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A B S T R A C T   

Ionic liquids (ILs) are salts composed of a combination of organic or inorganic cations and anions characterized 
by a low melting point, often below 100 ◦C. This property, together with an extremely low vapor pressure, low 
flammability and high thermal stability, makes them suitable for replacing canonical organic solvents, with a 
reduction of industrial activities impact on the environment. Although in the last decades the eco-compatibility 
of ILs has been extensively verified through toxicological tests performed on model organisms, a detailed un
derstanding of the interaction of these compounds with biological membranes is far from being exhaustive. In 
this context, we have chosen to evaluate the effect of some ILs on native membranes by using chromatophores, 
photosynthetic vesicles that can be isolated from Rhodobacter capsulatus, a member of the purple non‑sulfur 
bacteria. Here, carotenoids associated with the light-harvesting complex II, act as endogenous spectral probes of 
the transmembrane electrical potential (ΔΨ). By measuring through time-resolved absorption spectroscopy the 
evolution of the carotenoid band shift induced by a single excitation of the photosynthetic reaction center, in
formation on the ΔΨ dissipation due to ionic currents across the membrane can be obtained. We found that some 
ILs cause a rather fast dissipation of the transmembrane ΔΨ even at low concentrations, and that this behavior is 
dose-dependent. By using two different models to analyze the decay of the carotenoid signals, we attempted to 
interpret at a mechanistic level the marked increase of ionic permeability caused by specific ILs.   

1. Introduction 

The increased demand for large-scale chemical processes with low 
environmental impact has led to a growing interest in the development 
of new eco-friendly compounds. In this context, ionic liquids (ILs) have 
attracted the attention of industrial chemistry as potential substitutes for 
canonical organic solvents due to their physicochemical properties such 
as very low vapor pressure, low flash point, low melting point, a wide 
electrochemical window and the ease of separation from reactants and 
products of chemical reactions [1]. ILs are composed of organic or 
inorganic cations and anions easily interchangeable with each other [2], 
allowing their properties to be adapted to a wide range of chemical re
actions. Over the past decades, an enormous amount of scientific data 
has been accumulated on the potential use of ILs in different processes 
[3,4], alongside with an extensive literature on their effects on living 
organisms. These latter studies have mainly been conducted on model 
organisms to test the ecotoxicity of several ILs [5,6], while very little 

information is available on their specific interaction with biological 
membranes. Furthermore, the interaction of ILs with membranes has 
been studied almost exclusively on liposomes [7], i.e. on in vitro 
reconstituted systems mimicking the natural lipidic bilayer but in the 
absence of proteins and specifically in the absence of protein complexes 
devoted to the building up of the transmembrane electrical potential in 
membrane systems carrying on fundamental bioenergetic processes. 
Only recently, photosynthetic membrane vesicles (chromatophores) 
from purple bacteria have been exploited as a useful model system to 
study the effect of ionic liquids on a native biological membrane [8,9]. 

Chromatophores (Chr) are bioenergetically active vesicles easily 
isolated from photosynthetic bacteria that have been extensively char
acterized [10] and widely used to evaluate the effects of exogenous 
compounds on membrane integrity [11,12]. All the components of the 
photosynthetic apparatus responsible for the transduction of radiant 
energy into chemical energy are functionally present in this native ve
sicular system. Their function is now well known at the molecular level 
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and their structure determined at atomic resolution [13–21]. In Rho
dobacter (Rb.) capsulatus, a representative member of the purple 
non‑sulfur bacteria, primary photochemistry is triggered by the ab
sorption of radiant energy by the light-harvesting complexes LH2 and 
LH1. Both of these antenna complexes have a similar architecture, being 
made up of heterodimers of α and β subunits, single transmembrane 
helices that bind molecules of bacteriochlorophyll and carotenoids. The 
αβ heterodimers build circular structures that keep photosynthetic pig
ments in the correct orientation for efficient excitation energy transfer. 
The LH2 complex consists of 8–9 heterodimers and is located periph
erally to LH1, which forms a larger structure surrounding the photo
chemical reaction center (RC). The RC consists of two pseudo-symmetric 
L and M membrane subunits and one H subunit with a large cyto
plasmatic domain anchored to the LM complex by a single hydrophobic 
helix. The RC protein moiety holds the pigment cofactor tree, formed by 
two symmetrical branches originating from a special pair (P) of bacte
riochlorophylls located in the vicinity of the periplasmic side of the 
membrane and extending in sequence to two accessory bacteriochloro
phylls, two bacteriopheophytins and two binding sites for quinone 
molecules, located close to the cytoplasmic side of the membrane, 
referred to as QA and QB. Following excitation, the RC special pair P 
delivers an electron to one of the bacteriopheophytins, initiating an 
electron transfer chain which leads to the sequential reduction of the 
quinone molecules located at the QA and QB site (see Fig. 1). After 
double reduction and protonation, the quinol bound at QB leaves the site 
and oxidizes at the Qo site of a ubiquinol-cytochrome c oxido-reductase 
(bc1 complex). Protons are released on the periplasmic side, while 
electrons, following a well-defined Q-cycle mechanism, reduce a soluble 
cytochrome c2 molecule and a quinone molecule located in the Qi site of 
the bc1, facing the cytoplasmic side of the complex. The reduced cyto
chrome c2 is the electron donor of the photoxidized special pair P of the 
RC [22,23]. This light-driven cyclic electron flow (Fig. 1), according to 
Mitchell’s chemiosmotic theory, acts as a redox pump generating a 
proton gradient ultimately used by ATP synthase to form ATP [24]. 
Through this system, the light energy is initially transduced into an 
electrochemical concentration gradient of protons across the membrane, 
expressed by Mitchell as proton motive force [25], which consists of an 
electrical (ΔΨ) and a pH (ΔpH) component. 

A prerequisite for further transduction of the proton gradient into 
chemical energy in the form of ATP is membrane integrity, since 
increased ion diffusion (dissipating ΔΨ) or proton leakage (affecting 
both ΔΨ and ΔpH) will decrease the proton motive force leading to a 
decrease in the overall performance of the system. 

The carotenoids bound to the LH2 antenna complex respond to the 
transmembrane electric field generated by the photoinduced RC charge 

separation and by the other electrogenic events of the photoactivated 
electron transfer chain with a shift towards the red of their absorption 
spectrum [26]. Since the amplitude of this absorbance variation is lin
early related to the magnitude of the transmembrane potential ΔΨ, these 
pigments act as an endogenous voltmeter and allow to follow spectro
photometrically the onset of ΔΨ generated by photoactivation of the 
chromatophores and its subsequent decay in the dark due to ionic cur
rents through the membrane [27]. 

In this work, we have used this approach to investigate the influence 
of five ILs with promising application in electrochemistry (highlighted 
in gray in Fig. 2) on the membrane potential of chromatophores, by 
monitoring the decay in the dark of the carotenoid band shift induced by 
a short flash of light. We found that bis(trifluoromethylsulfonyl)imide 
(NTf2) containing compounds induce rapid membrane potential dissi
pation even at low (μM) concentrations. Our results indicate that chro
matophore vesicles represent an ideal system to investigate at the 
molecular level the effects of different ILs on native biological 
membranes. 

