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Abstract

Voltage imaging with fluorescent dyes offers promise for interrogating the complex roles of 

membrane potential in coordinating the activity of neurons in the brain. Yet, low sensitivity often 

limits the broad applicability of optical voltage indicators. In this paper, we use molecular 

dynamics (MD) simulations to guide the design of new, ultra-sensitive fluorescent voltage 

indicators that use photoinduced electron transfer (PeT) as a voltage-sensing switch. MD 

simulations predict an approximately 16% increase in voltage sensitivity resulting purely from 

improved alignment of dye with the membrane. We confirm this theoretical finding by 

synthesizing 9 new voltage-sensitive (VoltageFluor, or VF) dyes and establishing that all of them 

display the expected improvement of approximately 19%. This synergistic outworking of theory 

and experiment enabled computational and theoretical estimation of VF dye orientation in lipid 

bilayers and has yielded the most sensitive PeT-based VF dye to date. We use this new voltage 

indicator to monitor voltage spikes in neurons from rat hippocampus and human pluripotent stem 

cell-derived dopaminergic neurons.
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The development of fluorescent indicators for biological analytes has revolutionized our 

ability to interrogate biochemistry and biophysics in living cells. However, the design of 

fluorescent dyes and sensors remains an outstanding challenge in the field.(1–12) Our group 

has recently initiated a program to build new chemical indicators for sensing membrane 

potential,(13–15) in order to further understand the roles that membrane voltage plays, not 

only in excitable cells, such as neurons and cardiomyocytes, but also in non-excitable cells 

in the rest of the body. Traditional methods to measure membrane potential rely on invasive 

electrodes, introduced via pipette or on micro or nano-arrays. Voltage imaging with 

fluorescent indicators, whether genetically-encoded(16) or chemically synthesized,(15) is an 

attractive solution because such imaging circumvents problems of low-throughput, low 

spatial resolution, and high invasiveness associated with more traditional electrode-based 

techniques.(17–19) Our lab is developing VoltageFluor, or VF, dyes which are a small 

molecule platform for voltage imaging operating via a photoinduced electron transfer (PeT) 

quenching mechanism(20, 21) to directly image transmembrane voltage changes.(13, 14, 22, 

23) Previously reported VF dyes have proven useful for measuring membrane potential in a 

number of biological contexts ranging from isolated synaptic vesicles(24) to intact leech 

neuronal ganglia(25, 26) to stem cell-derived cardiomyocytes,(27, 28) among others.(29, 30) 

Improvement of genetically-encoded voltage indicators relies on site-directed mutagenesis 

and large-scale screening,(16) while small-molecule voltage indicators have the potential for 

rational improvement. However, a comprehensive design scheme for VF dyes remains 

elusive, due in part to our incomplete understanding of the biophysical properties 

influencing voltage sensitivity in the VoltageFluor scaffolds.

We therefore desired to study and improve a single, key aspect of the PeT-quenching 

mechanism(21) of VF dyes. We propose that VF dyes sense voltage via a PeT-based 

mechanism where the transmembrane potential of the cell strongly influences the rate of 

PeT: at hyperpolarizing, or negative, potentials, PeT is accelerated and fluorescence is 

quenched. At depolarizing, or positive, voltages, fluorescence increases as the rate of PeT 

decreases. Pioneering work by Loew and co-workers modeled the voltage sensitivity of 

electrochromic voltage-sensitive dyes and proposed that the magnitude of the molecular 

Stark effect, or perturbation of the chromophore orbital energies, which gives rise to the 

voltage sensitivity of these compounds, is proportional to the following expression:(31, 32)

Equation 1

Where ΔF/F is the fractional voltage sensitivity of a dye, ΔG represents the change in energy 

associated with the shift in wavelength, q is the effective charge transferred, r⃗ is the distance 
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that quantity q travels and E⃗ is the electric field. By extension to PeT-based voltage sensitive 

dyes, the voltage sensitivity should be proportional to the change in driving force for PeT, 

which may be modeled by a similar equation when the transmembrane potential is within a 

physiologically-relevant range.(21) Because the interaction between the transferred electron 

and the membrane potential is highest when the electron transfer vector and electric field 

vectors are aligned and at a minimum when perpendicular, equation (1) can be rewritten as

Equation 2

where θ is the angle of displacement, or tilt, between the electron transfer vector and the 

electric field vector (Figure 1a–c).

