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a b s t r a c t

The effect of methylene blue/TiO2 nanocomposites on Staphylococcus aureus was evaluated by a LKB-2277
Bioactivity Monitor at 37.0 ◦C. By analyzing the thermogenic power–time curves, kinetic parameters such
as the growth rate constant (k), the maximum heat power of growth phase (Pm), generation time (tG) and
the inhibitory ratio (I) were determined. The k and Pm decrease while tG and I increases with increasing
concentrations of the methylene blue/TiO2 nanocomposites added into the microbe suspension. Both
vailable online 11 January 2010

eywords:
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k and I have linear correlations with the concentration of the methylene blue/TiO2 nanocomposites.
The effect of the methylene blue sensitized-TiO2 nanocomposites on the cell damage of S. aureus was
investigated by microscopic method.

© 2010 Elsevier B.V. All rights reserved.
nhibitory activities
hermokinetics

. Introduction

Microcalorimetry has been widely used in life sciences because
f its high sensitivity, high accuracy and automaticity [1–4]. It has
great advantage on studies of complicated living systems, com-
ared with the traditional microbiological techniques such as cell
umber counting and biomass which are considered to be time-
onsuming and less efficient, and provides a particularly useful
ool for characterization of the microbial growth processes [5].
esides, it is a nondestructive and noninvasive technique [6], so

t can monitor various biological processes. From microcalorime-
ry the power–time curves of bacterial growth can be obtained. By

nalyzing the exponential growth phase of the power–time curves,
inetic parameters, the growth rate constant (k) for example, can
e determined [7].

∗ Corresponding author at: State Key Laboratory of Virology & Key Laboratory of
nalytical Chemistry for Biology and Medicine (Ministry of Education) & College of
hemistry and Molecular Sciences, Wuhan University, Wuhan 430072, P. R. China.
el.: +86 27 68756667; fax: +86 27 68754067.

E-mail address: fljiang@gmail.com (F.-L. Jiang).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.12.015
Methylene blue (methylenum caeruleum, tetramethylthionine
chloride or swiss blue, MB, formula: C16H18N3ClS; CAS registry
number: 61-73-4) is a cationic dye with formal redox potential
between 0.08 and −0.25 V (versus SCE) in solutions (pH 2–8) which
is close to that of several biomolecules [8]. In 1960s, MB was tested
for its photodynamic reaction with DNA [9]. Recently the inter-
action of MB with protein was studied by spectroscopic methods
and the thermodynamic parameters were determined [10]. MB
was also used as a photosensitizer for photosensitization of differ-
ent Candida species [11]. Until now, MB has been widely used for
electrochemical applications, for instance, as catalysts/mediators in
electrochemical biosensors [8]. TiO2 has been proved satisfactory
sensitization with MB for photodegradation of various halocarbons
using visible light [12]. Additionally, a mixture of commercial TiO2
powder and MB has been used to fabricate an intelligent ink sensi-
ble to oxygen [13–16]. In addition, nanocrystalline TiO2 catalyst
was evaluated by measuring degradation rates of MB under UV
or visible light. TiO2 can be used for photodegradation of vari-

ous pollutants due to its low cost, high photocatalytic activity and
chemical stability [17,18]. Some of the work has focused on viruses
[19,20], bacteria [21–23], yeast [24] and other types of cells [25,26].
For killing viruses, it is crucial to destroy their nucleic acids. Thus
some researchers studied the ultraviolet light-induced photoox-

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:fljiang@gmail.com
dx.doi.org/10.1016/j.tca.2009.12.015
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dative damage to nucleic acids catalyzed by TiO2 [27,28]. There
re great interests in the interaction of bacteria with TiO2, but the
ntibacterial behaviors of TiO2 nanoparticle together with MB dye
re still totally unclear until now. It is of great importance for
he application of these bioconjugated nanomaterials, therefore a
eneral analytical tool like microcalorimetry for studying the inter-
ction of bacteria with nanomaterials is highly necessary to address
he challenges of the arising field of nanobiotechnology [14–16].

