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Abstract: A critical question in signal transduction is what is the spatial distribution of 
involved species to optimize signal transduction processes. The purpose of this work is 
to investigate kinetics of all considered species including receptors and G-proteins in 
signal transduction mediated by G-proteins using direct Monte Carlo numerical 
simulations. The focus is on how each species redistribute or reorganize themselves to 
optimally achieve this transduction process. It was found that as increasing numbers of 
particles become large, they are transported into other particles domains and eventually, 
the system becomes globally completely disordered state. These results may suggest 
that in signal transduction process, the molecules involved including receptors and G-
proteins have tendency to reorganize themselves and become more uniformly 
disordered.

Introduction: The behavior of a living cell is dictated by its ability to integrate 
information about its changing environment, a complex biochemical process known as 
signal transduction. In many systems, receptor/ligand complexes stimulate the activity 
of G-proteins, which transduce the ligand binding signal across the cell membrane. A 
critical question in cellular signaling is what is the spatial distribution of involved 
species to optimize signal transduction processes. The purpose of this work is to 
investigate kinetics of all considered species including receptors and G-proteins in 
signal transduction mediated by G-proteins using direct Monte Carlo numerical 
simulations. The focus is on how each species redistribute or reorganize themselves to 
optimally achieve this transduction process. 



Methodology: We have performed computer to simulate a dynamic stochastic Monte 
Carlo model of the Ligand-receptor-G-protein system. Dynamics of the system includes 
diffusion of receptors, receptor-ligand binding/unbinding and their interactions. We
divide the cell surface into a grid array. An equal lattice space is about nm. It is 
defined on a periodic two dimensional rectangular lattices, size of 1000 .  Each
lattice site is denoted by a pair of integers 

7
1000�

),( yxr � , and  a state index is then assigned 
to each site of this two-dimensional lattice, taking different values depending on 
whether the lattice site is vacant, or occupied by either one of six species of particles 
including: 1) receptors, R, 2) inactive G-protein( GDP��� �  ) 3) receptor/ligand
complex(C), 4) G-protein components ( GDP�� ), 5) G-protein components �� , and 
6) G-protein components GTP�� . Multiple occupancy is forbidden. Initially, receptor 
and GDP��� �  are placed in the lattice 
uniform random and periodic boxes (PBC)
landscape. After that the system is simulated
by the algorithm flow chart (Figure 1). 

Figure 2. The snapshot of all species. 
In this picture, we use PBC.
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To study the spatial distribution of species, we 
measure Aggregation Index (AI) (Ref.2) and Shannon
Index (SI) (Ref.3) as times progress.

 Figure 1. Flow chart of the dynamics

Results, discussion and conclusion: To obtain a visual 
impression of the signaling process, Fig. 2 shows the 
evolution of a typical configuration of each species, in a 
lattice with specified parameters using PBC. The 
molecules of each type tend to mix with each other and
redistribute themselves as time goes on.  In Fig. 3, 
AIs are measured, and the results show that AI of 
all species except GDP��� �  increase over time
and asymptotically reaches steady state.  In Fig. 4, it shows that SI increases as time
progresses then reach equilibrium. All these happen may be due to the entropic drive. 
In conclusion, as increasing numbers of particles become large, they are transported
into other particles domains and eventually, the system becomes globally completely
disordered state. These results may suggest that in signal transduction process, the 
molecules involved including receptors and G-proteins have tendency to reorganize
themselves and become more uniformly disordered. This may be how nature works!
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Figure 4. Graph of Shannon Index (left) uniform condition and (right) PBC

 Figure 3.  Graphs of AI. (left) uniform condition and (right) PBC
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Abstract: With the rising of nanomaterials or nanoparticles (NP) in commercial, to date 
few studies have investigated the toxicological and environmental effects of NP. 
Exposure to nanoparticle substances can be an important risk factor for human health. 
Mutagenicity tests represent a good method for genotoxic effect evaluation of 
environmental pollutants. Several studies have shown that fish micronuclei(MN) tests 
are sensitive enough to detect genotoxic agents in industrial water, In this work, we 
have measured  MN and monitored nuclear  abnormalities in the snake fish cells, with 
the aim to contribute to the comparative investigation of effects of TiO2
nanoparticles(TiO2-NP) and TiO2 microparticles(TiO2-MP). The differential sensitivity 
of fish cells to TiO2-MP and TiO2-NP was evaluated by exposing individuals of both 
species to different doses 1, 5, 10 and 50 for TiO2-MP and 0.1, 0.5, 1, 5 and 10 for 
TiO2-NP. The treatments are monitored over the period of 24, 48 and 72hr. We 
concluded that TiO2-NP is more toxic to nuclear material, as it induced higher numbers 



of micronuclei. The data on increasing of genotoxicity in fish cells indicates a hazard of 
NP to environments and humans. The doses and the exposure period are important 
parameters. However, further studies with TiO2 must be carried out using such as 
different dose and/or exposure period if we are to reach a better understanding. 

Introduction: With the increase of nanomaterials or nanoparticle industries, the central 
question is whether the unknown risks of NP particularly environmental impact, 
outweigh the society.  Exposure to nanoparticle substances can be an important risk 
factor for human health. Mutagenicity tests represent a good method for genotoxic 
effect evaluation of environmental pollutants. In this studies,  we have investigate the 
effects of  TiO2-NP by measuring  MN and monitored nuclear  abnormalities in the 
snake head fish cells, with the aim to contribute to the comparative investigation of 
effects of TiO2 nanoparticles(TiO2-NP) and TiO2 microparticles (TiO2-MP).

