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a  b  s  t  r  a  c  t

Bioconjugated  quantum  dots  (QDs)  with  E.  coli  cells  (bioconjugates)  were  employed  as fluorescent
switches  that  turn-off  instantly  against  any  cellular-stress  caused  by  a toxic  chemical.  Paraquat  (PQ),
H2O2 and  triton  X-100  were  used  as models  for  assessing  their  toxicities  on  bioconjugates.  These  chemi-
cals  interacted  on the  cell-surfaces  where  QDs  are  harbored.  The  extent  of  toxicity  imposed  by  chemicals
on bioconjugates  was  successfully  probed  by  (i)  real-time  fluorescence  signals,  (ii) visible  changes  upon
UV-light  illumination  and  (iii)  scanning  electron  microscopic  (SEM)  analysis.  Hierarchical  cluster  anal-
ysis using  kinetic  data  of fluorescence  and  viable  cell  numbers  showed  a close  relationship  between
structurally  different  compounds  having  similar  toxic  effects,  such  as PQ and  H2O2,  both  induced  toxi-
cities  through  generating  reactive  oxygen  species  (ROS).  In  contrast,  triton  X-100  disrupted  the  cell–wall
luorescence
tress inducers
ytotoxicity

integrity  and thus  showed  distinct  response  due  to the  loss  of  cell-bound  QDs.  Increasing  cellular  toxic-
ity  with chemicals  thus  followed  the order  PQ <  H2O2 < TX100  confirming  the  inherent  nature  of  model
chemicals  to  induce  cellular  toxicity.  Our results  demonstrated  a facile  optical  strategy  that  enables  rapid
and  real-time  cytotoxicity  screening  of potentially  hazardous  chemicals,  such  as  new  drugs  that  lead  to
ROS  generation.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

QDs have been successfully used as labeling probes for fluo-
escent resonance energy transfer (FRET) [1], in vitro and in vivo
maging [2,3], immunoassay [4,5] and DNA hybridization [6] that
old promising biological and biomedical applications. Carboxy-

ated QDs are of great demand as these can be conjugated to the
mino groups of biomolecules, such as proteins, enzymes or anti-
odies. This linking chemistry is simple, rapid and it is widely used

n certain biosystems [7]. Conjugation efficiency can be improved
y chemically modifying either surface charge states of proteins [8]
r surface modification of QDs [9]. Repulsion between QDs and pro-
eins can be prevented by providing a high ionic strength or higher
oncentration of protein in conjugation processes, and in this case,
he luminescence intensity of QDs partly be quenched in solution
ith high ionic strength [10]. Labeling of QDs on living cells without
ffecting their cellular integrity can provide valuable information
n their behavior, interaction with their surroundings and external
timuli or perturbations. QD-cell bioconjugates can serve as mobile

∗ Corresponding authors. Tel.: +90 216 483 9879; fax: +90 216 483 9885.
E-mail addresses: javed@sabanciuniv.edu (J.H. Niazi), anjum@sabanciuniv.edu

A. Qureshi).
1 These authors equally contributed to this work.

ttp://dx.doi.org/10.1016/j.snb.2014.02.027
925-4005/© 2014 Elsevier B.V. All rights reserved.
fluorescent switches whose responses can be easily traced by their
fluorescence emission properties.

Several in vitro cytotoxicity tests have been reported for more
direct measurements of cell rupture or biomarkers of cell leakage.
These include Neutral red assays (NRU) [11], Red blood cell lysis
assay [12], Fluorescein leakage assay [13], Neutral red release [14]
and use of Chinese Hamster lung (CHL) and ovary (CHO) cell lines
[15,16]. These methods require cell-breakage and pretreatment of
the samples. Intact bacterial cells can be used as whole-cell sen-
sors because of their sensitivity and susceptibility toward external
stress (stimuli) or toxic chemicals. Such responses can be utilized
as signature algorithms to assess or predict toxicity of chemicals
that could replace the animal models [17]. Toxicity response gener-
ated by bacterial cells is often determined in terms of various stress
responses that induce change in cellular structure and morphology.
The stress responses in bacteria are classified into different types
based on the nature of toxicity exerted by a chemical compound
[18,19]. Systemic approaches such as by use of animal models often
fail to provide such information on cellular stresses that often are
reflected as undetectable side-effects. In order to address these
side-effects, there is a strong need to develop a simple, rapid and

robust method to assess the cytotoxicity of chemicals or drugs that
potentially exhibit side-effects.