In this paper, by using a LKB-2277 Bioactivity Monitor, the
nhibitory effect of MB/TiO2 nanocomposites on Staphylococcus
ureus (S. aureus) at 37.0 ◦C was investigated to elucidate the
ffects of the MB/TiO2 nanocomposites on biological process.
hen the mechanism of cell damage of S. aureus was studied
y transmission emission microscopy and Hadamard transform

maging microscopy. These studies can provide a comprehensive
nderstanding of the effect of dyes-TiO2 nanoparticle system on
ram-positive bacteria.

. Experimental

.1. Materials

S. aureus (CCTCCAB910393) was provided by the Chinese Cen-
er for Type Culture Collections of Wuhan University (Wuhan, PR
hina). The broth culture medium (1000 mL) contained 5 g NaCl, 5 g
eef extract (purchased from sigma) and 10 g peptone (purchased
rom sigma). The volume of each culture medium was 25 mL. The pH
f medium was adjusted to 7.0–7.2 before autoclaving. It was steril-
zed in high pressure steam at 120 ◦C for 30 min. At the beginning of
he experiments, S. aureus was inoculated in the peptone medium
ith a concentration of 2 × 106 cells mL−1. The rotary speed of incu-

ator shaker is 100 rpm. The flask is enveloped with cotton plug to
upply enough oxygen for S. aureus. Then freshly prepared solu-
ions of drugs (e.g. MB, TiO2 and MB/TiO2 nanocomposites) with
ifferent concentrations were added to the cell suspension.

The MB/TiO2 nanocomposites suspension was prepared in PBS
uffer solution (pH 7.4 ± 0.1) according to literature [15,16]. All
olutions were prepared with doubly distilled water. Sample
asses were accurately weighed on a microbalance (Sartorius,
E215S) with a resolution of 0.1 mg.

.2. Equipments

A LKB-2277 bioactivity monitor (Thermometric AB, Sweden)
as used to determine the metabolism of bacteria. The voltage

ignal was recorded by a computer. The baseline stability was
.2 �W/24 h. The performance and structure of the instrument
ere given in detail elsewhere [2,6,7]. All calorimetric experi-
ents were conducted at 37.0 ◦C. Hadamard transform imaging
icroscope system contain a cooled CCD (−10 ◦C) with a C7041

riving circuit and a C7557 controller (Hamamatsu, Japan), a
esearch-grade fluorescence microscope (Chongqing Optic-Electro
nstrument Company) and a monochromator (WDG-30, Beijing
ptical Instrument Factory).

.3. Experimental methods of microcalorimetry and Hadamard
ransform imaging microscope system

Stopped-flow method was used in this study. In all of the exper-
ments, the flow cell was completely cleaned and sterilized in
equence by pumping sterilized distilled water, 0.1 mol L−1 of aque-

us HCl, 75% alcohol solution, 0.1 mol L−1 of aqueous NaOH and
terilized distilled water assisted by a LKB-2132 microperpex peri-
taltic pump, each for 15 min at a flow rate of 50 mL h−1. When a
table baseline was obtained, the cell suspension containing the
acteria and MB/TiO2 nanocomposites was pumped into the flow
Fig. 1. The power–time curves of S. aureus. (A) The growth thermogenic curve of
S. aureus medium at 37 ◦C; (B) the fitting logarithmic growth curve of (A). (I) Lag
phase; (II) log growth phase; (III) non-log growth phase; (IV) decline phase.

cell at a flow rate of 50 mL h−1 [7,29]. When the flow cell (volume,
0.6 mL) was filled, the pump was stopped and the monitor was used
to record the power–time curves of the bacterial growth. The rest
of bacterial suspension was discarded. Generally, the experiments
were stopped when the second peak came to an end. Data were
expressed with their corresponding standard errors and evaluated
by the one-way analysis of variance. Then the data were subjected
to the least significant difference (LSD) test.

