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The Effects of TiO, Nanoparticles on Tumor
Cell Colonies: Fractal Dimension and
Morphological Properties
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Abstract—-Semiconductor nanomaterials like TiO, nanoparticles
(TiO,-NPs) approximately less than 100 nm in diameter have become
a new generation of advanced materials due to their novel and
interesting optical, dielectric, and photo-catalytic properties. With the
increasing use of NPs in commerce, to date few studies have
investigated the toxicological and environmental effects of NPs.
Motivated by the importance of TiO,-NPs that may contribute to the
cancer research field especially from the treatment prospective
together with the fractal analysis technique, we have investigated the
effect of TiO,-NPs on colony morphology in the dark condition
using fractal dimension as a key morphological characterization
parameter. The aim of this work is mainly to investigate the cytotoxic
effects of TiO,-NPs in the dark on the growth of human cervical
carcinoma (HeLa) cell colonies from morphological aspect. The in
vitro studies were carried out together with the image processing
technique and fractal analysis. It was found that, these colonies were
abnormal in shape and size. Moreover, the size of the control
colonies appeared to be larger than those of the treated group. The
mean Df +/- SEM of the colonies in untreated cultures was
1.085+0.019, N= 25, while that of the cultures treated with TiO,-NPs
was 1.287+0.045. It was found that the circularity of the control
group (0.401+0.071) is higher than that of the treated group
(0.103£0.042). The same tendency was found in the diameter
parameters which are 1161.30+219.56 pm and 852.28+206.50 pum
for the control and treated group respectively. Possible explanation of
the results was discussed, though more works need to be done in
terms of the for mechanism aspects. Finally, our results indicate that
fractal dimension can serve as a useful feature, by itself or in
conjunction with other shape features, in the classification of cancer
colonies.
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. INTRODUCTION

EMICONDUCTOR, nanomaterials like TiO,

nanoparticles (TiO,-NPs), approximately less than 100 nm
in diameter, have become a new generation of advanced
materials due to their novel and interesting optical, dielectric,
and photo-catalytic properties from size quantization [1].
Therefore, many efforts have been devoted to produce TiO,-
NPs with controlled size, shape, and porosity for use in thin
films, ceramics, composites, and catalysts. These nanometer-
sized effects are caused by the large surface-to-volume ratio,
resulting in more atoms along the grained boundaries than in
the bulk material. It is known that the more the particles
decrease in size the more attractive interactions between the
particles become dominant. These attractive forces lead them
to aggregate or agglomerate when the particles collide
resulting in nanoparticle aggregates (NPAs) (see Fig. 1). Since
the desired product properties might vary with particle size as
well as the degree of aggregation or the aggregate structure,
control of the particle size distribution and the aggregate
structure is a key criterion to product quality. It has been
accepted that NPs can exist in two states within a liquid:
stable, i.e. particles separate, non-adhering and dispersed, and
aggregated or flocculated, i.e. adherent and randomly clumped
[2]. This clumping can occur due to van der Waals attractive
forces or may be caused by magnetic or other attractions
imposed by externally imposed fields. To calculate the
particle-particle interaction, the DLVO theory can be
employed [3]. Hence, it is very important to realize that the
NPs being used in experiments, especially in suspension or
colloid form have the properties (e.g., size distribution) which
are different from those specified by manufactures. Moreover,
in experimental processes such as sonicator, autoclave, pH
and so on, may change the state or properties of the particles.
Therefore, using NPs in experiments must be done with care.

With the increasing use of NPs in commerce, to date few
studies have investigated the toxicological and environmental
effects of NPs. Exposure to nanoparticle substances can be an
important risk factor for human health. The sub-micron size of
NPs offers a number of distinct advantages over
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microparticles (MPs). NPs have in general relatively higher
tracellular uptake rate compared to MPs. This was
demonstrated in studies in which 100 nm size NPs showed
2.5 fold greater uptake compared to 1 mm and 6 fold higher
uptake compared to 10 mm NPs in Caco-2 cell line [4].
Similar results were obtained when these formulations of NPs
and MPs were tested in a rat in situ intestinal loop model. The
efficiency of uptake of 100 nm sized particles was 15-250
fold greater than larger sized (1 and 10 mm) MPs [5]. In the
above rat study, it was found that NPs were able to penetrate
throughout the submucosal layers while the larger size MPs
were predominantly localized in the epithelial lining.