Methodology: Treatment; Because of the low solubility of TiO2 and in water, a stock 
solution was prepared by dissolving the desired amount in medium. Treatment was 
given through aqueous medium for both chemicals, NP and MP. Batches of 3x106 cells 
each were exposed to 4 doses of MP (1, 5, 10 and 50 ppm) and NP (0.1, 0.5, 1, 5 and 10 
ppm). Exposure was continued for 72 hr (3 days) and samples were withdrawn at 
intervals of 24, 36, and 72 hr by taking out 5 ml per duration in each concentration. 
Harvested SSN-1 cells were incubated trypsin-EDTA, and sediment mixed thoroughly 3 
times with cold fixative then centrifuged and dropped onto clean dry slide with air-dried 
at room temperature then stained with 10% Giemsa in Weise buffer. The micronucleus 
frequency was expressed as the number of micronucleated cells per 1000 cells scored. 
MN were scored under microscope at 100x. Statistical analysis; Each data point 
represent the mean of 1000 nuclei counted from each of five treated separate cultures 
from on experiment. We carried out the experiments three times with consistent results. 
The Analysis of variance (ANOVA) test was used to compare the results of MN 
(Significant different from the negative control group at           P-value < 0.05) 
using the SPSS 10.0 for PC computers.  

Results, Discussion and conclusion: TiO2-MP are well-known photocatalytic agent 
that could induce photokilling or bactericidal effects under UV exposure by generating 
radicals. Not much detailed studies about the effects of theses chemicals in the absence 
of UV on biological systems. Moreover, no information (or very rare) has been 
available concerning the effects of these chemicals on snake head fish cells. We have 
studied the effect of TiO2 by measuring MN and monitoring nuclear abnormalities in 
the snake head fish cells and only the effects due to particle sizes and doses are taken 
into account. MN were observed in all the treatment groups including controls. The size 
and position of MN in the cytoplasm varied slightly from cell to cell; some were found 
attached to the cell boundary. Altered nuclear morphology and altered cell morphology 
were observed with both TiO2-MP and TiO2-NP (Fig.1).  In the TiO2-MP treated group 
(Fig.2a), results revealed that chemicals induced MN formation in a statistically NOT 
significant manner in comparison with controls. In contrast, in the TiO2-NP treated 
group, test revealed that NP induced MN in a statistically significant manner in 
comparison with controls. MN frequency registered a steady rise from 0.5 ppm to 10 
ppm at the highest exposure period 72 hr as results of increasing in concentration (Fig. 
2b).  The significant inductions of MN formation were first observed at concentration 
0.1ppm. For concentration 5 and 10 ppm, they were   significant for 48 hr induction, 
and at concentration 10 ppm for 72 hr, as well as 10 ppm for 24, 48 and 72 hr. 



MN

10 μm

Figure1:  SSN-1 cells exposed to TiO2-NP (10 ppm, 72 hr), showing induction of MN.
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Figure2: Mean values of micronucleus frequencies in SSN-1 cells treatment by   TiO2-
MP (a) and TiO2-NP (b) at different concentrations (ppm) at 24, 48 and 72 hr. 

Although our results for MP cases showed small a dose-dependent  and exposed time
dependent increase in the induction of micronuclei, but it was NOT statistical 
significant(P<0.05*) in contrast to those treated by NP. TiO2-NP is more toxic to 
nuclear material, as it induced higher numbers of micronuclei The data on increasing of 
genotoxicity in fish cells indicates a hazard of NP to environments and humans.
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Abstract: TiO2 nanoparticles (TiO2-NP) combine with Ultraviolet-A (UVA) radiation 
were recently reported as the photocatalytic disinfection process. Our study is to 
investigate the antimicrobial effects of TiO2-NP on L. interrogans serovar Canicola 
represented as pathogenic leptospires that cause leptospirosis. The bacteria were 
cultured and treated by TiO2-NP, UVA radiation at variable time duration of 2, 6 and 
24 hr with and without TiO2-NP at 50 �g/~108cells-ml. The results show that samples 
with higher dose UVA (112.3 W-sec/cm2) both with and without TiO2-NP have 
higher antimicrobial effects resulting in the decrease in the growth and viability of 
bacteria when compared with those without UVA exposure. By immunoblotting 
method, Leptospiral antigen components about 21 and 48 kDa disappear when 
compared with non-exposed control. Only TiO2 treatment alone does not significantly 
give any difference from the control (no treatment) samples. From our preliminary 
works, it may be concluded that the UVA play a major role on antimicrobial effects 
while the TiO2-NP affect bacteria only when photocatalysis is occurred.  Further 
studies with TiO2-NP must be carried out using such as different doses and/or 
exposure periods if we want to reach a better understanding.



Introduction: Leptospirosis is a zoonotic disease that has become a public health 
problem throughout the world. It is caused by infection with pathogenic spirochete 
bacteria of family Leptospiraceae and genus Leptospira [1]. Proposing, TiO2-NP that
have photocatalytic property [2] as an alternative antibacterial approach could be 
practical and useful applications.  Therefore, understanding more about the effects, 
side effects and mechanism of how these NP may be used are necessary and important 
as a first step research concerning this problem.  These studies are to investigate the 
antimicrobial effects of TiO2-NP on L. interrogans serovar Canicola. The bacteria are
cultured and treated by TiO2-NP, UVA radiation with and without TiO2-NP.

Methodology: In this experiment, bacteria, L. interrogans serovar Canicola were 
cultured until their growth reached a logarithm phase to be used.  UVA is generated 
by 20W T12 fluorescent lamp with continuous emission spectrum 320-400 nm and 
TiO2 whose size range 25-70 nm in diameter were purchased from Sigma-Aldrich. 
TiO2-NP were then dissolved for the desired amount in medium. The bacteria were
cultured and treated by TiO2-NP at 50 �g/~108 cells, UVA radiation at variable time 
duration of 2, 6 and 24 hr with and without TiO2-NP, and then sub-culture for 7 days. 
Conventional scanning electron microscope and spectrophotometer were used to 
determine the growth, viability and morphology change of the organisms. Protein 
antigens of experiment characterized using antibody specific to these bacteria by 
immunoblotting method. 

Results: The results in Fig.1 show a decrease of OD (implying the growth) as the 
exposure time is increased when treated with UVA or UVA+TiO2. However, OD of 
those treated by TiO2 alone does not change from the control group. In Fig.2 the 21 
kDa band or LPS (lipopolysacharide) antigens [3] and the 48 kDa identified as a novel 
OM lipoprotein designated LipL48 [4] present in the unexposed control were 
disappeared after 24 hr UVA exposure both with and without TiO2. In Fig.3, from 
SEM comparison, it is observed that the leptospires from UVA and UVA+TiO2 
treated group appeared to be unusual morphology namely more lengthy and longer 
wavelength.