Our initial assumption was that the tilt angle θ was close to 0°, thus giving us the maximum 

voltage sensitivity for a given dye, where q, r, and E remain constant. To test this hypothesis, 

ascertain how VF dyes orient in the membrane, and propose new structural motifs for 

voltage sensing, we turned to molecular modeling to measure the tilt angle of VF2.1.Cl, a 

prototypical VF dye, in a simulated lipid bilayer.

RESULTS AND DISCUSSION

We parameterized VF2.1.Cl with the CHARMM general force field (33) (see SI Fig. 1 and 

SI Text for details) and then performed molecular dynamics (MD) simulations of the VF dye 

embedded in a 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine (POPC) lipid bilayer, as 

a simplified model of a mammalian cell membrane.(34, 35) By modeling the behavior of 

VF2.1.Cl in a POPC lipid bilayer, we aimed to both make observations regarding the tilt 

angle and propose structural modifications that we could then synthesize to assess changes 

in voltage sensitivity. We performed three replicates of ~500 ns molecular dynamics 

simulations of VF2.1.Cl in a pure POPC membrane and sampled the tilt angle θ (between 

the long axis of VF and the membrane normal) every 5 ps via principal component analysis 

(PCA). As shown in Figure 1d (SI Movie 1), the 2′ sulfonate of VF2.1.Cl localized 

primarily at the lipid:water interface, presumably to avoid burying the charged sulfonate in 

the non-polar lipid groups. Because the sulfonate of VF2.1.Cl is unsymmetrically positioned 

off the main axis of VF2.1.Cl, this results in a considerable tilt, with an average angle of 35° 

(Fig. 1d and f, Web Enhanced Object 1). Furthermore, the molecule appeared to be rather 

“floppy” in the membrane, with a standard deviation in the tilt angle of 17° (Fig. 1f) and a 

correlation time of 9.7 ns (±2.6 ns, ±SEM, n=3 simulations) (SI Fig. 2). An average tilt 

angle of 35° implies that the voltage sensitivity of VF2.1.Cl is only about 82% (cosine of 

35°) of the theoretical maximum, assuming q and r remain the same. We wondered whether 

“straightening” VF dyes in the membrane would prove a general method for enhancing 

voltage sensitivity by approximately 22% (1/cosine 35°).

We reasoned that the tilt angle of the VF dye could be reduced in a straightforward manner 

by adding a second sulfonate group in the ortho-position on the meso-aryl ring of the 

xanthene chromophore (Fig. 1a–c). We hoped the new, doubly-sulfonated, disulfoVF dyes 

(dsVF), with two opposing sulfonate groups at the 2′- and 6′-positions, would have both 
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reduced overall tilt angle and increased rigidity since exposing one sulfonate to bulk water 

via tilting the whole molecule would require the other sulfonate to become buried in the 

non-polar lipid layer. Overall, we hypothesized that smaller fluctuations in the tilt angle of 

dsVF would cause an improvement in voltage sensitivity relative to monosulfoVF dyes 

(msVF).

We used MD simulations to test whether the proposed dsVF dye displays enhanced 

alignment within a model membrane relative to its monosulfo counterpart. MD simulations 

of dsVF2.1.Cl (Fig. 1d–e, Web Enhanced Object 2) reveal a significant reduction in the tilt 

angle, θ, compared to msVF2.1.Cl: 19°±10° for dsVF2.1.Cl and 35°±17° for msVF2.1.Cl 

(Fig. 1f). Compared to msVF, dsVF displays less conformational flexibility within the lipid 

bilayer, as reflected in the smaller standard deviation of θ values for dsVF2.1.Cl (10° for 

dsVF vs. 17 ° for msVF). Analysis of the correlation time for msVF2.1.Cl reveals a much 

longer periodicity in θ fluctuations (9.7±2.6 ns; ±SEM, n = 3 simulations) with larger 

magnitude swings away from the average orientation (SI Fig. 2). In contrast, dsVF2.1.Cl has 

a much shorter period (1.8±0.1 ns; ±SEM, n= 3 simulations) characterized by smaller 

fluctuations in the average angle of displacement (SI Fig. 1b)