TiO, or titania could be used as an alternative or a
complement to conventional biocidal activity technologies via
photocatalysis. Photocatalytic events that occur after
UVA/UVB with wavelength of less than 385nm (365<
wavelength < 385) illumination of TiO, (band-gap energy of
anatase, 3.2 eV; for rutile, 3.0 eV) and subsequent formation
of electron/hole pairs are many and very complex. Following
electron/hole separation, the two charge carriers migrate to the
surface through diffusion and drift, in competition with a
multitude of trapping and recombination events in the lattice
bulk. At the surface, these carriers are poised to initiate redox
chemistry with suitable pre-adsorbed acceptor and donor
molecules in competition with recombination events to yield
radiative and nonradiative emissions, and/or trapping of the
charge carriers into shallow traps at lattice sites (e.g., anion
vacancies, Ti4+, and others). Thus, on absorption of UV light,
titania particles yield superoxide radical anions and hydroxyl
radicals that can initiate oxidations [6]. Photocatalytic
biological inactivation has been explained by the attack of
Oxygen-derived molecular species or reactive oxygen species
(ROS), especially radicals photogenerated at the surface of the
TiO, catalyst like O,:, HO,- and OH.. However, the
mechanism of cell death or damage has not been understood
yet [7].

Oxygen-derived molecular species or reactive oxygen
species (ROS), such as superoxide (O;) and hydrogen
peroxide(H,0,), are produced in cells as a result of aerobic
metabolism. Excess generation of these species can result in
damage to macromolecules such as DNA and lipids [7].

Many studies using TiO, photodecomposition of pollutants
with the aim of developing methods to purify water and air
have been carried out [8],[9],[10],[11]. For the bactericidal
activity, several results have been reported using TiO, powder
[12],[13],[14].[15],[16], and, TiO,-coated materials for this
purpose [17]. However, few studies have investigated the
impacts of TiO, in cancer science or the field of oncology
[18]. However, the actual factors that control the
photocatalytic activity of specific TiO, particles are still
unknown. Moreover, the detailed studies of the effects of TiO,
on biological systems in dark condition were very rare. This is
one of the reasons that motivate us to perform this study.

Cancer has been a leading cause of human death in the
world.  Not too much is known about the biological
mechanisms leading to the establishment of or the growth of
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malignant tumors. Many attempts have been made in recent
decades to describe the basic biological mechanisms of tumor
growth. Benign masses generally have smooth, circumscribed,
and well-defined contours, whereas malignant tumors
commonly have rough, spiculated, and ill-defined contours.
Based upon this observation, shape or morphological factors
such as fractal dimension (Df) have been considered.

Fractal patterns arise “‘spontaneously’” in natural processes
as a result of many microscopic interactions, and the fractal
dimension is a precise measure of the morphology of a
complex pattern [19],[20]. Fractal geometry is a way of
quantifying natural objects with a complex geometrical
structure that are difficult to quantify by regular Euclidean
geometrical methods. In classical Euclidean geometry, objects
have integer dimensions. For example, a line is a one-
dimensional object, a plane a two-dimensional object, and a
volume a three-dimensional object, with dimensions of 1, 2 &
3 respectively. In this way, Euclidean geometry is suited for
quantifying objects that are ideal, man-made, or regular. One
of the most important features of fractal objects is that they are
self-similar; i.e., there is a repetition of patterns in the object
at many different scales. In nature there is a wide range of
self-organized spatial structures in multiple hierarchical levels.
Surface morphology or roughness can be quantified by the
value of fractal dimension, a numerical parameter having
emerged from the fractal theory. This theory provides a new
way to characterize irregular structure. Fractal dimension (Df)
measures the space filling capacity of an object. In a fractal
system, the fractal dimension of the system is less than the
dimension d of the space in which the system is embedded. In
recent years, the geometry of fractals has been applied to a
surprising set of phenomena including electrochemical
deposition [21], the architecture of physiological systems such
as the bronchial tree [22], taxonomy [23], and clusters of stars
[20]. Study of the fractal structure has intensified in a number
of biological structures and their growth patterns in past recent
years[24],[25],[26],[27].[28].[29],[30],[31],[32],[33].[34].[35]

Motivated by the importance of TiO,-NPs that may
contribute to the cancer research field especially from the
treatment prospective combined with the fractal analysis
technique that has proved to be useful in many fields
including life science, the aim of the present study was to
investigate the effect of NPs on colony morphology using
fractal dimension as a key morphological characterization
parameter. To the best of our knowledge, this is the first
published literature on this problem.