This study provides a proof-of-concept using developed bio-
conjugates for rapidly assessing toxicities of potentially hazardous
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nd membrane permeable chemicals. In our previously published
ork, we reported on testing the toxicity of CNTs using biocon-

ugates that mechanically disrupted the cells, but the chemical or
iochemical toxicities in cells remained unclear [20]. Therefore, in
his paper, similar bioconjugates were utilized to detect chemical
oxicity that not necessarily required collapsing the cell-structure
or detection. The paper also reports on the detection of variety
f cellular-stresses using bioconjugates upon exposure to carefully
hosen model chemicals, such as PQ, H2O2 and triton-X100. Our
ethod also enables a rapid qualitative analysis of cellular toxic-

ty with UV-light illumination of bioconjugates in presence of toxic
hemicals.

. Experimental

.1. Cells, chemicals and reagents

Wild-type E. coli DH5� strain was used as model living bacterial
ells. Luria-Bertani broth (LB-broth) and Luria-Bertani agar (LB-
gar) were obtained from Difco (MI, USA). N-hydroxysuccinimide
NHS), N-ethyl-N′-(3-(dimethylamino) propyl) carbodiimide
EDC), PQ and H2O2 were purchased from Sigma–Aldrich. Triton-X
00 was procured from Merck, Germany. Qdot® 585 ITKTM car-
oxyl quantum dots (Invitrogen) were used as labeling probes
aving emission maxima at ∼585 nm.  All other reagents used in
his study were of analytical grade.

.2. Apparatus

Bioconjugation process was carried out under sterile conditions
n microbiological safety cabinet. The fluorescence spectral studies

ere carried out by using a NanoDrop 3300 Fluorospectrometer
Thermo Scientific). LEO Supra 35VP Scanning Electron Microscope
SEM) was used to acquire images of bioconjugates. All optical mea-
urements were performed at room temperature under ambient
onditions.

.3. E. coli culture preparation

E. coli DH5� cells were freshly grown overnight in LB-broth at
7 ◦C with constant shaking at 125 rpm in an incubating orbital
haker and the cells were harvested by centrifugation at 3000 rpm
or 5 min  at 4 ◦C. The cells thus obtained were washed thrice with
terile PBS, pH-7.4 followed by centrifugation for 5 min  at 3000 rpm
t 4 ◦C. The cell pellet was resuspended in same buffer and colony
orming units (CFU) were determined.

.4. Bioconjugation of E. coli with QDs

Bioconjugation of QDs with E. coli cells was performed using
DC/NHS coupling chemistry as described previously [20]. Briefly,
rst ratio of QDs attachment to cells was optimized using follow-

ng procedure. A mixture of 50 mM EDC and 5 mM NHS was  first
ncubated with different concentration of Qdot® 585 ITKTM ran-
ing 0–32 nM for 5 min  at 25 ◦C (Table S1). This mixture was quickly
dded to the cell-suspension and the entire reaction mixture was
ncubated at 25 ◦C for 15 min. The reaction mixture was  centrifuged
t 1500 rpm for 3 min  and the supernatant was removed. The cell-
ellet thus obtained was washed thrice with PBS, pH-7.4 followed
y centrifugation and finally stored at 4 ◦C until further use. The

ptimized conditions for covalent coupling of QDs with cells was
etermined to be 16 nM of QDs for 1.2 × 109 colony forming units
CFU)/mL of E. coli cells. Thus obtained QD-conjugated cells were
abeled as bioconjugates. Control reaction was carried out without
dding EDC/NHS in cell-suspension in PBS.
uators B 196 (2014) 381–387

2.5. Cell viability

Cell viability tests with bioconjugates were carried out after
serial dilutions of cell-suspension in PBS followed by plating on
LB-agar plates. Cell viability and shelf life of bioconjugates was
measured by counting the CFUs.