2. Materials and methods 

2.1. Chemicals 

The following Ionic Liquids were purchased from IoLiTech Gmbh 
(Heilbronn, Germany): butyltriethylammonium-bis(trifluoromethyl 
sulfonyl)imide (N2224-NTf2); 1-Butyl-1-methylpyrrolidinium-bis(tri
fluoromethylsulfonyl)imide (BMPyrr-NTf2); 1-butyl-1-methylpyrrolidi
nium-chloride (BMPyrr-Cl); Choline-bis(trifluoromethylsulfonyl)imide 
(Chol-NTf2); 1-Ethyl-3-methylimidazolium-bis(trifluoromethylsulfonyl) 
imide (c1c2 Im-NTf2); 1-Ethyl-3-methylimidazolium-trifluoromethane- 
sulfonate (c1c2 Im-OTf); 1-Ethyl-3-methylimidazolium tetrafluoroborate 
(c1c2 Im-BF4); 1-Ethyl-3-methylimidazolium chloride (c1c2 Im-Cl). 

Choline chloride (Chol-Cl) was purchased from Sigma-Aldrich. 

2.2. Bacterial growth and chromatophores isolation 

Rb. Capsulatus cells (strain MT1131 [28]) were photosynthetically 
grown in MPYE medium (3 g/L Peptone, 3 g/L yeast extract, 1.6 mM 
MgCl2, 1 mM CaCl2, pH 7), harvested in the late log phase, and frozen at 
− 80 ◦C. To isolate Chr vesicles, the thawed cells were washed exten
sively in 50 mM MOPS buffer, pH 7.3 in order to remove any traces of 
MPYE medium; cells were subsequently resuspended in the same buffer, 
and treated with a French Press at 1000 psi. Unbroken cells and cell 
debris were removed by centrifugation at 27,000g for 35 min at 4 ◦C and 
Chr were isolated by ultracentrifugation of the supernatant at 200,000 g 
for 90 min at 4 ◦C. The Chr pellet was resuspended in 50 mM MOPS 
buffer, pH 7.3, partitioned into 100 μL aliquots, flash frozen in liquid 
nitrogen and stored at − 80 ◦C. 

To estimate the total bacteriochlorophyll (BChl) content of the Chr 
preparation, 5–10 μL of vesicles suspension were extracted with 1 mL 
cold mixture of acetone:methanol 7:2; the BChl concentration was 
evaluated from the absorption at 772 nm using a molar extinction co
efficient of 75 mM − 1 cm− 1 [29]. 

2.3. Visible absorption spectroscopy and data analysis 

The time evolution of the carotenoid band shift after a single xenon 
flash (of less than 8 μs duration) was followed at 503 nm by using a 
kinetic spectrophotometer of local design [30]. Two Wratten 88 A 
gelatin filters were placed in front of the xenon lamp, producing pho
toexciting radiation with wavelength longer than 700 nm. An optical 
guide, perpendicular to the direction of the measuring beam, was used to 
direct the exciting light onto the sample; the photomultiplier was pro
tected from the scattered light of the sample by a Corning 4–96 filter. 
Data acquisition was via a LeCroy 9361C digital oscilloscope interfaced 
with a PC. 

Fig. 1. Cartoon of light-induced electron transfer in the photosynthetic mem
brane of Rb. capsulatus. LH2, light harvesting complex II; LH1, light harvesting 
complex I; RC, reaction center; QB, RC quinone binding site; bc1, ubiquinol- 
cytochrome c oxidoreductase; FeS, Rieske protein iron sulfur cluster; c1, cyto
chrome c1; Qo, quinol oxidation site of bc1; Qi, quinone reduction site of bc1; c2, 
cytochrome c2; ATPase, ATP synthase complex. Black thin arrows indicate en
ergy transfer within the LH2-LH1-RC complex; black thick arrows represent 
proton movement; gray thick arrows indicate electron transfer. 

T. Bin et al.                                                                                                                                                                                                                                      



BBA - Biomembranes 1866 (2024) 184291

3

Chromatophores were suspended in 50 mM MOPS, pH 7.3, at a BChl 
concentration kept fixed at 70 μM. Antimycin A and oligomycin were 
added at 10 μM; 1 mM KCN was also added to inhibit any residual cy
tochrome c oxidase activity. The redox potential of the samples was kept 
in a range between 100 and 150 mV by adding 1 mM Na-ascorbate. In 
order to maximize the excitation of the chromatophore reaction center 
and ensure mixing of the added ILs during the titrations, the samples 
were placed in a Hellma quartz cuvette (Hellma GmbH, Müllheim, 
Germany) with an excitation path length of 4 mm, a measuring beam 
path length of 1 cm and a conical flare at the bottom which housed a 
magnetic stirrer. 

The total amount of RCs photoexcited in our measurements was 
estimated from the absorbance change (ΔA) induced at 542 nm by the 
xenon actinic pulse using a Δε of 10.3 mM− 1 cm− 1 [31]. In these mea
surements, the flash-induced ΔΨ was rapidly collapsed by adding 10 μM 
valinomycin in Chr suspended in 30 mM KCl, 50 mM MOPS, pH 7.3, thus 
avoiding the spectral interference of electrochromic contributions at 
542 nm. The rapid, unresolved re-reduction of photoxidized P by the 
pre-reduced cytochrome c2 was prevented by fixing the redox potential 
at 415 mV through the addition of 0.5 mM ferro/ferri-cyanide. The 
amount of RC photoxidized at lower potential (i.e. under the conditions 
of carotenoid shift measurements) was calculated using the Nernst 
equation and a midpoint redox potential (Em) of 440 mV for the P+/P 
semi-couple [32]. Non-linear curve fits of the carotenoid band shift 
decay kinetics were performed with the Origin 6.1 software. 

3. Results 

3.1. Kinetics of the carotenoid shift decay in the presence of ILs 

The kinetics of the carotenoid shift signal, induced by a short 
(microsecond) light excitation on a suspension of chromatophores, is 
shown in Fig. 3, trace a. The rapid and unresolved ΔA increase, in the 
microsecond time scale, is due to the generation of the ΔΨ by the 
electron and proton transfer steps localized in the RC (see Introduction) 
[33,34]. To better estimate the instantaneous decay of ΔΨ from the 

kinetic traces, the carotenoid signals have been measured in the pres
ence of antimycin, an inhibitor that blocks much of the electron transfer 
activity of the cytochrome bc1 complex, whose contribution to the 
carotenoid shift [35] takes place in a few milliseconds. The possible 
leakage of protons from damaged ATPase was prevented by adding 
oligomycin, a specific inhibitor of the translocation of H+ through the F0 
channel of ATP synthase [36]. Under these conditions, the decay of the 
carotenoid signal is essentially determined by the ion fluxes through the 
lipid bilayer, providing quantitative information on the permeability 
properties of the membrane. 