Discussion and Conclusion: It is well known that UVA can induce cellular and 
molecular changes such as damage to DNA, protein, and lipids in human and bacterial 
cells. UVA can induce the formation of oxygen free radicals in the cells. Using 
combination of UVA and TiO2 may increase the efficacy of damage or bactericidal 
effects.  These free radicals may cause photoxidation of membrane-bound content and 
damage the cell membrane. This may result in the lowering of growth and associated 
denaturation of morphology. However, the finding from pathogenic spirochetes, to the 
best of our knowledge, is not done yet.  From our results, the data show some 
expected results from e.g., growth and also some unexplainable results such as 
morphological changes and protein antigens.  It may be concluded that the UVA play 
a major role on antimicrobial effects while the TiO2-NP affect bacteria only when 
photocatalysis is occurred. Further studies with NP must be carried out using such as 
different doses and/or exposure periods if we want to reach a better understanding.
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Fig.1 The growth of L. interrogans after being exposed (A) and subculture for 7 days
(B). It showed relation between optical density at 400 nm for various exposure times
at 2, 6, and 24 hr on L. interrogans and subculture for 7 days
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Fig.2 Immunoblot of leptospiral antigen extracted from cells at 7th day of cultivation.
Lane 1 is a control. Lane 2 is exposed to TiO2 at 50 �g/~108cells-ml. Lane 3 is
exposed to UVA. Lane 4 is exposed to UVA with TiO2 at 50 �g/~108cells-ml. The 
21-kDa and 48-kDa band disappeared at 24 hr of exposure. 

DCBA

Fig.3 The SEM micrographs of spiral shape. It was taken using scanning electron 
microscope (Hitachi, Japan) with 15 kV at the magnification 6000x. Control sample
unexposed (A) and exposed to TiO2 at 50 �g/~108cells-ml for 24 hr (B) have a
consistent wavelength when compared with exposed to UVA with(C) and without (D)

8TiO2 at 50 �g/~10 cells-ml for 24 hr. 
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Abstract
The dynamics of MinD is an important factor for accurate positioning of the division septum at the 

midcell in E. coli. The site specificity of E. coli cell division, usually at midcell, is regulated by the oscillatory 
behavior of Min proteins: MinC, MinD and MinE.  Previous study of Min protein oscillations focuses on the 
spatial-temporal pattern formation and the biochemical basis function.  However, the experimental data of 
spatial-temporal pattern formation has not yet quantitatively interpreted. In this work, we use the single particle 
tracking (SPT) technique which is an unprecedented methodology to explore the dynamics and localizations 
pattern of GFP:MinD oscillation both in quantitatively and qualitatively. The experimental data are consistent 
with the previous results and provide some new evidence concerning oscillatory dynamics and localization.  
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1 INTRODUCTION 
 

Bacterial Cell division is the process by 
which a cell separates into two after its DNA has been 
duplicated and distributed into the two regions that 
will become the future daughter cells. In Escherichia 
coli (E. coli), for a successful cell division to take 
place, the cell has to determine the optimal location of 
the cell separation and the time to start the cell 
cleavage.  This involves the identification of the 
midpoint of the cell where the septum or cleavage 
furrow will form. Two processes are known to 
regulate the placement of the division site: nucleoid 
occlusion and the action of the Min proteins. Both 
systems interfere with the formation of a ring of FtsZ 
protein believed to define the division site. In this 
research work, we focus on Min proteins oscillation. 
 In E. coli, the oscillatory dynamics of Min 
proteins have been played the important role for 
determining the site of septal placement in cell 
division, usally at midcell, as the default site for septal 
placement. The Min proteins consist of MinC, MinD, 
and MinE expressed from minB operon [3] which 
facilitates accurate division site at the midcell through 
the oscillatory cycle from pole to pole [17]. MinC 
proteins prevent septum formation by inhibiting FtsZ 
polymerization in vitro [5]. Polymerization of the FtsZ 
protein into the Z-ring is the first step in septum 
formation [8, 10]. In vivo, MinC colocalizes and 
cooscillates with MinD [5, 14] which act together as a 
negative regulator of Z-ring assembly, and oscillatory 
dynamics depends on MinE [5, 13, 14]. In vivo, in the 
absence of MinD, both MinC and MinE remain in the 
cytoplasm. The minC mutants cells frequently produce 
minicells because of inappropriate assembly of Z rings 

near cell poles [5]. If MinE is absent, MinD will be 
distributed evenly over the cell membrane [13, 15]. 
However, the experimental data of spatial-temporal 
pattern formation has been poorly interpreted for 
quantitative study [17, 18]. 

Single Particle Tracking (SPT) is an image 
processing technique used to follow the high intensity 
spot of fluorescent particle moving on cell membrane. 
The data from SPT measurement generally yield a key 
characteristic of cell membrane. Since it is not only a 
probe of membrane microstructure but it also has 
major influence upon reaction kinetics within cell 
membrane. The SPT technique has been used is a 
large field of biophysical research. Most of SPT result 
used to classify the motion of particle and calculate 
the transport properties; measure the trajectory of 
individual proteins or lipids in the cell membrane [19], 
study the dynamics of chromosome [18], mobility 
analysis of  Major Histocompatibility Complex 
(MHC) Class I molecule on Hela cells [11],study 
mobility of  nuclear trafficking of Viral Genes [1], 
study the glucose transporter 4 storage vesicles 
(GSVs) trafficking path way in live cells [2], and 
bacterial actins motion [9].   

In this work, we propose the application of 
single particle tracking (SPT) technique [12, 19] to 
explore the dynamics of GFP-MinD protein. The 
analysis is not only concentrate on the ensemble 
positions of GFP:MinD, but also on the dynamics and 
localization via the ensemble positions.  Data analysis 
is performed to provide qualitative and quantitative 
interpretation on the oscillatory dynamics of MinD. 
 