2.6. Fluorescence measurements.

Relative fluorescence unit (RFU) signal from bioconjugates was
measured using NanoDrop Fluorospectrometer scanning in range
of 500–750 nm.  The shelf-life of bioconjugates was also determined
by fluorescence measurement after storing at 4 ◦C over a period of
2–4 months for their ability to emit fluorescence.

2.7. Chemical treatment

All the reagents used in present study were freshly prepared
before use. Model chemicals, such as H2O2, PQ and Triton-X 100
were prepared in different concentrations (0.5, 1 and 5 mM)  in PBS
pH-7.4. These model chemicals were incubated with bioconjugates
at different time intervals (1–3 h). After the incubation, fluores-
cence signal in the reaction mixture and cell-viability (CFU) were
measured along with respective controls. Scheme 1 illustrates bio-
conjugation of QDs with E. coli and their stress responses to model
chemicals.

2.8. Hierarchical clustering analysis

Hierarchical clustering using similarity matrix analysis was con-
stituted with respect to kinetics of fluorescence emission (RFU) and
number of surviving bioconjugates (CFU) after the chemical treat-
ment. To analyze the severity of toxicity of model chemicals (PQ,
H2O2 and Triton-X 100) in bioconjugates, the most effective con-
ditions (0.5, 1 and 5 mM for 3 h) were employed. Thus obtained
data was  further applied to clustering analysis based on similarity
matrix using Cluster 3.0 program and visualized with Java Tree-
View 1.14r3. The hierarchical relationship was  generated using RFU
and CFU data from most effective conditions and heatmap was
obtained. The color green to red in the heatmap represent the scale
bar for low to high toxicity, respectively.

2.9. Scanning electron microscopic examination

To examine the morphological changes by SEM, the bioconju-
gates before and after incubated with model chemicals (5 mM for
1 h) were mounted on pre-cleaned SiO2 substrates and dehydrated
at room temperature.

3. Results and discussion

3.1. QDs to E. coli optimization for bioconjugation

QDs chosen in this study were made of CdSe core encapsulated
in a crystalline shell of ZnS with an amphophilic polymer coat-
ing that prevented from any damage or toxicity in cells, which
is consistent to earlier reports [21]. Bioconjugation of QDs with
E. coli cells was  performed using EDC/NHS coupling chemistry as
described in experimental section. It was estimated that 16 nM
QDs was required for ∼1.2 × 109 E. coli cells/mL for stable bio-
conjugation that yielded reproducible fluorescence signals (final
RFU at 585 nm = 2100; Table S1). Therefore, this optimized ratio of

QD:cells were labeled as bioconjugates and used for further tox-
icity studies with model chemicals. The bioconjugates were also
examined after UV-illumination that showed bright fluorescent
emission originating from the cells (Fig. 1 insets a and b). This
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Scheme 1. Schematic illustration of bioconjugation of QDs with E. coli and their stress re
X-100  (osmotic stress).

Fig. 1. Fluorescence emission spectra of normal E. coli cells (black), cells incubated
with QDs + EDC + NHS (blue). The inset figure shows respective images of tubes
exposed to the UV light corresponding to control cells (a) and cells + QDs + EDC + NHS
(
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b)  after centrifugation at 1500 rpm for 3 min  and separated cells from free QDs and
ells conjugated with QDs that were pulled down forming bioconjugates. (For inter-
retation of the references to color in this figure legend, the reader is referred to the
eb  version of the article.)

nabled direct visualization of developed bioconjugates as these
rightly fluoresced with UV illumination that may  turn-off their

ight when any cellular stress or cell damage occurs. The developed
ioconjugates may  therefore interact and respond to any small per-
urbations on the cell-structure that alter the cell integrity. These
ioconjugates can serve as living fluorescent switches against any
ellular perturbations at their membrane interfaces.