Il. MATERIALS AND METHODS

A. TiO, Nanoparticles

TiO, (P25, Sigma-Aldrich) with a surface area of 10-20
m?/g and primary particles whose size of 60-100 nm were
used in experiments. The particles were suspended in sterile
water and sonicated for 15 min before experiment. All
processes were performed in darkness.
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B. Cell Culture

Human cervical carcinoma cells (HeLa), obtained from
National Cancer Institute, Thailand were cultured in EMEM
(BioWhittaker), pH 7.2, supplemented with 10% NCS
(BioWhittaker), penicillin (100 U/ml) and streptomycin (100
png/ml) at 37°C in a humidified atmosphere of 5% CO,.

C. Colony-Forming Assay

HeLa cells in exponential phase were trysinised and
counted by a Hemocytometer. Then, cell suspension was
diluted and plated in 6 well cultured clusters (Corning) with
TiO,. Sterile water was used as control. After culturing for 10
days, the colonies were stained with 10% Giemsa solution
(Merk) and then photographed under inverted microscope
with a coupled digital camera. If the cell colony is
successfully grow, i.e., colony forming efficiency more than
80% control condition, (the size and shape of the cells are as
shown in Fig. 2.), the morphology will be observed by
inverted phase-contrast microscopy and analyzed.

D. Image Processing and Fractal Dimension Calculation

Image processing and fractal dimension (Df) calculation via
the box-counting method (BCM) were performed by using
ImageJ shareware program from NIH Laboratory
(http://rsb.info.nih.gov/ij/). BCM, is one of the most widely
used [36],[37],[38] due to the relative ease of mathematical
calculations and computations involved. It basically consists
of drawing successively larger boxes and counting the number
of boxes that touch particles (any color different from
background color). The slope of the log-log plot of the
number of boxes vs. their respective size is the fractal
dimension.

For image processing (see Fig. 3), firstly, the acquired
images were converted from RGB to 8-bit format images. Via
automatic default threshold function, we can get black and
white images with binary bit, namely 0 (totally black) to 255
(completely white). We then “clean up” the image and
leaving only the boundary outline with the image of size 2592
x 1944 (this is one of the control parameters). Finally, we can
evaluate the fractal dimension with the output sample as seen
in Fig. 4.

To have confidence in our tool as to whether the software is
installed or set up properly, the BCM has then been validated
with a known fractal dimension structure. For the triangular
Sierpinski gasket 12, the initiator is a filled triangle shown as
Fig. 5. The fractal curve obtained in the limit of an infinite
number of generations has the fractal dimension D = In3/In2 =
1.585. The dimension obtained by the box size method using
ImageJ software is equal to 1.579, which is accurate up to
0.379%. In addition, we also tested the software on the Koch
Curve 6, and it was found that, with the theoretical value =
1.262, a our software yielded 1.267, so that the error is within
1.041% (see Fig. 5).
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In this section we present some experimental results of
TiO,-NPs-induced changes in cell colonies. Tumor cell
colonies were grown in vitro, so that the nutrient
concentration was uniform along the colonies. A control set of
colonies was grown without TiO,-NPs and a treatment set of
colonies was cultured at a concentrations or dose of TiO,-NPs
= 400 ppm. In this study, we have applied a fractal index as
key parameter to characterize the colony morphology that
features the growth.

Growth and development of living organism populations
shows a great variety of geometrical shapes. The aim of the
present study was to investigate the effect of TiO,-NPs on the
colony morphology of tumor cell colony in vitro. Our results
demonstrate that it is possible to describe how a cell colony
adapts itself to external changes, from morphological points of
view. However, the way in which an ensemble of cells forms
a colony, usually via cell motility and cell-cell adhesion, is
not fully understood at the sub-cellular level. More
experimental and theoretical works especially with regards to
the mechanism aspect are needed.

Fig. 6 shows typical colonies at different culture conditions,
namely with control and treatment conditions. It was clearly
observed that colony growth is morphologically changed from
control when treated with TiO,-NPs. It was also found that,
these colonies were abnormal in shape and size. In addition,
the size of the control colonies appeared to be larger than
those of treated group as seen in Fig. 7. The mean diamerter
+/- SEM of the colonies in untreated cultures was
1,161.302+219.566um , N= 25, while that of the cultures
treated with TiO,-NPs was 852.284+206.497 um  (see table
1). Due to the aggregation TiO,-NPs, the resulting larger sized
particles were observable through naked eyes in black dots or
patches. This data may evidently indicate the spread and the
adsorption of particles which could affect the growth of
colonies. However, it should be noted that only the larger
sized particles were observed either through naked eyes or
OM. The nanosize-particles could be observed by a more
powerful microscope such as Scanning Electron Microscope
(SEM), Transmition Electron Microsope (TEM), or Atomic
Force Microscope (AFM), etc.