2 MATERAILS AND METHODS 
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2.1 Strain and Growth conditions 

  E. coli RC1/pFX9 [�min/Plac-gfp::
minD 

minE] was kindly provided by Yu-Ling Shih 
(Department of Microbiology, University of 
Connecticut Health Health Center, Farmington)[20]. 
For examination of MinD labeled with green 
fluorescent proteins (GFP), cells of RC1/pFX9 were 
grown in LB medium, 50 �g /ml ampilcillin, 25% of 
glucose at 37 �C overnight. The OD600nm measurement 
is approximately 0.4 and before the use of cells, they 
were diluted with media. 

2.2 Image acquisition 

For fluorescence image sequence, the Zeiss 
Axioskop2 of fluorescence microscopy and A-plan, 
�100, 1.25 oil lenses were used with an InVivo 
software support in exposure times of 900 ms. A 
charge-coupled device (CCD) camera (CCD 
RevolutionTM QEI Camera Monochrome) was attached 
to the video port of microscope to acquire images and 
movies in 1 frame/second. In our experimental 
preparation, the 5-7 �l of sample was dropped in a 
glass slide coated with 5 �l of Poly-L-lysine (0.1%) 
then covered by a cover slip at room temperature 
(25�C) before examination. 

2.3 Image Processing 

The Single Particle Tracking (SPT) technique 
[12, 19] is used to follow the region of interest (ROI) 
which consists of the highest GFP:MinD 
concentration signal. We assume highest intensity that 
is the representation of MinD ensemble in the cell. 
The gained data in SPT measurement are supported by 
SpotTracker Java plugin of public domain ImageJ 
software [22]. The SpotTracker is a robust and fast 
computational procedure to track fluorescent particles 

attached to the molecule of interest in time-lapse 
microscopy. In this report, the process to be adjacent 
to the ROI is performed in three steps. The first step is 
the E. coli cell length in the raw fluorescence image 
sequence was rotated along to the x-axis called major 
axis shown in Fig.1 (A). The essential of rotating the 
E. coli cell along to major axis is simple to consider 
the protein behavior due to the MinD oscillations from 
pole to pole along the cell length. 

In the second step, for acquisition of image 
sequence as in Fig.1 (A), the fluorescence signal has 
fade after 4-5 minutes passed; subsequently the final 
image sequence is noisy. Also for the intensity plot 
shown in Fig.1 (A�), we see that noisy signal 
distributes covering all images. This effect causes the 
accuracy of GFP:MinD ensemble positions collected 
from SpotTracker. The effect of noise was reduced 
with Gaussian filter and enhanced to the signal of 
degraded fluorescence images. This filter was used 
reducing the effect of noise with 2- pixel radius. If we 
use a large pixel radius, the positions of ROI are not 
accurate. The low signal was enhanced by using the 
rescaling option of SpotTracker plugin as shown in 
Fig.1 (B), which GFP signal is better than the raw 
fluorescence images in Fig.1 (A). Similarly for the 
intensity signal, Fig.1 (B�) shows the results of 
reduced noise that makes the region of high intensity 
more apparent whereas ROI leads into acquisition of 
suitable GFP:MinD ensemble positions. The last step 
is the tracking of ROI with SpotTracker plugin. The 
tracking results show in Fig.1 (C-C��) which the Red 
Cross sign denotes for ensemble positions at highest 
intensity signal (region). After tracking, the positions 
of ROI are collected in text file ((x,y) coordinates), for 
more details of tracking in time algorithm can be 
found in [18], then the positions of ensemble were 
analyzed by MATLAB software [mathwork]. 
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Figure 1: Image processing and SpotTracking results for RC1 E. coli cell [min/Plac-gfp::minD minE ]. (A) shows 
raw fluorescence image at time 24s. (A') shows intensity plot of fluorescence images corresponding to (A). (B) 
fluorescence images of (A) after filtering with Gaussian blur and rescaling. (B') shows intensity plot of images 
(B). (C-C��) shows fluorescence images after tracking with SpotTracker at time 24s, 44s, 64s, 84s, and 104s. 
The positions of ROI are represented in Red Cross sign. (D) Shows a DIC image (gray), cell length m�5~ . 

 
3 RESULTS AND DISCUSSIONS 

 
3.1 The single particle tracking (SPT) for 
GFP:MinD oscillations

The positions at any observable time 
evolution are collected; we consider those positions 
along the major (x-axis) and minor axis (y-axis). 
These separation results display the trajectory of 
GFP:MinD ensemble in each component as shown the 
red line on Fig. 2 (B) and (C) respectively.  

When Fig. 2 (B) and (C) are compared to 
Fig. 2 (A), oscillatory dynamics are mostly on the 
major axis shown in Fig. 2 (D). 

 
 
 

 
 
 
In our results, we found that the oscillatory 

pattern and period (~45 seconds) corresponds to the 
previous reports [4, 16, 20] as shown in Fig. 2 (A). 
We see that the pattern of GFP:MinD oscillations, 
before and after using SPT technique following to Fig. 
2 is the same feature. However, the characteristic 
product of SPT technique is the position which 
indicates the pattern formation of GFP:MinD 
ensemble. 
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Figure 2: The ensemble GFP:MinD oscillations from pole to pole with the approximately 45 seconds of period 
with time 8s-279s. (A) The pole-to-pole MinD oscillations of 2D image sequence for the rescaled and enhanced 
signal shown in the left and the right column which each fluorescence image represents the ensemble of 
GFP:MinD signal locating at   polar zones. The time(s) labeled on the left side of column is the first time of 
GFP:MinD assembles after switching to new pole. (B) The results of SPT show the GFP signal time evolution 
trajectory of MinD oscillations on the x(t)-section. The red line represents the ensemble of GFP:MinD trajectory. 
(C) Spot projection on y(t)-section GFP signal time evolution trajectory of MinD oscillation. (D) x-y trajectory 
time evolution, red line represent trajectory on minor axis, blue line represent trajecxtory on major axis. 
 

3.2 Dynamics of GFP:MinD 
 

The dynamical SPT results of GFP-MinD 
shown in Fig.3 correspond between the distance and 
time evolution. The ensemble GFP:MinD protein 
dynamics can be separated into 2 types; localized 
dynamics and switching dynamics. The polar zone of 
E. coli performs the localization dynamics ( trapping 
events) because the ensemble GFP-MinD positions 
have small change in some interval time as shown in 
Fig.3 (A) (also for Fig.2 (A) and (B) shown in term of 
GFP-intensity signal or concentration). This situation 
reflects the velocity at those interval times shown in 
the time interval between peak to peak in Fig.3 (B). 
And the velocity at polar zone called the localization 
velocity.  
 