.2. Real-time fluorescence measurement and cell viability test of

ioconjugates upon exposure of model toxic chemicals

Model chemicals such as PQ, H2O2 and Triton-X 100 were
xposed to bioconjugates to demonstrate the use of bioconjugates
sponses to toxic chemicals, such as paraquat and H2O2 (oxidative stress) and triton

as whole-cell living baits. Each of these chemicals has a unique
ability to induce cellular toxicity. For example, PQ (1,1-dimethyl-
4,4-bipyridinium), a widely used nonselective pesticide induces
oxidative stress by generating superoxide anion radical (•O2

−)
[22]. H2O2 induces bactericidal effect by generating hydroxyl rad-
ical (•OH) [23]. Triton-X 100, a well-known surfactant, has the
ability to irreversibly permeabilize the cell-membrane [24]. Such
responses are often tested using classical assays, such as toxicity
of silver nanoparticles using mitcochondrial function (MTT assay),
reactive oxygen species (ROS) and DNA fragmentations assay [16].
Here, real-time fluorescence emission spectra of bioconjugates
were measured upon exposure of model chemicals with different
concentrations (0–5 mM)  at 1 h (Fig. 2A–C). These concentrations
of model chemicals were chosen to cover the minimum to max-
imum lethal effect on cells [22–24]. The fluorescence emission
spectra of bioconjugates showed drop in response with increas-
ing concentration of model chemicals. This result indicated that
bioconjugates experienced cellular stress upon exposure of model
chemicals, whose severity increases with increased concentrations.

The fluorescence emission of chemical exposed bioconju-
gates was also found to diminish with time (1–3 h) indicating
that interaction of chemicals on cells occurred that not only
depended on concentration, but also on the exposure time
(Figs. 2D–F and S2–S7). It was observed that all three model chem-
icals at lethal concentration (5 mM)  showed maximum diminished
fluorescence response of bioconjugates as expected within 1–3 h
exposure time (Fig. 2F). Cell viability tests were performed using
bioconjugates before and after chemical exposure by plating on
LB-agar plates and counting the number of CFUs. The ability of bio-
conjugates to respond to each of the model chemicals tested was
reflected on their viability which was  consistent to fluorescence
responses (Figs. S8 and 2A–C).
3.3. Hierarchical cluster analysis

Hierarchical cluster analysis was  performed with respect to RFU
and CFU data of bioconjugates after the chemical treatment at
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Fig. 2. Fluorescence emission spectra of bioconjugates before and after incubation with different chemicals: (A) PQ, (B) H2O2 and (C) triton-X 100. The relative fluorescence
responses (n = 3, at peak maxima at 585 nm) of bioconjugates against PQ, H2O2 and triton X-100 as a function of incubation time at different concentrations of: (D) 0.5 mM,
(E)  1 mM and (F) 5 mM,  respectively.

Fig. 3. Hierarchical clustering using similarity matrix was constituted and severity of toxicity with PQ, H2O2 and triton-X 100 incubated for 3 h at different concentration is
shown  with respect to (a) RFU and (b) CFU. The results were color coded for visual inspection of the impact on RFU and number of cells survived (CFU). A color generated
from  similarity matrix for both RFU and CFU data was normalized to indicate green for unaffected conditions and red for severe toxicity or cellular death. (For interpretation
of  the references to color in this figure legend, the reader is referred to the web  version of the article.)
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Fig. 4. UV-illuminated images of bioconjugates incubated with different concentrations of chemicals at: (a) 5 min, (b) 1 h, (c) 2 h and (d) 3 h.