Fig. 3 shows the kinetics of the carotenoid shift signal induced by a 
single flash in chromatophores supplemented with antimycin and oli
gomycin, in the presence of increasing concentrations of the ionic liquid 

Fig. 2. Molecular structure of the ILs tested in this study with the adopted abbreviations.  

Fig. 3. Kinetic traces of the carotenoid shift signal induced by a single turnover 
flash, recorded at 503 nm in a Chr suspension at increasing concentration of 
BMPyrr NTf2: a, control; b, 5 μM; c, 20 μM; d,500 μM. The arrow indicates the 
excitation of the sample with the actinic flash (at time t = 0). 

T. Bin et al.                                                                                                                                                                                                                                      



BBA - Biomembranes 1866 (2024) 184291

4

BMPyrr-NTf2 (traces b,c,d). 
In the absence of the IL (trace a) the decay is very slow (on the 

timescale of seconds) indicating an extremely low intrinsic permeability 
of the Chr membrane to ions. BMPyrr-NTf2 dramatically accelerates the 
decay (traces b-d), even at very low (μM) concentrations, indicating that 
this IL greatly promotes the dissipation of the membrane potential. 

Interestingly, the decay kinetics in the presence of the IL are strongly 
biphasic, with a fast phase amplitude that increases with increasing IL 
concentration and a tail which decays very slowly, on the timescale of 
the control. Such a pronounced biphasicity has been previously 
observed by us in a study [8] of the effects of imidazolinium and pyr
rolidinium ILs, with chloride or dicyanamide as counter anions, on the 
decay of the carotenoid shift following a single turnover flash in chro
matophores. In this study, the observed non-homogeneous kinetics of 
the carotenoid shift decay could be satisfactorily described by a statis
tical model originally developed by Schmid and Junge [37] to explain a 
similar biphasic decay of the carotenoid shift induced by uncouplers in 
thylakoid membranes. The model is based on the idea that the strongly 
non-homogeneous decay of the carotenoid signal observed in the pres
ence of ILs reflects a Poisson distribution of permeating ions over the 
whole chromatophore population. Under this assumption an analytical 
expression can be obtained for the decay of ΔΨ and correspondingly of 
the carotenoid signal (for a detailed derivation see Ref. [8], i.e.: 

ΔA(t) = ΔA(0) • e− m− kl•t • em•e− k•t (1)  

where ΔA(0) is the maximum amplitude of the carotenoid shift imme
diately after the excitation flash, m is the average number of permeating 
ions per vesicle, kl represents a rate constant describing the intrinsic 
background ion leak of the membrane in the absence of ILs, and k a rate 
constant (conductance) for an individual ion of the specific permeant 
species tested. In a first attempt to account for the inhomogeneous de
cays observed in the presence of the ILs tested in the present study we 
have adopted this statistical model. Fig. S1 shows that Eq. (1) provides 
an accurate fit of the non-homogeneous carotenoid signal decays 
recorded for the whole set of ILs examined. The correspondent values of 
the best fitting parameters (m, kl, k) are reported in Table S1. It has to be 
noticed that in our previous study [8], aimed at elucidating how the 
polarity of the alkyl side chain present on imidazole or pyrrolidine 
cations influences the permeability of ILs, the carotenoid signal decays 
recorded at increasing concentration of the examined ILs could be 
accounted for by global fitting to Eq. (1) with a common k value for any 
individual IL (i.e. the same ion-specific rate constant at any concentra
tion). This global fit approach gave unsatisfactory results when applied 
to the data obtained in the presence of the ILs tested in the present study 
(not shown). Accurate fit to Eq. (1) could be obtained only when the 
parameter k was allowed to be varied at the different concentration of 
the IL examined. As shown in Table S1, excluding Chol-Cl, a non- 
permeant ionic liquid often used as control in bioenergetic studies 
[38], for all the ILs examined best fitting to Eq. (1) resulted in k values 
increasing at increasing IL concentrations by approximately one order- 
of-magnitude over the concentration range tested. Additionally, 
Table S1 shows that the average number of permeating ions per vesicle 
(m) tends to saturate to a very low value (around 2). These two outcomes 
of the statistical model summarized by Eq. (1) are not easily interpreted 
in terms of the known physical properties of the chromatophore system 
(see Discussion), and have led us to consider an alternative model to 
account for the biphasic decay of the transmembrane potential probed 
by the carotenoid shift. Such a model was originally developed to 
explain the biphasic decay of the membrane potential due to permeation 
of hydrophobic ions and ionophores through artificial lipid bilayer 
membranes in charge-pulse experiments [39,40]. It relies on the largely 
accepted idea that the permeating ion is located in deep potential energy 
minima at the membrane solution-interfaces and that the overall ion 
transport occurs in three consecutive steps: adsorption of the ion from 
water to the interface, translocation across the central energy barrier to 

the opposite interface (rate constant ki), and desorption into the aqueous 
phase (rate constant kma). It can be demonstrated [39] that, for suffi
ciently small transmembrane potentials, i.e. Δψ << RT/F, being R, T 
and F the gas constant, absolute temperature, and Faraday constant 
respectively, for a symmetric membrane characterized by deep potential 
energy minima at the water-membrane interfaces and by a high central 
barrier of arbitrary shape, the decay of the transmembrane potential 
Δψ(t), measured in our case by the decay of the carotenoid absorbance 
change ΔA(t), assumes the form 

Δψ(t) = Δψ(0)
(
a1e− t/τ1 + a2e− t/τ2

)
(2)  

where Δψ(0) is the initial transmembrane potential, given in our case by 
the absorbance change ΔA(0) immediately after the excitation flash. 

Fig. 4 and Fig. S2 show that fitting to Eq. (2) provides an accurate 
description of the carotenoid shift decay for all the IL examined at all 
concentrations tested. The corresponding values of the best fitting pa
rameters (a1, τ1, τ2) are reported in Table 1. Goodness of fit is compa
rable to that obtained by fitting the same set of kinetics to Eq. (1). 

According to the model developed by Benz et al. [39] the relaxation 
times τ1, τ2 and the relaxation amplitude a1 can be expressed in terms of 
the kinetic rate constants ki and kma, governing the translocation across 
the central energy barrier and desorption into the aqueous phase, 
respectively, and of the total interfacial ion concentration Nt (pmol ⋅ 
cm− 2). For kma << ki, a condition which is generally satisfied when the 
two relaxation times τ1 and τ2 are distinctly separated, this relationship 
is approximated by the following equations 

τ1 ≈
1

2 ki(1 + α2bNt)
(3)  

τ2 ≈
1 + α2bNt

kmabNt
(4)  

a1 ≈
α2bNt

1 + α2 b Nt
(5)  

where α is the fraction of the total membrane potential Δψ dropping 
across the central energy barrier and b is related to the membrane 
capacitance Cm and to the valency z of the permeating ion by 

b =
z2F2

4RTCm
(6) 

Fig. 4. Kinetics of the carotenoid signal decay following a single turnover flash 
recorded at 503 nm in a Chr suspension at increasing concentrations of N2224- 
NTf2: a, control; b, 5 μM; c, 10 μM; d, 50 μM, e, 1 mM. Red lines represent best 
fit to Eq. (2). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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By combining Eqs. (3)–(5) a simple relationship can be obtained for 
ki which is independent of α, b and Nt. From Eq. (4) we have α2 =

kmaτ2–1/bNt which can be replaced in Eqs. (3) and (5), obtaining. 