 
 
 
 

 
 

 
Figure 3: Show trajectory on x-axis and Velocity time 
evolution 25s-175s interval time. (A) Shows Flight 
events and Trapping events of ensemble GFP:MinD. 
(B) Shows Switching velocity and Localization 
velocity which correspond to trajectory (A). 
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When considering the dynamics at polar 
zones, the trapping events correspond to the polar 
zone growth by formation of MinD polymerization [7, 
23]. The concentration of MinD mostly localizes at 
poles. Our results describe that the ensemble MinD 
positions change a little bit,  so that velocity time 
evolution also changes. 

For the switching dynamics or flight events, 
it occurred in some interval time that quickly changing 
from pole to pole shown in the graph of Fig.3 (A) and 
(B). This situation is reflected by the switching 
velocity, which is the velocity of those interval time of 
velocity time evolution pecks, as shown in the graph 
Fig.3 (B) and (B�). When compared to the graph of 
Fig.3 (A), the interval time of switching velocity is the 
pole-switching position of MinD.  
 The flight events can be described through 
Min system dynamics. When MinE activates the 
ATPase of MinD:ATP polymerized on membrane at 
the polar zone, MinD:ADP, MinC and MinE released 
from the membrane  into cytoplasm [6, 7, 17, 23]. In 
the next step, MinD:ADP hydrolyzes a group of 
phosphate to become MinD:ATP in cytoplasm and 
diffuses from pole to another pole[5, 13]. While a step 
of MinD:ATP diffuses to another pole, as a results the 
flight event and switching velocity occurs. 

 
Figure 4: The position scattering and histogram of 
GFP:MinD localization with 710 seconds. (A) is 
histogram that represent the localized frequency of 
GFP:MinD along x, y and R respectively. (B) Shows 
the position scattering plot of x-y. 

3.3 GFP:MinD Localization.
 

We have analyzed ensemble GFP:MinD 
localization though position scattering plot shown in 
Fig.4(A) and the histogram plot shown in Fig.4(B). 
This analysis was focused on MinD dynamics at the 
time average which mean that the observation of 
MinD dynamics throughout all of observable time. 
These results perform where MinD proteins mostly 
localizes. From these analytical results, the histograms 

has quantitatively provided us the localization of 
MinD, while scattering plot of ensemble position has 
yielded the qualitative information in two dimensional 
space. Both analytic results reflect the corresponding 
results which GFP:MinD distribute along the cell 
length throughout all of observable time mostly 
concentrate at the polar zones, in the contrary the 
region near the midcell has the lower concentration as 
shown in Fig.4 (A). These results correspond to the 
previous reports [4, 5, 13, 14] which suggest that the 
time-averaged concentration of MinD (or division 
inhibitor) is lowest at midcell.  
 

4 SUMMARY 
 

The goal of this report is to propose the 
application of SPT for studying MinD dynamics. 
From our experimental results, position acquisition of 
ensemble MinD can be characterized and analyzed to 
achieve dynamic patterns (Fig.2, 3) and localization 
(Fig.4). These results are represented quantitatively 
and qualitatively in term of dynamics and statics. 
 

Table 1: The physical properties of the ensemble 
GFP:MinD dynamics. 

 
Properties Mean 

Values 
S.D. 

Oscillation 
Period (s) 

54.63 8.55 

Switching 
Velocity 
( sm /� ) 

2.95 0.32 

Localization 
Velocity 
( sm /� ) 

0.2914 0.0584 

Localization 
Time (s) 

27.4194 4.9666 

 
In this study, a measured oscillation period is 

54.63�8.55 seconds. Our period measurement is the 
standard for calculating period of MinD oscillation. 
This measurement is more accurate than by eye-
observed measurement in 2D-image sequence. 
However, the exact accuracy may not have been 
demonstrated because of many environmental factors. 
Recently, a study shows that the period of MinD is 
dependent on the temperature in which the oscillation 
period rapidly decreases in proportion to increasing 
temperature [24].  

For the future application, we will investigate the 
transport properties of the Min protein to be studied 
through SPT. In mathematical modeling, there are two 
issues, trapping and flight event, to be investigated in 
pattern formations. 
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Abstract

Nanomaterials are wide-range implications in a variety of areas and nanoparticles (NPs) are presently under 
intensive study for applications. However, increased use of nanometer-sized materials or nanoparticles may 
cause release of them in the environment. The understanding of effects of nanoparticles on the environment and 
health are thus crucial but mostly not known. 

In this study, we investigate the photocatalytic effects of Titanium dioxide nanoparticles (TiO2-NPs) 
undergoing photocatalysis on the pathogenic Leptospira serovar Canicola that cause leptospirosis. The 
leptospires were cultured and treated by TiO2-NPs, UV-A irradiation with and without TiO2-NPs groups. The 
results show that samples with higher dose UV-A both with and without TiO2-NPs have higher antimicrobial 
effects resulting in the decrease in the growth and viability of leptospires when compared with those without 
UV-A exposure. However, the present study is only the first step in assessing the effect of photocatalytic on 
pathogenic leptospira. Further studies with TiO2-NPs must be carried out using such as different doses and/or 
exposure periods if we want to reach a better understanding especially about the mode of action. 