Fig. 5. Scanning electron micrographs of (a) only bioconjugates (QD encoded E. coli cells) and bioconjugates treated with (b) PQ, (c) H2O2, (d) Triton X-100 for 1 h at 5 mM
concentration.
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ifferent time and concentrations derived from results shown in
ig. 2D–F and S8. This analysis enabled partitioning the data into
roups based on the type of chemical and mode of toxicity (Fig. 3a
nd b). The dendrogram showed relationships between the nature
f model chemicals tested on bioconjugates, where responses with
Q and H2O2 were closely similar in their effects. In contrast, results
ith triton X-100 had a distinct effect that remain separated in

lustering analysis. It is clear from the Fig. 3a and b that increas-
ng cellular toxicity with test chemicals in bioconjugates followed
he order of PQ < H2O2 < TX100. The cluster similarity of bioconju-
ates against PQ and H2O2 with respect to decline in RFU can be
xplained with the type of radical they introduce in the medium,
uch as superoxide and hydroxyl radicals respectively that induces
otent cellular stress (Fig. 3a). Triton-X 100, however had a dis-
inct mechanism of inducing cellular damage through membrane
ermeabilization [24] and it was clearly distinguishable from the
esponses of PQ and H2O2 in heatmap (Fig. 3). These results demon-
trated that it is possible to distinguish the nature of a chemical
nd type of cellular stress in bioconjugates through their RFU/CFU
lustering analysis.

.4. Qualitative test for cytotoxicity

Qualitative (Yes/No) cytotoxicity tests of model chemicals on
ioconjugates were carried out by visualizing changes in samples

lluminated with UV light. UV-illuminated images of bioconjugates
ncubated with different concentrations (0–5 mM)  of model chem-
cals for 1–3 h are shown in Fig. 4a–d. The fluorescence responses of
ioconjugates with UV illumination clearly indicated dependency
n concentration and incubation time of model chemicals. The vis-
ble fluorescence signal from bioconjugates diminished at higher
oncentration (5 mM)  of model chemicals as well as with increas-
ng incubation time. This approach enabled rapid assessment of
hemical cytotoxicity in living cells. These results were corrobo-
ated with real-time fluorescence measurements and cell viability
est of bioconjugates upon exposure of model toxic chemicals as
escribed in Section 3.2.

.5. Morphological studies with bioconjugates before and after
xposure of model chemicals

SEM images of bioconjugates were acquired before and after
xposure of higher concentrations (5 mM)  of model chemicals incu-
ated for 1 h. This condition was chosen because of significant effect
ccurred in bioconjugates as per the results obtained with real-
ime fluorescence measurement and cell viability test. SEM images
howed significant morphological changes in bioconjugates after
xposure of model chemicals that probably may  lead to the loss of
ell-bound QDs (Fig. 5a–d). It is clear that significant cell injuries
ere occurred with PQ and H2O2 as they formed lesions and flaccid

tructures compared to normal cells (Fig. 5a–c). The bioconjugates
reated with Triton-X 100 appeared to be solibilized in micelles,
nd thus formed bubble pocketed entrapment of bioconjugates
ith profusely injured membrane (Fig. 5d). QDs in bioconjugates
ay  have been covalently attached on a protein embedded in lipid

ilayer membrane of cells which is more susceptible to surfactant
uch as Triton-X 100 and therefore, extensive loss of fluorescence
as evident from cytotoxicity results.