Before tested by Hadamard transform imaging microscope sys-
tem, the cell suspension of S. aureus was added with the MB/TiO2
nanocomposites suspension and shaked vigorously. Smears for the
mixture of suspension were made into slides according to standard
cytobiological methods. Double distilled water was used through-
out the experiment. After 5-min fixation with cold 90% ethanol,
the smears were washed with water three times to remove the
ethanol in the cells. Then the slides were washed with water and
PBS three times. Glycerin buffer (50%, prepared with PBS) was used
as the mounting medium for the slides. The pixel resolution of
the HT image is 0.60 �m/pixel when the image is captured with a
25×/0.65 N.A. objective (Fig. SI 1). This valve is close to the resolv-
ing power of the microscope (ı = 0.50 �m, calculated according to
ı = 0.61�/N.A.). Through the observation with ocular under bright
area, the tinct parts are considered as the region of bacteria. The
detailed operation process is described in the literatures [30,31].

3. Results and discussion

3.1. The power–time curves of S. aureus

The growth thermogenic curve of bacteria can be classified into
four phases, i.e., lag phase, log growth phase, non-log growth phase,
and decline phase (Fig. 1). The growth thermogenic curves of S.
aureus at 37 ◦C in the absence and presence of different inhibitors
at the same concentration of 60 �M are presented (Fig. 2). In the
presence of TiO2, MB and MB/TiO2 nanocomposites, the growth
rate and heat production in log growth phase are both on decrease
as compared to those without drugs. However, the shape of the
heat production curve remains almost the same at low concentra-
tions of inhibitors except that the time to detection of the first peak

becomes longer. 60 �M of TiO2 makes the maximum power (Pm)
declined but the time to detection of the first peak (tP) remains
almost the same. In contrast, the addition of MB and MB/TiO2
nanocomposites both make the Pm declined and the tP longer. It
can be seen that TiO2, MB and MB/TiO2 nanocomposites are all
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ig. 2. The power–time curves of S. aureus growth in the presence of different chem-
cals at the same concentration of 60 �M. (A) Control; (B) nano-TiO2 suspension; (C)

B; (D) MB/TiO2 nanocomposites suspension.

ble to inhibit the log growth metabolism (first peak) of S. aureus
n the order TiO2 < MB < MB/TiO2 nanocomposites. The reason why
he inhibitory effect of MB/TiO2 nanocomposites on S. aureus is

uch greater than that of MB and TiO2 is probably because MB/TiO2
anocomposites have the so-called synergistic effect.

The thermogenic curves of its growth affected by different con-
entrations of MB/TiO2 nanocomposites suspension are shown
n Fig. 3. From the power–time curves, it can be seen that
he shapes of the metabolic thermogenic curves have almost
o change at low concentrations of MB/TiO2 nanocomposites
<40 �M). While at higher concentrations of MB/TiO2 nanocompos-
tes up to 100 �mol L−1, the first peak disappears and the shapes of
otal curves have remarkable changes that the lag phase becomes
onger. It indicates that MB/TiO2 nanocomposites have a significant
nhibitory effect on S. aureus growth.

It can be concluded that with the increase of the concentration

f the inhibitor, the lag phase, i.e., the period between the begin-
ing of the test and the ascending phase of the power–time curves,
ecomes longer and the maximum heat power (Pm) decreases.

ig. 3. The power–time curves of S. aureus growth in the presence of MB/TiO2

anocomposites suspension at different concentrations. (A) control; (B) 8 �M; (C)
0 �M; (D) 40 �M; (E) 60 �M; (F) 80 �M; (G) 100 �M; (H) 150 �M; (I) 200 �M.
Acta 501 (2010) 8–12

3.2. Thermokinetics parameters

As described previously [2], the heat production in the logarith-
mic growth phase is exponential and can be expressed as follows:

Pt = P0 exp(kt) (1)

or

ln Pt = ln P0 + kt (2)

where k represents the growth rate constant and P0 and Pt are the
heat production of bacterial growth at the time t = 0 and t, respec-
tively. The thermogenic curves of the logarithmic growth phase can
be applied by Eqs. (1) and (2). Therefore, the growth rate constant
(k) can be obtained by making use of the data ln Pt and t taken from
the curves to fit a linear regression. Based on the growth rate con-
stants at different concentration of an inhibitor, the effect of the
inhibitor on the bacterial growth can be quantified.