τ1 = 1/(2 ki kma τ2 b Nt) (7) 

and 

a1 = 1–1/(kma τ2 b Nt) (8) 

From Eq. (7) we have b Nt = 1 / (2 ki kma τ2 τ1) which can be replaced 
in Eq. (8) obtaining. 

ki = (1 − a1)/(2 τ1) (9) 

Table 1 
Values of the parameters (τ1, τ2, a1) obtained by fitting the decay kinetics of the carotenoid shift signal to Eq. (2) (a2 = 1-a1) and the corresponding values of ki and Nt, 
calculated using Eqs. (9) and (10) (see text for details).  

c (μM) τ1 (s) ⋅ 103 τ2 (s) a1 ki (s− 1) Nt (pmol ⋅cm− 2) 

N2224NTf2 

5 17.25 ± 0.47 2.33 ± 0.30 0.4344 ± 0.0040 16.39 ± 0.46 0.449 ± 0.007 
10 12.18 ± 0.27 2.31 ± 0.33 0.5736 ± 0.0036 17.50 ± 0.41 0.787 ± 0.011 
20 8.42 ± 0.17 1.17 ± 0.09 0.6433 ± 0.0032 21.18 ± 0.47 1.055 ± 0.015 
50 5.46 ± 0.16 0.96 ± 0.11 0.7302 ± 0.0044 24.71 ± 0.83 1.583 ± 0.036 
100 3.30 ± 0.11 0.62 ± 0.06 0.8146 ± 0.0041 28.09 ± 1.12 2.571 ± 0.069 
200 2.29 ± 0.08 0.41 ± 0.04 0.8621 ± 0.0038 30.11 ± 1.35 3.657 ± 0.118 
500 1.41 ± 0.07 0.23 ± 0.02 0.8802 ± 0.0045 42.48 ± 2.65 4.298 ± 0.184 
1000 1.11 ± 0.06 0.16 ± 0.01 0.8963 ± 0.0048 46.29 ± 3.28 5.057 ± 0.263  

BMPyrr NTf2 

5 17.13 ± 0.43 1.96 ± 0.22 0.4669 ± 0.0039 15.56 ± 0.41 0.512 ± 0.008 
10 11.96 ± 0.25 1.26 ± 0.09 0.5529 ± 0.0034 18.69 ± 0.42 0.724 ± 0.010 
20 9.38 ± 0.18 1.14 ± 0.08 0.6220 ± 0.0031 20.15 ± 0.42 0.963 ± 0.013 
100 3.43 ± 0.08 0.48 ± 0.02 0.8030 ± 0.0029 28.71 ± 0.79 2.385 ± 0.044 
200 2.56 ± 0.09 0.37 ± 0.03 0.8585 ± 0.0040 27.64 ± 1.25 3.549 ± 0.116 
500 1.40 ± 0.06 0.21 ± 0.02 0.8847 ± 0.0041 41.19 ± 2.29 4.487 ± 0.180 
1000 1.03 ± 0.06 0.23 ± 0.02 0.8957 ± 0.0048 50.65 ± 3.77 5.022 ± 0.259  

c1c2 Im NTf2 

5 15.55 ± 0.43 1.64 ± 0.11 0.3616 ± 0.0036 20.53 ± 0.58 0.331 ± 0.005 
10 11.65 ± 0.25 1.61 ± 0.10 0.4587 ± 0.0032 23.23 ± 0.52 0.496 ± 0.006 
20 8.47 ± 0.17 1.32 ± 0.07 0.5306 ± 0.0031 27.71 ± 0.59 0.661 ± 0.008 
50 5.98 ± 0.12 1.06 ± 0.05 0.6150 ± 0.0031 32.19 ± 0.69 0.934 ± 0.012 
100 3.93 ± 0.08 0.89 ± 0.05 0.7276 ± 0.0029 34.65 ± 0.79 1.563 ± 0.023 
200 2.36 ± 0.08 0.70 ± 0.08 0.8332 ± 0.0037 35.34 ± 1.43 2.922 ± 0.078 
500 1.36 ± 0.05 0.32 ± 0.02 0.8764 ± 0.0037 45.46 ± 2.15 4.146 ± 0.140 
1000 1.10 ± 0.06 0.30 ± 0.03 0.8885 ± 0.0045 50.70 ± 3.43 4.660 ± 0.210  

c1c2 Im BF4 

100 31.30 ± 2.86 1.78 ± 0.23 0.1747 ± 0.0084 13.19 ± 1.21 0.124 ± 0.007 
200 30.28 ± 1.90 1.68 ± 0.23 0.2537 ± 0.0081 12.32 ± 0.78 0.199 ± 0.009 
400 30.01 ± 1.40 2.66 ± 0.60 0.3309 ± 0.0077 11.14 ± 0.54 0.289 ± 0.010 
1 ⋅ 103 22.56 ± 0.70 2.28 ± 0.38 0.4352 ± 0.0053 12.51 ± 0.41 0.451 ± 0.010 
2 ⋅ 103 14.15 ± 0.30 1.24 ± 0.10 0.5535 ± 0.0036 15.77 ± 0.36 0.725 ± 0.010 
5 ⋅ 103 9.34 ± 0.17 0.98 ± 0.07 0.6796 ± 0.0031 17.13 ± 0.35 1.241 ± 0.017 
1 ⋅ 104 6.32 ± 0.12 0.65 ± 0.04 0.7658 ± 0.0029 18.53 ± 0.42 1.913 ± 0.031 
2 ⋅ 104 4.38 ± 0.10 0.41 ± 0.02 0.8215 ± 0.0029 20.38 ± 0.57 2.692 ± 0.054 
5 ⋅ 104 2.64 ± 0.10 0.24 ± 0.02 0.8751 ± 0.0041 23.66 ± 1.19 4.098 ± 0.155 
9 ⋅ 104 1.67 ± 0.07 0.24 ± 0.02 0.8801 ± 0.0043 35.89 ± 1.98 4.294 ± 0.175 
18 ⋅ 104 1.47 ± 0.07 0.29 ± 0.02 0.8572 ± 0.0050 48.56 ± 2.87 3.512 ± 0.144  

c1c2 Im OTf 
5 73.98 ± 24.18 17.82 ± 2.85 0.1569 ± 0.0543 5.70 ± 1.90 0.109 ± 0.045 
20 47.48 ± 6.11 5.71 ± 1.20 0.1805 ± 0.0176 8.63 ± 1.13 0.129 ± 0.015 
100 36.65 ± 3.67 2.55 ± 0.57 0.1754 ± 0.0106 11.25 ± 1.14 0.124 ± 0.009 
1 ⋅ 103 21.79 ± 0.69 1.75 ± 0.17 0.3642 ± 0.0046 14.59 ± 0.47 0.335 ± 0.007 
5 ⋅ 103 9.11 ± 0.17 0.88 ± 0.05 0.6518 ± 0.0030 19.11 ± 0.39 1.095 ± 0.014 
2 ⋅ 104 4.19 ± 0.12 0.43 ± 0.03 0.8091 ± 0.0038 22.78 ± 0.79 2.480 ± 0.061 
5 ⋅ 104 2.34 ± 0.08 0.22 ± 0.01 0.8690 ± 0.0040 27.99 ± 1.29 3.881 ± 0.137 
9 ⋅ 104 1.75 ± 0.07 0.22 ± 0.01 0.8668 ± 0.0042 38.06 ± 1.94 3.807 ± 0.139 
18 ⋅ 104 1.22 ± 0.06 0.29 ± 0.02 0.8590 ± 0.0044 57.80 ± 3.36 3.563 ± 0.129  