. Conclusions

In summary, we demonstrated the use of bioconjugates for

etecting toxicities imposed by membrane permeable chemicals,
uch as PQ, H2O2 and Triton X-100. The bioconjugates contained
Ds on their surfaces that are the primary contact points for chem-

cals before they permeabilize into the cells. Therefore, the ability of

[
[
[

[

uators B 196 (2014) 381–387

fluorescence emission from QDs on cell-surfaces depended on two
possible mechanisms: (i) reactions associated with interaction of
chemicals with cell-bound QDs, such as quenching of fluorescence
or (ii) chemical induced partial disruption of cell-membrane and
associated loss of cell-bound QDs. At extreme conditions, such as
prolonged exposure or high levels of chemicals, bioconjugates tend
to lose cell-bound QDs probably due to partial dispersion (dilution)
of QDs in the extracellular medium, which can be correlated to the
morphological changes or loss of cell viability. This result suggested
that quenching of QDs on bioconjugates may  not be taking place, or
cellular enzymes released in response to test chemicals may  have
participated in quenching of QDs on bioconjugates that diminished
the fluorescence. Changes due to cytotoxicity in bioconjugates can
be visually observed by illuminating with the UV-light and thus,
enabling rapid and robust toxicity screening for large number of
samples.

Acknowledgement

This work was  supported by the Scientific and Technological
Research Council of Turkey (TUBITAK), project grant nos. 112E051
and partially by 112Y309.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2014.02.027.

References

[1] Y.Q. Li, J.H. Wang, H.L. Zhang, J. Yang, L.Y. Guan, H. Chen, Q.M. Luo, Y.D. Zhao,
Biosens. Bioelectron. 25 (2010) 1283–1289.

[2] P.K. Bae, K.N. Kim, S.J. Lee, H.J. Chang, C.K. Lee, J.K. Park, Biomaterials 30 (2009)
836–842.

[3] Y. He, Y.Y. Su, X.B. Yang, Z.H. Kang, T.T. Xu, R.Q. Zhang, C.H. Fan, S.T. Lee, J. Am.
Chem. Soc. 131 (2009) 4434–4438.

[4] L.P. Chen, Z.H. Sheng, A.D. Zhang, X.B. Guo, J.K. Li, H.Y. Han, M.L. Jin, Lumines-
cence 25 (2010) 419–423.

[5] J.V. Jokerst, A. Raamanathan, N. Christodoulides, P.N. Floriano, A.A. Pollard, G.W.
Simmons, J. Wong, C. Gage, W.B. Furmaga, S.W. Redding, J.T. McDevitt, Biosens.
Bioelectron. 24 (2009) 3622–3629.

[6] Y.Q. Li, L.Y. Guan, J.H. Wang, H.L. Zhang, J. Chen, S. Lin, W. Chen, Y.D. Zhao,
Biosens. Bioelectron. 26 (2011) 2317–2322.

[7] W.  Liu, M.  Howarth, A.B. Greytak, Y. Zheng, D.G. Nocera, A.Y. Ting, M.G. Bawendi,
J.  Am.  Chem. Soc. 130 (2008) 1274–1284.

[8] A.K. Shakya, H. Sami, A. Srivastava, A. Kumar, Progr. Polym. Sci. 35 (2010)
459–486.

[9] C. Gerhards, C. Schulz-Drost, V. Sgobba, D.M. Guldi, J. Phys. Chem. B 112 (2008)
14482–14491.

10] L. Ren, W.Y. Jeung, H.C. Han, H.J. Choi, J. Nanoelectron. Optoelectron. 2 (2007)
191–196.

11] G. Repetto, A. del Peso, J.L. Zurita, Nat.Protoc. 3 (2008) 1125–1131.
12] W.J.W. Pape, U. Pfannenbecker, H. Argembeaux, M. Bracher, D.J. Esdaile, S.

Hagino, Y. Kasai, R.W. Lewis, Toxicol. In Vitro 13 (1999) 343–354.
13] M.  Aeschbacher, C.A. Reinhardt, G. Zbinden, Cell. Biol. Toxicol. 2 (1986)

247–255.
14] V. Zuang, ATLA – Altern. Lab. Anim. 29 (2001) 575–599.
15] H. Okumura, M.  Arashima, J. Ohuchi, Y. Kasai, K. Tsukumo, H. Kakishima, M.