To describe the activity of MB/TiO2 nanocomposites on S. aureus,
the inhibitory ratio (I, %) can be defined as follows:

I (%) = k0 − kC

k0
× 100 (3)

where k0 and kC are the growth rate constant of the control and that
in the presence of an inhibitor with a concentration of C, respec-
tively. Through the relationship of I vs. C, we get the half-inhibitory
concentration (IC50) for an inhibitor.

The generation time (tG) can be obtained by the following equa-
tion:

tG = ln 2
k

(4)

In this work, tG of the control (25.62 min) agrees well with the value
in literature [32].

3.3. Influence of the concentration of MB/TiO2 nanocomposites on
the growth rate constant (k)

The antibacterial effect of MB/TiO2 nanocomposites is studied
through the relationship between growth rate constant (k) and the
concentration of inhibitor (C). Table 1 shows that the growth rate
constant (k) decreases with the increase in the concentration (C)
of MB/TiO2 nanocomposites. The relationship between the growth
rate constant (k) and the corresponding concentration of MB/TiO2
nanocomposites can be thus established as a linear regression as
follows:

k = 0.02655 − 1.47817 × 10−4C, R2 = 0.95 (5)

3.4. Influence of the concentration of MB/TiO2 nanocomposites on
the maximum heat power (Pm)

The maximum heat power of growth phase (Pm) is an important
parameter to the metabolism of microbes as it represents the ability
of microbes to grow at specific conditions. Increasing concentra-
tions of MB/TiO2 nanocomposites make Pm declined dramatically
when the concentration is above 100 �M. This result is in accor-
dance with the relationship between k and C.

3.5. Relationship between the inhibitory ratios, half-inhibitory
concentration, generation time and the concentration of MB/TiO2
nanocomposites
The half-inhibitory concentration (IC50) is widely used to eval-
uate the sensitivity of bacteria to inhibitors. The inhibitory ratios
(I) at the corresponding concentration of MB/TiO2 nanocomposites
(C) can be calculated by Eq. (3). Then the I is fitted linearly with the
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Table 1
Parameters of S. aureus growth with different concentrations of MB/TiO2 nanocomposites at 37.0 ◦C.

C (�mol L−1) Pm (�W) k (min−1) Ra SDb tG (min) I (%) IC50 (�mol L−1)

0 28.76 0.0275 0.9998 0.0116 25.62 0 89.53
8 28.62 0.0257 0.9987 0.0124 26.64 10.67

20 28.42 0.0247 0.9989 0.0271 28.06 12.69
40 27.83 0.0191 0.9985 0.0343 36.2 28.2
60 26.80 0.0195 0.9983 0.0184 47.64 43.22
80 25.95 0.0118 0.9986 0.0135 57.12 45.45

100 23.69 0.0104 0.9987 0.0172 66.12 59.24
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150 13.06 0.0063 0.9747
200 – – –

a R is the correlation coefficient.
b SD is the standard deviation.

as is shown in Fig. 4 and the equation can be expressed as linear
egression:

= 6.37613 + 0.48726C, R2 = 0.99 (6)

hen I = 50, IC50 = 89.53 �mol L−1.
The generation time (tG) increases remarkably with the increase

n MB/TiO2 nanocomposites concentration (C) above 100 �M
Table 1).

In order to compare the effect of inhibition, a function of the
aximum heat power (Pm) on the time to detection of the first

eak (tP) is shown for direct description (Fig. 5). In this figure,
he peak power (Pm) decreases while the time to detection of this
eak increases when the concentration of MB/TiO2 nanocompos-

tes increases (<100 �M). Leib and co-workers used calorimetry to
ake the detection times of <4 h for S. pneumonide and N. menin-

itides and <10 h for Listeria monocytogenes using as little as 10 �L
f cerebrospinal fluid [33]. It proved calorimetry a new rapid and
ccurate diagnostic method for detection of bacterial meningitis
rom a small volume of cerebrospinal fluid. The concept “time
o detection” can be a good approach to directly evaluate the
nhibitory effect in many fields.