Chol Cl 
1 ⋅ 103 63.39 ± 19.28 3.82 ± 2.80 0.1199 ± 0.0354 6.94 ± 2.13 0.080 ± 0.027 
5 ⋅ 103 48.06 ± 5.94 9.95 ± 1,49 0.1804 ± 0.0168 8.53 ± 1.07 0.129 ± 0.015 
1 ⋅ 104 33.68 ± 2.78 2.57 ± 0.47 0.1826 ± 0.0082 12.13 ± 1.01 0.131 ± 0.007 
2 ⋅ 104 32.12 ± 2.22 2.56 ± 0.43 0.2007 ± 0.0073 12.44 ± 0.87 0.147 ± 0.007 
5 ⋅ 104 36.52 ± 2.75 3.26 ± 0.87 0.2137 ± 0.0095 10.77 ± 0.82 0.159 ± 0.009 
9 ⋅ 104 33.84 ± 2.80 1.81 ± 0.22 0.1708 ± 0.0079 12.25 ± 1.02 0.120 ± 0.007 
18 ⋅ 104 33.08 ± 2.95 1.78 ± 0.19 0.1446 ± 0.0070 12.93 ± 1.16 0.100 ± 0.006 
40 ⋅ 104 36.68 ± 3.78 1.64 ± 0.18 0.1381 ± 0.0087 11.72 ± 1.21 0.094 ± 0.007  
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Eq. (9) is particularly useful because it allows to evaluate the rate 
constant ki for translocation of the ion through the central energy barrier 
of the membrane starting simply from the experimental values of the 
relaxation amplitude a1 and time τ1 of the fast phase. Eq. (9) makes also 
clear that the fast component of the membrane potential decay (see Eq. 
(2)) arises essentially from the ion translocation across the central 
barrier. 

In order to obtain information on the partition of the ion into the 
membrane (i.e. on the interfacial surface concentration of the ion, Nt), 
from Eq. (5) we obtain 

Nt =
a1

α2b(1 − a1)
(10) 

The parameter b in Eq. (10) has been estimated by using Eq. (6), with 
the value Cm = 5.5 ⋅ 10− 3 F m− 2 determined experimentally for the 
chromatophore membrane [41] and α2 ≈ 1 has been set in Eq. (10). This 
may appear a rather crude approximation, but it allows a reasonable, 
basic estimate of Nt from the experimentally determined values of a1, 
when considering that for most of the artificial bilayer membranes 
studied α has been found close to unity [39] except for a value of 0.75 
reported in [42]. Values of ki and Nt obtained as described above (Eqs. 
(9) and (10)) are collected in Table 1. In principle, according to the 
model, if adsorption of the IL has no significant effect on the membrane 
structure, the value of ki for a given IL is supposed to be independent of 
the concentration. At variance, for all the IL tested the calculated ki in
creases progressively upon increasing the IL concentration (Table 1). 
However the increase in ki appears to be systematically more limited 
(smaller by a factor of ~3) when compared to the correspondent in
crease of the rate constant k of the statistical model, obtained by fitting 
the carotenoid shift decay to Eq. (1) (cf. Table 1 with Table S1). The 
values obtained for the total adsorbed surface concentration, Nt, in
crease as expected upon increasing the IL concentration, but reveal a 
saturation behavior, consistent with what found for hydrophobic ions in 
artificial lipid bilayer, studied by charge pulse relaxation [39]. More
over, when considering the average dimension of the chromatophore 
vesicles and the relative contents of lipids and proteins (see Discussion), 
the values at which Nt saturates appear to be much more reasonable than 
the saturation values of the average number m of permeating ions 
calculated from the statistical model (Eq. (1)). Based on these argu
ments, developed more extensively in the Discussion, we believe that the 
model summarized in Eqs. (2)–(6) provides a more consistent and 
physically meaningful approach when analyzing the decay of the 
membrane potential following an excitation flash of light. 

Noteworthy, inspection of Table 1, shows that in all the NTf2-con
taining ILs (N2224-NTf2, BMPyrr-NTf2, c1c2Im-NTf2) the increase of ki 
and Nt titrates at concentrations more than two order-of-magnitude 
lower as compared to c1c2In-OTf and c1c2Im-BF4, suggesting that the 
NTf2− anion is much more prone to be adsorbed to and to permeate the 
chromatophore membrane as compared to other ions. 

3.2. The increase of membrane ionic current in the presence of ILs 

As stated above, it has been shown that the amplitude of the carot
enoids shift signal (ΔA) is linearly related to the chromatophore mem
brane potential [27], implying that the change in ΔΨ due to dissipative 
ionic currents can be monitored by following the change of the carot
enoid signal ΔA in time following charge separation elicited by the flash. 
Assuming a constant value of the membrane capacitance Cm, ΔΨ is 
related to the amount Q of separated charge by ΔΨ = Q / Cm. The overall 
ionic current j, responsible of ΔΨ dissipation, is therefore given by j =
dQ / dt = Cm dΔΨ / dt, and, in terms of the carotenoid signal, ΔA: 

j ≈
dΔA

dt
(11) 

In order to compare the efficacy of the different ILs tested in dissi
pating ΔΨ we have evaluated the overall ionic current from the initial 

rapidity r(0) of the carotenoid signal decay immediately after the flash. 
This parameter is model independent and since both the statistical 
model (Eq. (1)) and the model leading to a biexponential decay (Eq. (2)) 
provide a very accurate fit of the carotenoid shift decay, very similar 
results will be obtained by considering the first derivative of Eq. (1) or of 
Eq. (2) at time 0 and changing its sign. In the following, we show the 
results obtained by using Eq. (2), i.e. 

r(0) = ΔA(0) • (a1/τ1 + a2/τ2) (12) 

Accurate values of r(0) have been obtained by substituting into Eq. 
(12) the values of the parameters ΔA(0), a1, a2 = 1-a1, τ1, τ2 yielded by 
fitting the carotenoid signal decays to Eq. (2) (see Table 1). Values of r 
(0) can be converted to a zero time ionic current across the chromato
phore membrane expressed as electrons translocated per bacteriochlo
rophyll (BChl) per unit time (e− BChl− 1 s− 1) [8,43]. Under our 
experimental conditions the contribution to the carotenoids band shift is 
solely due to flash-induced charge separations within the RC, implying 
that the observed amplitude of ΔA(0) measures the ΔΨ generated by the 
displacements across the lipid bilayer of a single-electron for activated 
RC, i.e. per primary donor P photoxidized. At a BChl concentration of 70 
μM, which was kept constant in all experimental measurements, the 
concentration of flash-oxidized RC was [P+] = 210 nM (see Materials 
and Methods). On this basis, r(0) values can be converted into j0 values 
(e− BChl− 1 s− 1) calculated as: 

j0 =
r(0) • [P+]

ΔA(0) • [BChl]
(13) 

The values of j0 obtained by following the above described procedure 
from the carotenoid shift decays recorded in the presence of N2224- 
NTf2, BMPyrr-NTf2, c1c2Im-NTf2, c1c2Im OTf, c1c2Im-BF4 and Chol-Cl 
are shown in Fig. 5. 