Keyword: Titanium dioxide, Leptospira, nanoparticles, UV-A irradiation, photocatalysis, Nanotechnology
-------------------------------------------------------------------------------------------------------- 

1. INTRODUCTION

Titanium dioxide or titania (TiO2) has attracted 
great attention as an alternative material for water and 
air purification, photocatalytic sterization in food, and 
the environmental industry. Recently, the interest has 
grown in using this process for water disinfection. 
Although the experimental know-how is extensive, 
process fundamentals are not yet fully understood. 
Photocatalysis by TiO2 could be used as an alternative 
or a complement to conventional bactericidal activity 
technologies. It has been intensively conducted on a 
wide spectrum of organisms including bacteria [1], 
fungi, algae, virus [2, 3], and cancer cells [4, 5]. When 
TiO2 absorbs ultraviolet-A or UV-A light with 
wavelength less than 385 nm or energy greater than 
the band gap of TiO2, it generates electron-hole pairs 
and migrates to the surface through diffusion and drift 
[6], in competition with a multitude of trapping and 
recombination events in the lattice bulk. On the 
photocatalyst surface, TiO2 particles yield superoxide 
radicals (O2

�-) and hydroxyl radicals (�OH) that can 
initiate oxidants [7]. The hydroxyl radicals are 

particularly highly active for both the oxidation of 
organic substances and the inactivation of bacteria and 
viruses [8]. Most studies concluded that �OH was the 
main cause of the bactericidal effect of photocatalysis 
[9, 10], but the basis for this effect is not well 
established.  

Nanotechnology involves the development and 
manufacture of materials in the nanometer size range 
and includes the production and use of nanoparticles 
(NPs; particles with at least one dimension of less than 
100 nm). TiO2 nanoparticles (TiO2-NPs) possess 
interesting optical, dielectric, and photo-catalytic 
properties. In addition, ultrafine-grained compacts of 
titania, the so called nanophase, are expected to have 
high mechanical strength and a low sintering 
temperature. These nanometer-sized effects are caused 
by the large surface-to-volume ratio, resulting in more 
atoms along the grain boundaries than in the bulk 
material.   

Previously, most studies of the effects of TiO2-NPs 
on biological systems, with and without UV-A 
irradiation are mainly focused on Escherichia coli [11, 
12]. Nevertheless, there have not been any 
experiments to focus on pathogenic spirochetes, 



especially genus Leptospira. Leptospira have a 
typical double membrane structure in common with 
other spirochetes, and share characteristics of both 
Gram-positive and Gram-negative bacteria [13]. The 
periplasmic flagella of leptospira are located between 
the two outer membranes [14]. Leptospira cause 
leptospirosis, an acute febrile illness [15, 16]. The 
illness can range from being a mild flu-like illness to 
being a severe (often fatal) illness involving renal 
and/or liver failure and hemorrhage (referred to as 
Weil’s syndrome) [17]. This disease has emerged as 
an important public health problem worldwide. 
Mammals such as rats and cattle are commonly 
involved in the transmission of this disease to humans 
via direct or indirect exposure through contaminated 
tissues or urine. 
 In this work, we have compared the effects of TiO2-
NPs with and without UV-A irradiation on the 
spirochete bacterial pathogens, namely, Leptospira 
interrogans serovar Canicola. The main purpose of 
this study is to investigate the effects of exposing on 
different dosages. The cell growth and viability were 
determined by UV-VIS spectrophotometry and dark 
field microscopy. Transmission electron microscopy 
was used to confirm the surface membrane changes in 
the different treatment. 

2. MATERIALS AND METHODS 

2.1 Strain and Culture Condition of 
Leptospira

Pathogenic Leptospira interrogans serovars 
Canicola were obtained from the National 
Leptospirosis Reference Center, National Institute of 
Health (NIH), Thailand and maintained by weekly 
subculture at 28-30 °C in liquid DifcoTM Leptospira 
Medium Base EMJH (Becton, Dickinson and 
Company; Sparks, MD, USA) [16, 18]. Leptospira 
samples have an initial optical density (OD) at 400 nm 
of about 0.15~108cells/ml as measured by a UV-VIS 
spectrophotometer.   

2.2 UV-A Radiation Source and TiO2
Nanoparticles

In this experiment, the UV-A radiation is generated 
by a 20W T12 fluorescent lamp with continuous 
emission spectrum 320-400 nm and a peak at 365 nm. 
The UV-B and UV-C radiations are absorbed by the 
glass tube. The leptospira were exposed to an UV-A 
radiation of intensity of about 13 W/m2.
 TiO2 nanoparticles (TiO2-NPs) were bought from 
Sigma-Aldrich (St. Louis, MO), commercial name 
Titanium (IV) oxide (nanopowder, 99.9 %). These 
particles a mix of anatase and rutile form. The average 
particle sized characterized by the XRD technique was 

specified as 25-70 nm. The surface area of TiO2-NPs 
is 20-25 m2/g. The characteristics and details of these 
particles can be obtained from the distributor [19]. For 
experimental use, TiO2-NPs were autoclaved at 121oC
and 103 kPa for 15 minutes for sterilization before 
used. 

2.3 Growth, Cell Survival, and Morphology 

 The three techniques mentioned above were used to 
monitor the leptospira growth, survival, and 
morphology. 

Quantitative analysis by UV-VIS 
spectroscopy 
 The cell density of leptospira were determined by 
UV-VIS spectrometer (V-530 UV/VIS spectrometer, 
Jasco Internationl Co.,Ltd.). Solutions of the 
leptospira were placed into cuvettes made with quartz 
SUPRASIL (200-2500 nm) with light path 10 mm 
(type no. 100.600-QG, Hellma Co.) for UV-A 
exposure and placed into disposable cuvettes for 
exposed TiO2-NP with and without UV-A. A single 
beam spectrometer operating in the range of 200 to 
800 nm was used. The optical density or absorbency 
at 400 nm was taken [20, 21]. All samples were 
obtained with already used EMJH liquid medium with 
or without TiO2-NP as the blank.  

Qualitative analysis by dark-field 
microscopy (DFM) 

The growth and viability of the treated leptospira 
were determined by looking at cell density, mobility 
[22], and morphology.  In DFM, an oblique light 
beam is cast onto the leptospira (lying on a 
microscope slide) by the use of a special condenser, 
when the central illuminating light beam is 
interrupted. The leptospira can then be seen as silvery 
threads in a dark background. 

Transmission Electron Microscopy (TEM)
 In electron microscopic examination, the leptospira
were concentrated by centrifugation at 10,000 RPM 
for 10 min, and prefixed with 1.5% glutaraldehyde 
containing 0.1 M phosphate buffer, pH 7.2, at 4°C for 
2 hr followed by postfix with 1% osmium tetroxide 
solution containing 0.1 M phosphate buffer at room 
temperature for 1 hr and subsequent steps as described 
[23]. The samples were examined under a
transmission electron microscope (TECNAI 20). 

