark-field microscopy images of HCT116 cells: non-treated (A), treated with graphene oxide (100 μg mL−1) (B), treated with kaolin (100 μg

mL−1) (C), and treated with a mixture of kaolin and graphene oxide (100 μg ml−1) (D).

Fig. 3 Visualisation of the interaction of nanoparticles with HCT116 cells using dark-field microscopy in the time series mode: treated with

graphene oxide (100 μg ml−1) (A and B), treated with kaolin (100 μg ml−1) (C and D), and treated with a mixture of kaolin and graphene oxide (100

μg ml−1) (E and F). Scale bar: 10 μm. Time of exposure to nanoparticles before video recording was 1 hour. Arrows indicate the nanoparticles ad-

hered to the cell surface.
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use of annexin, associated with the fluorophore, allows visu-
alization of cells undergoing apoptotic death.

The results of the analysis showed that in the experiments
with the introduction of graphene oxide, the proportion of
apoptotic cells exceeded 9%, which suggested the low toxicity
of graphene oxide for RDFs in the concentration under study
and the realization of the toxic effect of graphene oxide
through apoptosis. The lower percentage of dead cells ob-
served in RDF cells compared to that of the HCT-116 cell line
might be related to different sensitivities of various cell types
to nanomaterials, repeatedly observed in nanotoxicological
studies.34,44

The negative effects of graphene can be associated with
both the membrane exposure and internalization of nano-
particles, indicating that graphene oxide can induce reactive
oxygen species (ROS) generation in the culture media, which
promotes ROS production inside the cells.32 Kaolin did not
exert any toxic effects on cells and the measured proportion
of apoptotic cells is comparable with that in the control. No-
tably, the combined application of kaolin and graphene oxide
reduced the toxic effect of the latter, and the percentage of
cells in apoptosis significantly decreased. The determination
of the mechanism by which kaolin reduces the toxic effect of
graphene oxide to cells requires additional studies. One of
the probable mechanisms of alleviated graphene oxide toxic-

ity in the presence of kaolin could be the sorption of
graphene oxide nanosheets by kaolin plates as was proposed
earlier.37 Such sorption can decrease graphene oxide uptake
by cells or prevent graphene oxide induced ROS formation in
the media or inside the cells.

The morphology of particles is an important factor in de-
termining the toxicity of nanomaterials.49 Atomic force
microscopy characterization of the morphologies and sizes of
the nanomaterials studied demonstrated that both types of
nanoparticles were of planar shape (Fig. 5).

Using the atomic force microscopy, we have shown the co-
agulation of graphene oxide nanoparticles with kaolin. The
assumption that graphene oxide plates are attached to the
surface of kaolin was confirmed by the adhesion data. The
adhesion of pure kaolin is much larger (about 6.5–9.7 nN)
than the adhesion of pure graphene oxide (about 4.2–4.5 nN).
The adhesion value of the kaolin after its mixing with graphene
oxide (3.7–4.2 nN) becomes closer to the adhesion value of
graphene, suggesting the adsorption of graphene oxide by kao-
lin. This is also confirmed by the change in the hydrodynamic
dimensions of particles (Table 1) and dark-field microscopy im-
aging. Our results are in contrast to those of Zhao et al.

(2015),50 who found no adsorption of graphene oxide sheets
by montmorillonite and kaolinite and related this effect to
the impossible electrostatic interaction between the particles

Fig. 4 Quantitative analysis of enzymatic activity in HCT-116 cells (MTT-test) with nanoparticles in 100 μg ml−1concentration (A); HCT-116 cell

growth assessed by measurement of cell impedance; the arrow indicates the moment in which nanomaterials were added (B); flow cytometry data

demonstrating the viability of RDF cells: intact RDF (C), RDF treated with kaolin (100 μg ml−1) (D), RDF treated with GO (100 μg ml−1) (E), and RDF

treated with GO-KNPs (100 μg ml−1) (F). The data demonstrated that addition of kaolin + graphene oxide mixture to the cells reduces the toxicity

of graphene.
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because of the negative zeta potentials of both interacting
partners. However, using atomic force microscopy and sedi-
mentation analysis, earlier it was clearly demonstrated that
planar kaolin nanoparticles strongly aggregated with
graphene oxide plates in an aqueous medium.37 Kaolin coag-
ulated with graphene oxide in water, forming relatively large
conglomerates, which resulted in the reduced negative effects
of graphene oxide to ciliate protozoan Paramecium

caudatum.37 Moreover, kaolinite demonstrated better sorp-
tion properties towards graphene oxide (compared to mont-
morillonite or illite) and inhibited the transport of graphene
oxide in saturated porous media.39 The inconsistency be-
tween the results of various experiments on kaolin sorption
capacity towards graphene oxide can be related to differences
in the experimental procedures used, including the pH of the
medium where nanomaterials interact, which results in vary-
ing numbers of accessible positively charged sites on kaolin
edges. As it was described earlier,39 pH exceeding 6–6.5 is un-
favorable for the formation of positive sites on kaolin plate
edges. In our work and that by Kryuchkova and Fakhrullin
(2018),37 kaolin and graphene oxide were co-incubated at a

pH level of about 5 before being added to living cells, and
formation of positively charged sites on kaolin was highly
probable under such conditions, contributing to binding of
negatively charged graphene oxide sheets by kaolin plates. It
is interesting that bound graphene oxide is obviously
retained by kaolin even after the transfer of the aggregated
particles to cell containing medium with higher pH (>7), as
evidenced by lower toxicity of the graphene oxide–kaolin mix-
ture compared with pure graphene oxide towards P.

caudatum37 or mammalian cells.

4. Conclusions

We have shown that graphene oxide induces apoptosis in rat
dermal fibroblasts and reduces the proliferative activity in
human colon carcinoma cells (HCT116). Natural nanoclay
did not exert a toxic effect on mammalian cells in the con-
centration under study. Also, kaolin reduced the toxic effect
of graphene on eukaryotic cells and did not prevent its pene-
tration into the cells. Cultivation of HCT-116 cells with
graphene oxide reduced the number of living cells by almost

Fig. 5 Atomic force microscopy images of: kaolin (A); graphene oxide (B); kaolin with graphene oxide (C).
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40% relative to the control, but the combined application of
graphene oxide and kaolin reduced the negative effect of
graphene oxide for the cells by almost 20%. The unique prop-
erties of graphene based materials hold promise for versatile
practical applications, including that in biomedicine. As the
use of graphene oxide as a vehicle for drug delivery is re-
strained by its toxicity, combining it with kaolin could help
to resolve this problem.
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