All the compounds tested, except Choline-Cl, are able to strongly 
enhance the dissipative ionic current, but the ILs containing the NTf2−

anion do so at much lower concentrations. Interestingly, while N2224- 
NTf2, BMPyrr-NTF2, c1c2Im-NTf2 gave fully reproducible results in 
repeated measurements, c1c2Im-BF4 and c1c2Im-OTf showed a loss of 
activity over time (see Fig. S3). The BF4

− anion, as reported by the 
manufacturer, tends to decompose when exposed to ambient humidity; 
apparently in our hands also the c1c2Im-OTf is an unstable compound. 

3.3. The NTf2− anion strongly accelerates dissipative ion currents 

The results summarized in Fig. 5 suggest that the NTf2− anion is 

Fig. 5. Dependence of the ionic current j0 on the molar concentration of 
N2224-NTf2 (triangles), BMPyrr-NTf2 (circles), c1c2Im-NTf2 (crosses), c1c2Im- 
BF4 (inverted triangles), c1c2Im-OTf (stars), Chol-Cl (diamonds). 
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responsible for a particularly effective dissipation of the membrane 
potential ΔΨ. In order to further corroborate this conclusion, we have 
examined the effect on the carotenoid shift signal of increasing con
centrations of BMPyrr-Cl and c1c2Im-Cl, i.e. of ILs in which the chloride 
anion replaces NTf2− . As shown in Fig. 6, which compares the ionic 
current obtained in the presence of IL containing the same cation and the 
NTf2− or the Cl− anion, the c1c2Im-Cl exerts a negligible effect on the 
membrane ionic current as compared to the control and BMPyrr-Cl re
sults in a very limited progressive increase of j0, but only at concentra
tions more than 3 orders of magnitude higher than BMPyrr-NTf2. 

The very weak increase of j0 induced by BMPyrr-Cl, as compared to 
the much smaller effect in the presence of c1c2Im-Cl, could be explained 
by the longer alkyl chain of the BMPyrr+ cation as compared to the 
c1c2Im+ [44,45], in line with what reported by Liu et al. [9]. In fact these 
authors, working on chromatophores isolated from the closely related 
species Rb. sphaeroides, observed a decrease in the carotenoid band shift 
amplitude when the cationic alkyl chain of the IL 1-alkyl-3-methylimi
dazolium bromide lengthens. We also note that the j0 values measured 
in the presence of high concentrations of BMPyrr-Cl (0.27–0.3 e− BChl− 1 

s− 1) nicely agree with what evaluated by us in a previous work on Chr 
isolated from Rb. sphaeroides [8]. 

In order to further demonstrate the crucial role of the NTf2− anion in 
causing a dramatic increase of membrane permeability we examined the 
effect on j0 of choline-NTf2. As shown in Fig. 6, the values of j0 as a 
function of choline-NTf2 concentration are very close to those found in 
the presence of the other NTf2-containing ILs, clearly indicating the high 
efficacy of this anion in dissipating the membrane potential. 

3.4. The interaction of the NTf2− anion with the membrane is reversible 

The above results indicate that the NTf2− anion is particularly effec
tive in collapsing the membrane potential ΔΨ. To verify if the interac
tion of this anion with Chr vesicles is reversible, we adopted the 
following experimental scheme. Two aliquots (2 mL each) of Chrs sus
pended in 50 mM MOPS buffer, pH 7.3, were kept for 30 min in the dark 
in the presence/absence of 1 mM N2224-NTf2, a concentration capable 
of inducing a rapid collapse of the carotenoid band shift (see Fig. 4). 
Subsequently both samples were extensively dialyzed against the same 
IL-free buffer (24 h, 3 × 500 mL, change every 8 h) before measuring the 
carotenoids band shift decay. As illustrated in Fig. S4, the sample 
incubated with 1 mM N2224-NTf2 exhibits, after dialysis, the same 
carotenoid band shift kinetics as the control sample, indicating that 
N2224-NTf2 has been removed. This implies that the interaction of the 

NTf2− anion with the Chr membrane is reversible. 

3.5. Effect of ionic liquids on photosynthetic growth of Rb. Capsulatus 

Some of the ILs tested on the Chr vesicles induce, at low concen
trations, a rapid depolarization of the membrane potential upon single 
excitation of the RC, suggesting that they may be toxic to the bacterium. 
We therefore followed the photosynthetic growth of Rb. capsulatus in the 
presence of ILs. In agreement with what observed in chromatophores, 
the results show that the ILs containing NTf2 are more effective at 
inhibiting growth. However, growth is completely suppressed only at 
concentrations significantly higher than those required to affect the 
decay of the membrane potential of chromatophores in single turnover 
flash (see Fig. S5 and Discussion). 

4. Discussion 

Time-resolved spectroscopic studies in chromatophores excited by a 
single actinic flash represent a useful method to investigate the effects of 
ionic liquids on the integrity of a biological membrane. All five initially 
tested ILs, N2224-NTf2, BMPyrr-NTF2, c1c2Im-NTf2, c1c2Im-BF4 and 
c1c2Im-OTf, were shown to be able to interact with the Chr membrane, 
inducing a more rapid dissipation of the membrane potential generated 
by the photoexcitation of the RC. In all cases, the carotenoid shift decay 
is clearly biphasic, with a fast phase increasing in amplitude at 
increasing concentration of the added IL. In order to account for this 
nonhomogeneous kinetics two models have been considered. In the first 
model, originally developed to explain a similar biphasic behavior of the 
carotenoid shift observed in the presence of ionophores in photosyn
thetic membrane vesicles [37,46,47], biphasicity was explained in terms 
of the statistical (Poissonian) distribution of permeating ions over the 
vesicle population, with the slow kinetic phase arising essentially from 
the fraction of the vesicle population lacking permeating ions. This 
model, resulting in Eq. (1), had been shown by us in a previous study [8] 
to describe accurately the effect of a set of ILs examined on the carot
enoid shift decays. The second model was originally developed in 
charge-pulse relaxation studies of the transport kinetics of hydrophobic 
ions [39] and subsequently extended and adapted to describe the pro
tonophoric activity of uncouplers in artificial [40] and native [48] 
membranes. This model explains the biphasicity of the membrane po
tential decay by considering the mechanism of the permeating species, 
which involves its adsorption at the water membrane interface, its 
translocation across the energy barrier of the membrane core, and its 
desorption into the aqueous opposite interface. Under appropriate as
sumptions such a mechanism leads to a biexponential decay of the 
membrane potential (Eq. (2)), with the fast decaying phase reflecting the 
translocation across the central barrier, and the slow process the ex
change between the interfacial adsorption sites and solution, possibly 
limited by the diffusion rate in the unstirred aqueous layers facing the 
membrane [39]. 