In Fig. 8, it was found that the box-counting fractal
dimension, Df, of individual colonies was increased
substantially over that in control cultures. The mean Df +/-
SEM of the colonies in untreated cultures was 1.0852+0.0197,
N=25 and in cultures treated with TiO,-NPs 1.2870+0.0454
(see Table 1). The standard deviation, it reflected that the
morphologies of abnormal or treated colonies are more rough
and fluctuated compared to those of the control samples,
which appeared to be more uniform and consistent in shape. It
should be noted that all the data in this study show fractal
dimensions whose complexity is between a straight line (Df =
1) and a circle (Df = 2).

In Fig. 9, to correlate the morphological changes in fractal
dimensions with other well known geometrical parameters, we

RESULTS AND DISCUSSION
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calculated the circularity and diameter length using the same
software, imagel. It was found that the circularity of the
control group (0.4015+0.07100) is higher than that of the
treated group (0.103+0.0421). The same tendency was found
in the diameter parameter which is 1161.302£219.5663 pm
and 852.284+206.4976 um for the control and treated groups,
respectively. In other words, the degree of roughness of
colony boundary of the treated samples is significantly larger
than that of the control group as clearly seen from fractal
dimension and circularity parameters. The irregular
boundaries of tumors can be examined by fractal geometric
analysis. Indeed, the box counting method reveals that
morphological patterns of the higher order, such as gland-like
structures or populations of differentiating cancer cells,
possess fractal dimension and self-similarity. Since fractal
space is not filled out randomly, a variety of morphological
patterns or a functional state arises.

On comparing our results with other studies of the TiO, that
effects cancer cells, Cai R and coworkers [39] investigated
the anti-tumor activity of photoexcited TiO, particles on
HeLa cells in vitro. They found that cell cultures were
completely killed in the presence of TiO, (50 micrograms/ml)
with 10-min UV irradiation by a 500-W-Hg lamp. In contrast,
very little cell death was observed from TiO, treatment
without UV irradiation. They also suggested that the cells
were Killed by the OH-. and H,0, produced from photoexcited
TiO, particles. Kubota Y and co-workers [40] studied
photokilling of TiO2 on -24 human bladder cancer. Here, a
distinct cell killing effect was observed on cultured T-24
human bladder cancer cells treated with TiO, plus UV light.
They also discussed the possible application of photoexcited
TiO, particles to cancer treatment as a new anti-cancer
modality. Ai-Ping Zhang and Yan-Ping Sun [5] investigated
the photocatalytic Killing effect of photoexcited TiO,
nanoparticles on human colon carcinoma cell line (Ls-174-t)
and studied the mechanism underlying the action of
photoexcited TiO,-NPs on malignant cells. When the
concentration of TiO, was below 200 mg/mL, the
photocatalytic killing effect on human colon carcinoma cells
was almost the same as that of UVA irradiation alone. When
the concentration of TiO, was above 200 mg/mL, the
remarkable Killing effect of photoexcited TiO2-NPs could be
found. On comparing previous findings with our results, in
which samples were treated with TiO,-NPs alone in the dark,
our findings seem to reveal surprisingly new findings. To our
knowledge, these results are the first that show the significant
toxicity effects of TiO,-NPs on biological systems under dark
condition. This may be partly because of the particle size
and/or the chosen measurement index.