The increased rigidity of the dsVF dye comes primarily from a restriction in the movement 

of the dye in a single plane. Molecular orientation in the plane of the sulfonates (defined as 

the angle between the vector parallel to the meso ring system, “ArylP,” and the membrane 

normal “Z” (Fig. 2a) becomes more rigid upon going from msVF (61.3°) to dsVF (92.8°) 

(Fig. 2b–d). In contrast, motion in the plane perpendicular to the sulfonates (defined as the 

angle between the vector normal to the meso ring system, “ArylN” and the membrane 

normal, Fig. 2a) is relatively unchanged, shifting from 88.3° for msVF2.1.Cl to 92.0° for 

dsVF2.1.Cl (Fig. 2b–c and e). This is consistent with the hypothesis that symmetric 

sulfonation rigidifies VF dyes in the plane parallel to the meso aromatic ring, ArylP, but has 

little effect on motion in the orthogonal coordinate, ArylN (Fig. 2b–c).

Based on the MD simulations, we estimate an approximate 16% increase in voltage 

sensitivity upon going from a msVF to dsVF dye scaffold, if molecular orientation, or θ, is 

the only change. This improvement represents a critical increase in the sensitivity of VF-

type dyes. According to Equation 3, for a given msVF/dsVF pair, the change in voltage 

sensitivity should be proportional to the ratio between the cosine of θ for msVF and dsVF.

Equation 3

Therefore, a change in θ from 35.4° to 19.4° should give a 16% increase in voltage 

sensitivity (cosine of 19.4°/cosine of 35.4° = 1.157).

To confirm the MD simulation results and experimentally test the hypothesis that improved 

orientation produces an increase in voltage sensitivity, we synthesized and characterized 6 

new doubly-sulfonated VF dyes. Although the chromophores required for msVF are 

accessible via sulfonic acid anhydrides,(36) generation of the doubly-sulfonated precursors 
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represented a synthetic challenge. To circumvent this problem, we devised a route from 

commercially available fluorobenzaldehydes (1 and 2) that enabled access to both singly and 

doubly sulfonated dye precursors. Sulfonated halobenzaldehydes 3 and 4 could be prepared 

via nucleophilic aromatic substitution (SNAr) with sodium sulfite/bisulfite,(37) enabling us 

to bypass both the deactivating nature of the sulfonate group and any challenges in directing 

the sulfonate substitution pattern. Both 5-bromo-2-formyl-benzenesulfonic acid 3 and 5-

bromo-2-formyl-1,3-benzenedisulfonic acid 4 were prepared in good yields (72–76%) on the 

gram scale from commercially available 4-bromo-mono- and di-fluorobenzaldehydes via 

SNAr with sodium sulfite/bisulfite in a mixture of water and ethanol.

These aldehydes then condensed smoothly with unsubstituted and halogenated resorcinols in 

methanesulfonic acid (with in situ oxidation by air) to give an array of monosulfonated and 

disulfonated fluoresceins (5-10), with yields ranging from 40–84% (Figure 3). Generally, 

yields of monosulfo-fluoresceins (70–84%) were higher than for corresponding disulfo-

fluoresceins (40–55%), which we attribute to the increased steric congestion of disulfo- vs. 

monosulfobenzaldehydes. The new disulfo-fluoresceins show absorption and emission 

profiles similar to their mono-sulfo counterparts and display high fluorescence quantum 

yields (near unity, SI Fig. 3) and aqueous solubility: up to 0.94 mM in H2O with 0.1% 

DMSO for ds-dichlorofluorescein vs. only 0.41 mM for ms-dichlorofluorescein.

Methoxy-substituted anilines generally give the best voltage sensitivity in the context of a 

fluorescein-based voltage sensor,(23) so we sought to make both 3-methoxy and 

unsubstituted aniline molecular wires to test if straightening via double sulfonation is a 

generalizable strategy. We used either a dimethyl aniline molecule wire or a N,N-diethyl-3-

methoxyaniline wire as the two molecular wire scaffolds in this study. The N,N-diethyl-3-

methoxyaniline was used in place of the previously described N,N-dimethyl-3-

methoxyaniline wire because the diethyl derivative can be simply prepared from 

commercially available N,N-diethylsalicylaldehyde.(38) Heck coupling between the styrene 

molecular wires and corresponding mono- or di-sulfonated fluoresceins provided the ms- 

and dsVF dyes after purification via crystallization. Small amounts of dye were purified by 

semi-preparative HPLC for further analysis.