When applied to the analysis of the carotenoid shift decays, the two 
models give access to different parameters characterizing the mecha
nism of IL permeation. The first, statistical model provides an estimate of 
the average number m of permeating ions per vesicle, of a rate constant k 
describing the ionic conductance induced by the IL, and of a rate con
stant kl describing the intrinsic background ion leak of the membrane in 
the absence of ILs (see Table S1). At variance, the second model, allows 
to evaluate, by using Eqs. (9) and (10), the rate constant ki determining 
the translocation of the ion across the membrane energy barrier and the 
total surface concentration of the ion adsorbed at the water-membrane 
interfaces (see Table 1). Although both models, i.e. Eq. (1) and (2), 
yield a comparably accurate fit of the carotenoid shift decays recorded 
for all the ILs at all the tested concentrations (see Fig. S1 and S2), the 
second model offers in our opinion a better interpretation of the 
observed behavior, because, besides being conceptually simpler, it re
sults in more physically meaningful estimates of the parameters 

Fig. 6. The dependence of the ionic current j0 on the molar concentration of 
BMPyrr-NTf2 and BMPyrr-Cl (circles), c1c2Im-NTf2 and c1c2Im-Cl (triangles), 
Chol-NTf2 and Chol-Cl (diamonds). Half-filled and open symbols refer to the ILs 
with NTf2− or chloride anion, respectively. 
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characterizing the ion permeation. A first point concerns the strong in
crease of the rate constants k upon increasing the IL concentration which 
results by best fitting the carotenoid shift decays to Eq. (1). According to 
the statistical model k should be in principle concentration-independent, 
as found for a different set of ILs in a previous study [8] in which the 
statistical model was adopted. The only explanation for such a strong 
concentration dependence of the rate constant k of any individual ion 
would be that the IL perturbs progressively, at increasing concentration, 
the membrane structure and consequently the energetics governing ion 
permeation. This scenario is not easily reconcilable with the total 
reversibility of the IL effects on the decay of the carotenoid shift (see par. 
3.4 of Results and Fig. S4). We notice that the rate constant values ki 
obtained by adopting the second model (i.e. by fitting the whole set of 
data to Eq. (2)) exhibit a much more limited dependence upon the IL 
concentration, which may reflect milder changes in the membrane 
permeability associated with a progressive and substantial adsorption of 
the permeating ion (see below). A second point, disfavouring the sta
tistical model, concerns the implications of the values obtained for the 
average number m of permeating ions per vesicle, which appears to 
increase, as expected, with concentration, but saturates at very small 
values (around 2) for all the ILs examined (see Table S1). It is useful to 
put this value in relation with the average surface of lipids forming the 
chromatophore vesicle. According to the model developed by Singharoy 
et al. [49], based on atomic force microscopy data and computer sim
ulations, the average surface of the chromatophore vesicle is about 
34,000 nm2 (corresponding to an average internal diameter of 52 nm) 
and it is largely covered by proteins. By considering the reported num
ber of 17,200 lipids per chromatophore [49] and assuming a mean 
surface area occupied by a phospholipid head of 0.64 nm2 [50], the lipid 
component of the Chr membrane bilayer can be evaluated to occupy in 
fact approximately 5500 nm2, i.e. about 16 % of the total chromato
phore surface. A maximum average number of permeating ions per 
vesicle around 2, provided by the statistical model, and the estimate of 
17,200 lipids per chromatophore [49] corresponds to a single perme
ating ion every 8600 lipids. It is difficult to understand that saturation in 
the average number of permeating ions is reached for such a large lipid 
domain in principle available for ion diffusion. 

The model based on Eq. (2), yields estimates for the total number of 
ions adsorbed at the membrane-water interfaces, Nt. As expected, Nt 
increases at increasing IL concentrations (see Table 1) and exhibits a 
saturation behavior for all the IL examined. Such a saturation has been 
also observed in the case of hydrophobic ions permeating artificial 
bilayer membranes [39]. Nt saturates at values close to 5 pmoles⋅cm− 2 

(see Table 1). This value, assuming a mean surface area occupied by a 
phospholipid head of 0.64 nm2 [50], and considering that lipids occupy 
about 16 % of the total chromatophore surface (see above), corresponds 
to approximately one ion adsorbed every 8 lipids at saturation. When 
comparing this estimate with the saturated m value of one ion every 
8600 lipids predicted by the statistical model, it appears that the 
maximum surface density of ions interacting with the membrane pre
dicted by the second model (calculated by using Eq. (10)), is about 3 
orders-of-magnitude larger and, at variance with what predicted by the 
statistical model, corresponds to a physically meaningful value, well 
compatible with saturation of ion adsorption. Noteworthy, the estimated 
average domain of 8 lipid molecules per adsorbed ion, obtained from the 
Nt values, should be most likely further reduced. In chromatophores, in 
fact, the lipids bound to or interacting with membrane protein com
plexes [20,51,52] are supposed to be very rigid. Since a high mobility of 
the lipid molecules forming the bilayer is thought to be a strict 
requirement for ion permeation in all the molecular mechanisms pro
posed for passive ion diffusion through the membrane [53,54], the lipid 
regions of the Chr vesicle which can be effectively involved in ion 
adsorption and permeation will account for even less than 16 % of the 
total chromatophore surface. 

When examining the Nt values obtained in ILs containing NTf2 
(N2224-NTf2, BMPyrr-NTf2, c1c2Im-NTf2), more effective in collapsing 

the membrane potential ΔΨ, with those calculated for the less effective 
c1c2Im-BF4 and c1c2Im-OTf, it appears that comparable Nt values are 
obtained in the latter at IL concentrations larger by more than one order- 
of-magnitude. This suggests that ILs containing NTf2 are characterized 
by a much larger partition in the membrane phase. Table 1 shows that 
the same holds for the values of the rate constant ki suggesting a lower 
energy barrier for intramembrane translocation of the ΔΨ collapsing ion 
in ILs containing NTf2. 