To relate our fractal results with the previous ones, we refer
to the concept and measurement of fractal dimension by the
box-counting method given by [36],[37],[38]. Malignant
melanomas in vivo have been investigated and it has been
found that the fractal dimension of the boundary of the tumor
lies mainly in the range 1.05-1.30 [36],[37] while published
experimental data for in vitro and in vivo study of the
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boundary of human and animal solid tumors giving with Df in
the range 1.09-1.34. Our mean fractal dimension of normal
tumor colonies lies in the range 1.0454-1.1129, which agrees
well with previous reports, while that of the abnormal colonies
lies in the range 1.1848-1.3875 which is relatively high. This
evidence may benefit, for example, the clinical trials to be
used as an alternative indicator for treatment response of
cancers. From biophysics view point, one of the possible
explanations of the irregular shape of a colony may be as
follows. Due the difference in wave propagation velocities of
tumor cell wave (especially at the boundary which are mostly
proliferating cells), fluctuations in the number of cell at the
front or rim would cause irregularities of its shape and
produce irregular cell clusters. Thus, the variety of structural
metamorphoses in tumor population waves can be explained
both by general approach to their description and by
considering individual behavior of cell, with only local
interactions between them. These phenomena may be
dependent on the essential role of density fluctuations and cell
motility in the development of fractal structures. In this
particular case where the tumor cells are under the applied
stress by being exposed to the TiO,-NPs, the changes in
colony morphology may be due to the effect of TiO,-NPs. that
decelerates the proliferation of tumor cells by changing the
cell properties. This results in cell death which leads to the
loss of adhesion of cells to their substrate leading to the
colony change. Another possible explanation may be that the
colony should grow until it reaches optimal size; then, all
further net energy intake should be allocated to reproduction.
This means that the optimal colony size is substantially
smaller than the maximum possible colony size when all
incoming energy is allocated to maintenance and none is
available for reproduction.

IV. CONCLUDING REMARKS

In conclusion, using fractal dimension as a key index for
morphological characterization, this paper shows that TiO,-
NPs modify the dynamics of cell colony growth, causing its
eventual arrest and resulting in the colony pattern
deformation. These findings are somewhat unexpected
because the TiO,-NPs treatment was performed in the dark.
Hence, no photocatalytic impact via ROS accounts for the
changes. This may emphasize the importance of NPs over
MPs. Though the use of fractal index does not normally reveal
much about the biological mechanism involved, we believe
that fractal analysis here shows its promise as an objective
measure of seemingly random structures and as a tool for
examining the mechanistic origins of pathological forms. Our
results indicate that fractal dimension can serve as a useful
feature, by itself or in conjunction with other shape features,
in the classification of cancer colonies. It should be noted that
a general classification of cell colonies or tumors regarding
their fractal dimensions could be misleading. However, study
of the fractal structure has intensified on a number of
biological structures and their growth patterns in past recent
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years. Emerging data show that variation in the fractal
dimensions may serve as an indicator or predictive factor in
normal versus disease conditions, serving as an objective
means to guide the clinicians.
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Fig. 1 (a) Schematic picture of unstable dispersing TiO,
nanoparticles (left) and more stable TiO, aggregated particles
(right). (b) TEM micrograph of the TiO, nanoparticles used in

our experiments. The samples were examined under a
transmission electron microscope (TECNAI 20) with
magnification x29,000
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Fig. 2 Example of HeLa cell colony under normal condition (left)
and typical individual cells (right). The samples were prepared using
the techniques as described in text

Image capture and acquisition from inverted
microscope with CCD camera as .jpg file

Convert picture to .bmp file (8 bit, black and white
images) via automatic default threshold function

Image cleaning to obtain boundary of colonies
via clear and draw function

Parameter calculation
Via, e.g., fractal box counting function
and circularity

Fig. 3 Flowchart of procedures of image acquisition and parameter
calculations
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r.-'- . Find perimelerof - Fig. 5 Tested fractal objects for reliability of the fractal
| ofpictureby ImageJ Pmmhylmgd F estimation software wusing in comparison with known
N theoretical results. Using (a) Koch Curve 6 and (b) Sierpinski
Usie glear outsile Usmgci'mmuddmw \ // Gasket 12. The tests were performed using ImageJ. The test
Sfumction function results give: Koch Curve 6 theory =1.262, ImageJ =1.2229,
error = 3.098 %, Sierpinski Gasket 12, theory=1.585,

@) ImageJ=1.6015, error = 1.041%.

TABLEI

1edl7 ¢ o2 19eepat | & MEAN VALUES (+/- SEM) oF CELL COLONIES

1es06 LB Parameters CONTROL GROUP Treated group

Cell colony Fractal 1.0852+0.019 1.287+0.045

dimension

Cell colony 0.4015+0.071 0.103+0.042

circularity

Cell colony 1,161.30+219.56 852.28+206.50
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Fig. 4 The fractal dimension interface from imageJ: (a) Diagram of
image processing sequence, (b) showing the regression Log-Log plot
of boxside-length vs. occupied box number for estimation of fractal
dimension
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(a) Control or untreated colonies
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(a) Koch Curve 6

(b) Colonies treated with 400 ppm. of NPs

Fig. 6 Experimental data of typical colonies : (a) control or untreated
colonies and (b) colonies treated with 400 ppm. of TiO,- NPs

(b) Sierpinski Gasket 12
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