We synthesized a total of 9 new dyes: 6 new dsVF dyes and 3 new msVF dyes. Both msVF 

and dsVF dyes display similar excitation and emission profiles to previously reported msVF 

dyes (Table 1, SI Fig. 4), and all localized to the plasma membrane when applied to 

HEK293T cells via bath loading. (Fig. 3a–b, SI Fig. 5). In general, disulfonated fluorophores 

(8-10) and dsVF dyes (11b-16b) showed improved aqueous solubility relative to mono-sulfo 

derivatives (5-7, 11a-16a). Addition of a second sulfonate improved the aqueous solubility 

of fluorophore 8 2.3-fold relative to monosulfo 5, as determined either spectroscopically or 

gravimetrically (SI text). In the context of a full VF dye, a second sulfonate improved 

aqueous solubility by 22% for VF2.1.Cl and 55% for VF2.2(OMe).Cl (11a vs 11b; 12a vs 

12b; SI Fig. 6).

To determine the voltage sensitivity of each of the dyes, we performed whole-cell patch 

clamp electrophysiology on HEK293T cells loaded with 200 nM VF (Fig. 3a–d). 

Depolarization of the cell membrane in the presence of VF dye results in a large increase of 
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fluorescence, while hyperpolarization results in lower levels of fluorescence (Fig. 3c–d; SI 

Fig. 7). As a illustrative comparison, we found that msVF2.2(OMe).Cl (12a) had a voltage 

sensitivity of approximately 53% ± 1% ΔF/F per 100 mV, which is comparable to the 

previously reported msVF2.1(OMe).Cl, at 48% per 100 mV.(23) The disul 

foVF2.2(OMe).Cl (12b), when subjected to the same membrane depolarizations, had a 

voltage sensitivity of 63% ± 1% ΔF/F per 100 mV, representing a 19% improvement in 

voltage sensitivity over the monosulfonated VF analog, and the most sensitive VF dye to 

date.

We determined the voltage sensitivity for the remaining 10 VF dyes using dual optical and 

electrophysiological recordings in HEK cells (3–8 separate cells per dye). All of the dyes—

VF2.1.Cl (11), VF2.1.H (13), VF2.1.F (15), VF2.2(OMe).H (14), and VF2.2(OMe).F (16)—

showed comparable improvements in voltage sensitivity when the second sulfonate group is 

added (Table 1, Fig 4.). In all cases, we see an increase in voltage sensitivity upon transition 

to the dsVF dye. On average di-sulfoVF dyes show a 19% ± 2% increase in voltage 

sensitivity over its monosulfonated counterpart (Table 1). The experimentally determined 

average increase in voltage sensitivity of 19% matches well with the computationally 

predicted value of 16% and provides a validation both of our MD simulation methodology 

and our hypothesis that the relative orientation of the VF dye influences voltage sensitivity. 

The small discrepancy may arise from differences in the electronic nature of ms- vs dsVF 

dyes, which is known to affect voltage sensitivity.(23)

Due to its exceptional voltage sensitivity and good photostability compared to 

msVF2.2(OMe).Cl (SI Figure 8), we expected that disulfoVF2.2(OMe).Cl should be well-

suited to observing membrane potential changes in neurons. Cultured rat hippocampal 

neurons bathed in disulfoVF2.2(OMe).Cl showed bright membrane staining, as confirmed 

by confocal microscopy (Fig. 5a). We also used dsVF2.2(OMe).Cl to image neuronal 

activity in midbrain dopaminergic (mDA) neurons derived from cultured human pluripotent 

stem cells (hPSCs) in culture (Fig. 5b) using differentiation conditions adapted from 

previously established protocols.(39) mDA neurons stained with dsVF2.2(OMe).Cl revealed 

distinct firing patterns (Fig. 5c, d). Functional analysis of human- or patient-derived 

differentiated neurons in a simple, non-invasive manner enabled by dsVF2.2(OMe).Cl may 

be an important diagnostic tool alongside more conventional methods in ascertaining proper 

differentiation as well as in investigating human disease phenotypes.