Kotani, H. Kojima, A. Kurishita, M.  Hayashi, A. Miyajima, M.  Sunouchi, Y. Ohno,
Toxicol. In Vitro 13 (1999) 199–208.

16] K.K. Awasthi, A. Awasthi, N. Kumar, P. Roy, K. Awasthi, P.J. John, J. Nanopart.
Res. 15 (2013) 1898–1905.

17] J.L. Ramos, T. Krell, C. Daniels, A. Segura, E. Duque, Curr. Opin. Microbiol. 12
(2009) 215–220.

18] J.H. Lee, C.H. Youn, B.C. Kim, M.B. Gu, Biosens. Bioelectron. 22 (2007)
2223–2229.

19] J.M. Ahn, E.T. Hwang, C.H. Youn, D.L. Banu, B.C. Kim, J.H. Niazi, M.B. Gu, Biosens.
Bioelectron. 25 (2009) 767–772.

20] R.S. Chouhan, J.H. Niazi, A. Qureshi, J. Mater. Chem. B 1 (2013) 2724–2730.

21] D. Painuly, A. Bhatt, V.K. Krishnan, J. Biomed. Nanotechnol. 9 (2013) 257–266.
22] H.M. Cocheme, M.P. Murphy, J. Biol. Chem. 283 (2008) 1786–1798.
23] H. Ikai, K. Nakamura, M.  Shirato, T. Kanno, A. Iwasawa, K. Sasaki, Y. Niwano, M.

Kohno, Antimicrob. Agents Ch. 54 (2010) 5086–5091.
24] D. Koley, A.J. Bard, Proc. Natl. Acad. Sci. U.S.A. 107 (2010) 16783–16787.

http://dx.doi.org/10.1016/j.snb.2014.02.027
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00175-0/sbref0120


nd Act

B

R
U
v
i
b

J
v

sity  of Baroda, India. She is currently working as a research faculty at Sabanci
University Nanotechnology Research & Application Center, Turkey. Her research
R.S. Chouhan et al. / Sensors a

iographies

aghuraj S. Chouhan received his PhD degree in biotechnology from Mysore
niversity, India in 2011, and now working as a postdoctoral fellow at Sabanci Uni-
ersity Nanotechnology Research and Application Center, Turkey. His research areas

nclude biosensor platforms for different analytes, cytotoxicity of nanomaterials, and
iodevices for the biomedical applications.

aved H. Niazi received his PhD degree in biochemistry in 2003 from Gulbarga Uni-
ersity, India. He is currently working as a research faculty at Sabanci University
uators B 196 (2014) 381–387 387

Nanotechnology Research & Application Center, Turkey. His research areas include
design and development of novel assays for biosensor applications.

Anjum Qureshi received her PhD degree in physics in 2008 from MS Univer-
interests include studying physics of biological systems, detection of cardiac/cancer
diseases biomarkers by electrochemical biosensors and modification of polymer
nano-composites and nanomaterials by irradiation.


	Chemical toxicity detection using quantum dot encoded E. coli cells
	1 Introduction
	2 Experimental
	2.1 Cells, chemicals and reagents
	2.2 Apparatus
	2.3 E. coli culture preparation
	2.4 Bioconjugation of E. coli with QDs
	2.5 Cell viability
	2.6 Fluorescence measurements.
	2.7 Chemical treatment
	2.8 Hierarchical clustering analysis
	2.9 Scanning electron microscopic examination

	3 Results and discussion
	3.1 QDs to E. coli optimization for bioconjugation
	3.2 Real-time fluorescence measurement and cell viability test of bioconjugates upon exposure of model toxic chemicals
	3.3 Hierarchical cluster analysis
	3.4 Qualitative test for cytotoxicity
	3.5 Morphological studies with bioconjugates before and after exposure of model chemicals

	4 Conclusions
	Acknowledgement
	Appendix A Supplementary data
	Appendix A Supplementary data
	References