.6. Mechanism of cell damage of S. aureus exposed to MB/TiO2
anocomposites
Drug-resistant gram-positive bacteria such as S. aureus have
lready been identified as the major public health problems [34].
owever, the mechanism of cell damage of S. aureus incubated
ith MB/TiO2 nanocomposites is not reported thus far. In this
ork, transmission emission microscopy (TEM, Fig. SI 1A–D) as

ig. 4. Relationship between inhibitory ratio and concentration of MB/TiO2

anocomposites.
0.00188 134.6 78.53
– – 100

well as Hadamard transform imaging microscopy (HT, Fig. SI 1E–H)
addresses the mechanism of interaction of MB/TiO2 nanocompos-
ites with gram-positive bacteria.

In Fig. SI 1A and B (with TiO2), the cells are intact but become
broken when incubated with MB (Fig. SI 1C). In Fig. SI 1D (with
MB/TiO2), the single cell has several interacting sites on the cell
membrane (red arrows). According to the mechanism of inhibition
and the data obtained, it reveals that the bacterial cell has multi-
ple sites of cell division [35]. The MB/TiO2 nanocomposites trigger
this action on several sites. Most probably, the free radicals gener-
ated at the surface of MB/TiO2 nanocomposites interact with the
membrane phospholipids of bacterial cell and thus induce destruc-
tion of cells. The presence of MB/TiO2 nanocomposites can induce
modification in membrane permeability which promotes cell death
[36]. The cell membrane appears to have been considerably dam-
aged and its integrity is largely destroyed. It can be seen from the
transmission microscopic images that the MB/TiO2 nanocompos-
ites cause much more serious damage to the bacteria than MB and
TiO2 alone, which is consistent with the microcalorimetric evalua-
tion. In addition, some MB/TiO2 particles have entered into the cell
to make it swollen (Fig. SI 1D, blue arrows).

Due to the higher sensitivity originated from the low back-
ground of HT imaging microscopy, it can be used to measure cellular
substances more accurately than a common CCD camera [37]. In
Fig. SI 1E and F, the cells are not clear as they are not stained
because the staining dye can interfere with the signal formed by

the fluorescence of MB. Since MB is present in Fig. SI 1G (with MB)
and 1H (with MB/TiO2), a lot of cells can be observed with differ-
ent degrees of swelling roughly in the order “cells incubated with
MB” < “cells incubated with MB/TiO2” (black circles). Furthermore,

Fig. 5. Relationship between the maximum heat power (Pm) and the time to detec-
tion of the first peak (tP). Concentration of MB/TiO2 nanocomposites: (A) 0 �M; (B)
8 �M; (C) 20 �M; (D) 40 �M; (E) 60 �M; (F) 80 �M.
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ome decomposed cells with leaked cytoplasm form aggregates
ike mini-vesicles and intracellular vacuoles (dashed squares in
ig. SI 1H). The fact that the cell membrane is severely decomposed
Fig. SI 1H) supports the idea that initial interaction takes place
n the cell membrane [38]. Damage on cell membrane will lead to
he perturbation of various cellular processes, then the leakage of
he cytoplasm and finally bacteria inactivation and death [21]. This
nvestigation reveals a number of membrane fragments following
he complete destruction of the microbial cell.

In short, the mechanism of cell damage may follow two pro-
esses: (1) the nanoparticles interact with several sites on the
ell membrane and this interaction may lead to the damage of
ell membrane and thereafter the leakage of cytoplasm; (2) the
anoparticles can be passively absorbed into the cell to make the
ell swollen and interact with the subcellular organ to inactivate
he cell.

. Conclusions

In conclusion, this work demonstrates microcalorimetry can
rovide a very good way to study the antibacterial effect of
anocomposites which can not be obtained by conventional bacte-
iological techniques. It also provides an analytical tool for studying
he interaction between cells with nanomaterials since it is crucial
o address the challenges of nanobiotechnology. This work provides
new platform for effective design and extensive application of

yes-TiO2 nanocomposites as an antibacterial, virus-killing, detox-
fying and self-cleaning agent in pollution control.
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