CONCLUSIONS

In summary, we use a molecular modeling approach to study the effects of dye orientation 

within the plasma membrane on the voltage sensitivity of VoltageFluor dyes and use the 

model to propose the structure of a dye with enhanced voltage sensitivity over previous 

incarnations of VF dyes. Based on orientation effects observed in MD simulations, we 

predicted an approximate 16% increase in the voltage sensitivity of dsVF dyes.

To validate our computational results, we present the design and synthesis of disulfonated 

fluoresceins, a novel group of xanthene fluorophores with increased water solubility. The 

new disulfonated xanthene fluorophores may be useful in their own right as labeling agents 
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due to their ease of synthesis in isomerically-pure form, high water solubility, and potential 

for derivatization. We then synthesize new, more rigid disulfo-VoltageFluor dyes based on 

these novel disulfonated fluoresceins. All of the dsVF dyes display enhanced voltage 

sensitivity relative to their msVF cognates, with an average increase in sensitivity of 19%, 

which matches well with our calculated improvement of 16%.

These results validate our hypothesis that proper orientation of a VF dye within the 

membrane significantly influences its voltage sensitivity, in addition to providing excellent 

support for a PeT-based mechanism of voltage sensitivity. One of the new VF dyes, 

disulfoVF2.2(OMe).Cl shows the highest voltage sensitivity observed in PeT-based voltage 

sensors thus far (63% ΔF/F per 100 mV). Additionally, we demonstrate that disul-

foVF2.2(OMe).Cl can be used to detect membrane potential changes in rat hippocampal 

neurons and in human-derived midbrain dopaminergic neurons.

The improved voltage sensitivity of disulfoVF2.2(OMe).Cl facilitates voltage imaging under 

conditions that degrade signal-to-noise ratio and sensitivity, such as low-power illumination, 

thicker tissue samples, and long-term imaging. Finally, the disulfonated VoltageFluor dyes 

represent one possible solution for designing future dyes with higher voltage sensitivity than 

first generation VF dyes. Efforts are currently underway in our lab to generalize this scaffold 

to other xanthene chromophores, such as rhodamines(38) and silicon-rhodamines(13), and 

integrate it with our understanding of the contributions electron affinities make to voltage 

sensing(23).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Orientation of ms and ds VF dyes. Schematic representation of a)VF dye alignment in the 

plasma membrane. b) Maximum voltage sensitivity is predicted when theta = 0° (left) and is 

lowest when theta = 90° (not shown). c) Intermediate values of theta (right) reduce voltage 

sensitivity. Snapshots of MD simulations in POPC lipid bilayers show d) msVF and e) dsVF. 

Yellow arrows indicate principal components. f) Plot of probability density vs. angle of 

displacement between the 3rd principle component (the long axis) of VF dyes and the 

membrane normal.
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Figure 2. 
Calculated orientation of msVF and dsVF in a POPC lipid bilayer. a) Definition of vectors 

used to examine angles in VF dyes. “ArylP” describes the vector parallel to the meso-aryl 

ring; “ArylN” describes the vector normal to the plane of the aryl ring; and “Z” is the 

membrane normal. Contour plots describe the the ArylP vs Z and ArylN vs Z dihedral 

angles for a given snapshot of the simulation for b) msVF and c) dsVF. The dotted lines 

serve as a visual guide for a perfect 90° orientation between the dye and the membrane 

normal. The distribution of dihedral angles sampled during a simulation for d) ArylP vs Z 

and e) ArylN vs Z are plotted for both msVF (black) and dsVF (red).
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Figure 3. 
Synthesis and characterization of monosulfo and disulfoVF dyes. Upper panel: Synthesis of 

VF dyes. Lower panel: a) Confocal fluorescence images of dsVF2.2(OMe).Cl in HEK cells. 