2.4 Experimental procedure 

Leptospira interrogans serovar Canicola were 
cultured in a EMJH medium until the logarithmic 
growth phase and then diluted to optical density (OD) 



= 0.15 ~108 cells/ml to be used.  The suspensions of 
leptospira were treated with TiO2-NPs at 50 �g/ml 
group and TiO2-NPs at 50 �g/ml with and without 
UV-A irradiation at 13 W/m2 for 2, 6, and 24 hrs of 
exposure time. After exposure, all samples were taken 
for measurements of their viability and growth using a 
dark-field microscope and UV-VIS spectrometer. 
Then, all samples were subcultured for a further 7 
days. On 7th day post-treatment, Micrographs were 
taken using transmission electron microscope. 
Experiments were repeated at three times under the 
same conditions with separated occasions.  
 The statistical analysis was used to analyse the 
effects of TiO2-NPs at 0.05 mg/ml, and TiO2-NPs at 
0.05 mg/ml with and without UV-A groups on 
leptospira. The results show significant differences 
between groups are defined as those with P-values 
less than 0.05.  

3. RESULTS

3.1Effect on Viability and Growth 

 Figure 1 aims to quantitatively see how the 
treatments affect the viability of Leptospira
interrogans serovar Canicola and the correlation 
between the viability and treatments. It shows that the 
OD decreases as the exposure or illumination time is 
increased when treated by UV-A with and without 
TiO2-NPs. However, the OD of those treated by TiO2-
NPs alone does not change from the control group. 
These results surprisingly show the similarity of the 
photokilling (by UV-A alone) and photocatlytic 
killing (UV-A with TiO2-NPs) which is unexpected as 
far as the previous results (on other types of micro-
organisms) are concerned [1, 2, 12, 17, 25-27]. 
 To monitor the long time or accumulated effects of 
each treatment, each sample was subcultured and 
cultivated for 7 days after the treatment. The growth 
via OD was measured as shown in figure 2. It was 
found that, after being treated by UV-A with and 
without TiO2-NPs for 24 hr, the growth of leptospira 
did not growth as a control growth curve but instead 
become steady or flat which indicates inactive growth. 
In contrast, growth curves of both the control and 
TiO2-NPs treated groups showed the normal growth 
behavior which is the exponential growth. 
 In figure 3, it clearly shows that the number of 
leptospira when treated by UV-A only or UV-A with 
TiO2-NPs groups for 24 hr of at 7th of cultivation 
times is less than control and TiO2-NPs groups when 
observed under the DFM. In addition, each cell seems 
to be lengthier but less mobile (data not shown). 
Moreover, with a rough estimation, the mobility of the 
bacteria of both UV-A treated groups is clearly less 
than 1 μm/s. However, it should be noted that due to 
particle aggregation phenomena, causes some of the 
NPs to form larger particle clusters (about micro-scale 

clusters) that have sizes more or less comparable to 
the sizes of bacteria culture. 
 In other words, on the basis of growth and motility, 
leptospira were abnormally immobile when treated by 
UV-A with and without TiO2-NPs for 24 hr and 
exhibited abnormal constant growth when being 
subcultured. This indicates that most bacteria in UV-A 
treated groups were mostly dead that explained why 
they did not reproduce and recover the normal growth 
when being subcultured and cultivated. 
 Overall, the data suggests that the control and TiO2-
NPs treated groups have similar features for these 
studied doses which were not affected significantly 
from treatment, while both UV-A treatment and UV-
A with TiO2-NPs condition respond similar results. 
The results indicate that the treatments induce 
inactivation or death of leptospira in both the short 
and long term. 
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Figure 1: The optical density (OD) of serovar 
Canicola after being treated with variable time 
duration.  Measurements were done at 400 nm. The 
key finding is that the data show the similar results 
when exposed to TiO2-NPs with and without UV-A 
irradiation.    
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Figure 2: The optical density (OD) of serovar 
Canicola after being treated for 24 hrs, and 
subcultured and cultivated in the dark for 7 days. The 
growths of leptospires did not recover when exposed 
to UV-A with and without TiO2-NPs.



Figure 3: Dark-field optical micrograph (DFM) of 
serovar canicola at the 7th day of each experimental 
culture sample.  A: is a control unexposed sample, B: 
is an exposed to TiO2-NPs only, C and D: were 
exposed to UV-A with and without TiO2-NPs for 24 
hr, respectively. (the scale bar = 50μm)hr, respectively. (the scale bar = 50μm)
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At 7th of cultivation times, the leptospira were taken 
by transmission electron microscopy. In figure 4, it is 
observed that the leptospira from with and without 
TiO2-NPs treated group appeared to be unusual in 
shape, namely lengthier with longer wavelength and 
the amplitude or the diameter is clearly thinner (data 
not shown). We found that the most noticeable of the 
outer membranes disappears due to UV-A and UV-A 
with TiO2-NPs groups and the periplasmic flagella 

denature. The periplasmic flagella involved in 
Leptospira motility. This result confirms the DFM 
images (figure 3) that the leptospira less mobile.  
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Figure 4: Transmission of electron micrograph of Canicola. Control sample unexposed (A) and 
exposed to UV-A with (B) and without (C) TiO2-NP for 24 hr. (the scale bar = 100nm.)