Membrane-associated green fluorescence (panel a) shows clear membrane localization when 

compared with cytosolic mCherry (red, panel b). Scale bar is 20 μm. Membrane-localized 

dsVF2.2(OMe).Cl is voltage sensitive. c) The fractional change in fluorescence is plotted vs. 

time for 100 ms hyper- and depolarizing steps (±100 mV, 20 mV increments) from a holding 

potential of −60 mV for a single HEK cells under whole-cell voltage-clamp mode. d) A plot 

of % ΔF/F vs. final membrane potential (mV), summarizing data from 8 separate cells, 

reveals a voltage sensitivity of approximately 63% per 100 mV (±1.6%). Error bars are 

±SEM.
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Figure 4. 
Comparison of voltage sensitivity of monosulfo- and disulfo-VoltageFluor. Black bars 

represent msVF dyes and red bars represent dsVF dyes. Voltage sensitivity is reported as 

ΔF/F per 100 mV as measured in patch-clamped HEK cells. Values represent 3–8 

independent determinations and error bars are ±SEM
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Figure 5. 
Imaging membrane potential changes in cultured rat hippocampal neurons and hPSC-

derived midbrain dopaminergic (mDA) neurons using dsVF2.2(OMe).Cl. a) Confocal 

images of rat hippocampal neurons stained with 500 nM dsVF2.2(OMe).Cl. * and ** are 

zoomed regions of the indicated neurons b) Transmitted light image (DIC) of hPSC-derived 

mDA neurons. c) Wide field fluorescence image of mDA neurons from panel b stained with 

500 nM dsVF2.2(OMe).Cl. d) Fractional change in fluroescence vs. time for cells indicated 

in panels b. Each trace represents the fluorescence intensity from the indicated cell; all traces 

have been bleach corrected and are unfiltered. Scale bars are 20 μm.

Kulkarni et al. Page 14

ACS Chem Biol. Author manuscript; available in PMC 2018 February 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kulkarni et al. Page 15

Ta
b

le
 1

Pr
op

er
tie

s 
of

 m
on

o-
 a

nd
 d

is
ul

fo
 V

ol
ta

ge
Fl

uo
r 

dy
es

N
am

e
ID

R
R
′

R
″

Φ
fl
a

λ
ab

sa
λ

em
a

Δ
F

/F
 (

%
)b

Im
pr

ov
em

en
t 

(%
)c

m
sV

F2
.1

.C
l

11
a

C
l

M
e

H
0.

06
52

2
53

6
30

--
-

ds
V

F2
.1

.C
l

11
b

C
l

M
e

H
0.

08
52

0
53

9
36

21

m
sV

F2
.2

(O
M

e)
.C

l
12

a
C

l
E

t
O

M
e

0.
06

51
8

53
4

53
--

-

ds
V

F2
.2

(O
M

e)
.C

l
12

b
C

l
E

t
O

M
e

0.
07

52
0

54
0

63
19

m
sV

F2
.1

.H
13

a
H

M
e

H
0.

10
50

7
52

8
17

--
-

ds
V

F2
.1

.H
13

b
H

M
e

H
0.

14
50

9
54

0
20

17

m
sV

F2
.2

(O
M

e)
.H

14
a

H
E

t
O

M
e

0.
08

50
8

53
0

53
--

-

ds
V

F2
.2

(O
M

e)
.H

14
b

H
E

t
O

M
e

0.
11

51
0

53
0

57
9

m
sV

F2
.1

.F
15

a
F

M
e

H
0.

09
50

8
52

4
27

--
-

ds
V

F2
.1

.F
15

b
F

M
e

H
0.

13
50

7
52

9
33

25

m
sV

F2
.2

(O
M

e)
.F

16
a

F
E

t
O

M
e

0.
06

50
5

52
4

49
--

-

ds
V

F2
.2

(O
M

e)
.F

16
b

F
E

t
O

M
e

0.
06

50
9

52
9

60
22

a M
ea

su
re

d 
in

 p
ho

sp
ha

te
-b

uf
fe

re
d 

sa
lin

e,
 p

H
 7

.4
 w

ith
 0

.1
%

 T
ri

to
n 

X
-1

00
.

b pe
r 

10
0 

m
V

. D
et

er
m

in
ed

 in
 H

E
K

 c
el

ls
.

c R
el

at
iv

e 
to

 c
or

re
sp

on
di

ng
 m

sV
F.

ACS Chem Biol. Author manuscript; available in PMC 2018 February 17.


	Abstract
	Graphical abstract
	RESULTS AND DISCUSSION
	CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1