unique characteristics, plays a crucial role. Briefly, 
Leptospira are spirochete bacteria, which shares 
characteristics of both Gram-positive and Gram-
negative bacteria [13]. As in Gram-positive 
bacteria,the cytoplasmic membrane of leptospires is 
closely associated with the peptidoglycan cell wall. 
The periplasmic flagella reside within the periplasmic 
space, which provides a barrier shielding underlying 
antigens and did not readily access the ambient 
environment [31] while gram-negative bacteria have 
flagella outside the cell body such as E. coli. Gram-
positive bacteria have an outer membrane, with 2 
layers, peptidoglycan and cytoplasmic membranes.  
 Considering the results of TiO2–NPs with UV-A 
irradiation, they surprisingly show the same results of 
the photocatlytic effect (by UV-A with TiO2-NPs) and 
the photolytic effect (by UV-A alone). This is 
unexpected as far as the previous results (on other 
types of micro-organisms) concerned [1, 2, 12, 17, 25-
27].  We believe that most researchers who are 
familiar with this subject may expect that using a 
combination of UV-A and TiO2-NPs will increase the 
efficacy of damage or bactericidal effects when 
compared with using UV-A alone. The bactericidal 
effect of photocatalysis with TiO2-NPs is well 
recognized, although its mode of action is still poorly 
characterized. It is believed that radicals or reactive 
agents produced by TiO2 upon illumination constitute 
the primary killing agent. The production of extremely 
reactive hydroxyl radicals by TiO2 photocatalysis 
combine to give membrane alteration via adsorption, 
which explains the high efficiency of this disinfection 
procedure. The bacterial adsorption rate on TiO2 upon 
illumination is tightly linked to loss of E. coli
viability. In keeping with the importance of 
adsorption, it is known that hydroxyl radicals formed 
on the TiO2 surface display a higher bactericidal 
efficiency than those free in the solution [10].  
 The question to be asked now is why the results 
from figure 1 indicate more or less the same effects 
due to UV-A without and with TiO2-NPs treatment. 
These mechanisms are still unclear. Our explanation 
has a lot to do with the leptospira membrane structure 
and more importantly mobility of the leptospira.  It 
should be noticed that most or may be all 
microorganisms used for the similar case studies have 
much less mobility than leptospira.  In fact this is one 
of the common features of spirochetes. Their cells are 
very flexible due to the presence of endoflagella and a 
very thin wall, which results in a characteristic 
motility which may involve flexing, translocation, 
screwing, creeping and crawling. In addition, an outer 
envelope is highly fluid when compared to those of 
Gram-negative bacteria. This high mobility may 
decrease the adsorption rate (or cross section) of 
leptospira to be absorbed on the TiO2-NPs surface 
where the interaction between particle and bacterial 
occurs mostly via ROS. Because of the short half life 

of hydroxyl radicals (approximately 10-9 sec) and its 
low diffusion potential, bacterial targets to be oxidized 
must be close to the place where they are generated, 
which in our case is on the TiO2 particles. Unlike the 
superoxide, which can be detoxified by superoxide 
dismutase, the hydroxyl radical cannot be eliminated 
by an enzymatic reaction, as this would require its 
diffusion to the enzyme's active site. As diffusion is 
slower than the half-life of the molecule, it will react 
with any oxidizable compound in its vicinity. It can 
damage virtually all types of macromolecules: 
carbohydrates, nucleic acids (mutations), lipids (lipid 
peroxidation) and amino acids (e.g. conversion of Phe 
to m-Tyr and o-Tyr). The only means to protect 
important cellular structures is the use of antioxidants 
such as glutathione and of effective repair systems. 
This hypothesis implies adsorption of bacteria onto 
TiO2, which surprisingly has never been reported in 
the literature before until Gogniat and coworker [32] 
showed for the first time that adsorption of bacteria on 
TiO2 aggregates, and is essential for the bactericidal 
effect of photocatalysis. They also indicated that 
bacterial adsorption is influenced by two parameters, 
composition of the solution used during 
photocatalysis, and duration of illumination. They 
concluded that interaction between TiO2 and adsorbed 
bacteria modifies the membrane permeability in the 
absence of illumination, without directly causing cell 
death. From the TEM micrographs, we show some 
abnormalities in shape and outer membrane structure. 
This seems to be consistent with the previous reports. 
From figures 2 and 3, the findings confirm that the 
cells are permanently inactive or dead (by photokilling 
and photocatalytic killing effects) as can be seen from 
the 1st subcultured generations of both UV-A and UV-
A with TiO2-NPs treatment which show no growth at 
all. Indeed, though our findings might not as expected, 
they are consistent with those of Herrera-Melian and 
coworker [33].  Their results are similar to ours in 
such a way that they found little difference between 
TiO2 photocatalysis and direct UV-A light irradiation 
of urban waste waters on total coliforms and 
Streptoccocus faecalis. Similarly, Robertson et al. [34] 
found that exposure of all three pathogens (E. coli,
Salmonella enterica and Pseudomonas aeruginosa) to 
UV-A light alone also resulted in a significant 
reduction in bacterial numbers. 
 Regarding the mobility, from a biophysical view 
point, leptospira can swim in highly viscous, gel-like 
media, such as those containing methylcellulose, that 
slow down or stop most externally flagellated bacteria 
[35].  Therefore, in our media, being mixed with 
TiO2-NPs, leptospires are still able to swim to protect 
themselves from ROS or “to hide” themselves in the 
“TiO2-NPs shadow” resulting in a decrease of the 
photocatalytic efficacy. Hence, for UV-A with TiO2-
NPs treatment, the net effects are the combination of 
both photocatytic effects (with some lost due to the 



decrease in the adsorption rate) and compensated 
photolytic effect. This may be why the net effect from 
UV-A is comparable to the effect from UV-A with 
TiO2-NPs. It should be pointed out that there are 
limitations to this study. For example, our TiO2-NPs 
were bought and in principle will aggregate resulting 
in the change of the size distribution. In addition, this 
distribution may depend on several factors such as 
media type, autoclave, sonicator, illumination time, or 
doses etc., Therefore, the findings of these studies 
may not be representative of exposure to 
commercially specified TiO2-NPs.   
 It may be summarized that the UV-A play a major 
role on antimicrobial effects while the TiO2-NPs 
affect bacteria only when photocatalysis occurred. 
Further studies with NPs must be carried out using 
different doses and/or exposure periods if we want to 
reach a better understanding. To the best of our 
knowledge, no published studies have reported on the 
bactericidal properties of TiO2 on pathogenic 
spirochetes. This would be an important area of 
research, especially as it relates to infectious disease 
prevention. However, the present study is only the 
first step in assessing the effects of manufactured 
nanomaterials on deadly pathogenic spirochetes which 
should be further investigated. From environmental or 
eco-toxicity aspect, this work may stimulate the fact 
that release of NPs into the environment could have 
detrimental effects on biological systems and health. 
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