The initial ion flux j0, i.e. the membrane ionic current immediately 
after the actinic flash, accurately evaluated by means of Eqs. (12) and 
(13) from the best fitting parameters of Table 1, allows a model- 
independent comparison of the effectiveness of the different ILs exam
ined in discharging the light-generated ΔΨ. As shown in Fig. 5, all the ILs 
raise the ionic current j0 at sufficiently high concentrations, but the 
behavior observed for the NTf2-containing ILs and c1c2Im-BF4 or c1c2Im- 
OTf shows a clear distinction, being the former ILs effective in increasing 
j0 at much lower concentrations. All these evidences point to a specific 
role played by the NTf2− anion. To verify if NTf2 is mainly responsible for 
the strongly increased ionic current, we have examined and analyzed the 
carotenoid shift decay kinetics in the presence of BMPyrr-Cl and c1c2Im- 
Cl, i.e. in the presence of components, containing the same cations, in 
which Cl-anion replaces NTf2− . The j0 values obtained (Fig. 6) clearly 
showed that, in the absence of NTf2, the IL-induced increase of the ionic 
current is essentially negligible even at very high (100 mM) concen
trations: in the case of BMPyrr-Cl a very weak increase of j0 is detected 
only at such high concentrations and in the case of c1c2Im-Cl no ionic 
current increase is observed at all, as found in the presence of choline 
chloride (used as impermeant control). As a confirmation of the critical 
role of the NTf2− anion in rapidly dissipating the membrane potential, in 
the presence of Chol-NTf2 essentially the same dependence of j0 upon IL 
concentration, characterized by a large increase in ionic current at very 
low concentrations (Fig. 6), is found as for all other NTf2-containing ILs. 

Consistently with these findings, the NTf2− anion exhibits strong 
lipophilicity [55,56], suggesting that the energy cost for its permeation 
across the lipid bilayer is lower than that required by the other anions 
tested in the present study. Such a lipophilicity has been proposed to be 
a key feature in determining the anion cytotoxicity [55]. The analysis of 
the carotenoid shift decays in terms of Eqs. (2), (9) and (10) is in line 
with these conclusions, since, as mentioned above, NTf2-containing ILs 
exhibit high ki and Nt values at concentrations lower by more than one 
order-of-magnitude as compared to the other tested ILs (Table 1). 

The fact that for the set of ILs examined a high effectiveness in 
collapsing the membrane potential is determined by the anionic moiety, 
being maximized for the NTf2− anion, suggests that the strong membrane 
adsorption (Nt) and rapid translocation (ki) found for the NTf2− anion are 
to a large extent due to the positive membrane dipole potential of the 
membrane. This contribution to the total energy profile for ion inter
action with lipid bilayers has been shown in fact to be critical in gov
erning ion binding and permeation [57], leading to anions permeating 
the membrane much more readily than structurally analogue cations. 

The maximum values of j0 obtained are approximately equal to 3 
e− Bchl− 1 s− 1 for N2224-NTf2, BMPyrr-NTf2 and c1c2Im-NTf2 (see Fig. 5). 
In order to better compare the ionic current expressed in e− Bchl− 1 s− 1 

with the currents measured in other membrane systems, the values of j0 
can be converted into electric current densities expressed in A m− 2 [8]. 
This can be done on the basis of the average surface area occupied by a 
phospholipid head, approximately equal to 0.64 nm2 [50], and of the 
molar ratio between lipids and BChl estimated equal to about 7 [49], in 
good agreement with the experimentally reported value of 5 ± 2 [41] 
previously employed by us for similar calculations [8]. By using these 
values and the charge of the electron (1.602 10− 19C) we can obtain the 
current densities of the lipid bilayer in the presence of the ILs tested. 
When the NTf2− anion is present at the concentration of 1 mM a current 
of approximately 0.21 A m− 2 is found, as compared to 0.15 mA m− 2 

measured (on average) in control samples. 
The effects of ILs on the photosynthetic growth curves of Rb. 
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capsulatus are qualitatively consistent with the acceleration of the 
membrane potential dissipation detected in chromatophores. However, 
to completely inhibit the photosynthetic growth, somewhat higher 
concentrations of ILs are required (Fig. S5). This is not surprising, since, 
being Rb.capsulatus a Gram-negative bacterium, it can be expected that 
the cell membrane is protected by the cell wall and the outer membrane 
against the direct interaction with ILs. Moreover, in a bacterial cell 
growing under photosynthetic conditions, the proton-motive force, 
which governs energy transduction and storage in vivo, is determined by 
the balance between the rate of cyclic electron transport and the con
sumption of the electrical (ΔΨ) and concentration (ΔpH) components 
due to ATP synthesis, active membrane transport, proton and ion leaks. 
A ΔΨ dissipating effect, like that induced by the ILs examined, tends to 
increase the rate of photoinduced electron flow and can in turn result in 
increased ΔpH, thus partially compensating for the loss of membrane 
potential [58]. Such a modulation of the protonmotive force can 
contribute to reduce the uncoupling effect of ILs. 

5. Conclusions 

The presented results show that the NTf2− anion rapidly permeates a 
native biological membrane, causing a rapid collapse of the trans
membrane electrical potential difference. In view of the critical role 
played by ionic permeability of the membrane in all biological energy 
transducing and transport processes, we expect that NTf2-containing ILs 
are potentially toxic in vivo. 

In general, our analysis of the effects of different ILs on the ionic 
conductance of Chr membranes corroborates the notion that these ves
icles, isolated from photosynthetic bacteria, are an ideal membrane 
system to investigate the interaction of charged chemical species with a 
native biological membrane and its consequences on passive ionic 
diffusion which regulates the level of the transmembrane electric po
tential difference. In such studies, chromatophores offer a number of 
remarkable advantages, among which: (a) they provide a relatively 
simple but totally integer membrane-protein system capable of energy 
transduction; (b) the huge amount of bioenergetic studies performed 
during the last decades has led to a detailed structural and functional 
characterization, including knowledge of the atomic-level structure of 
all the protein complexes involved in energy transduction, of their su
pramolecular organization, and of the electron and proton transport 
events which generate the electrical (ΔΨ) and pH (ΔpH) components of 
the protonmotive force; (c) the possibility of activating the RC photo
chemistry through short light pulses allows to elicit single turnovers of 
the energy transducing machinery; (d) the presence within antenna 
complexes of carotenoids undergoing an electrochromic shift in 
response to transmembrane electric fields provide an intrinsic molecular 
voltmeter which allows to monitor the single turnover generation of the 
transmembrane electrical potential and its subsequent dissipation 
determined by ionic currents without any a priori limitation in time 
resolution. 

We have found that a model originally developed to investigate the 
transport of hydrophobic ions across artificial lipid membranes by 
charge pulse relaxation methods [39] accurately accounts for the 
biphasic kinetics of membrane potential dissipation in the presence of all 
the different ILs examined on a large range of concentrations. The model 
yields a consistent picture at the molecular level of the interaction of ILs 
whit the Chr membrane, providing information on the adsorption of the 
permeating ions at the membrane-solution interface and on the rapidity 
of ion translocation across the central potential energy barrier of the 
membrane. The knowledge of these parameters fully determines the 
ionic current through the membrane, and allows to compare the effec
tiveness of the examined ILs in dissipating the light-generated mem
brane potential. We have found that the NTf2− anion is responsible of the 
high effectiveness of a series of ILs in collapsing the membrane potential, 
independently of its cationic moiety, being characterized by strong 
adsorption at the membrane-water interfaces and fast translocation 

across the central energy barrier of the Chr membrane. The approach 
developed can be of help to evaluate the influence of other compounds 
produced by green chemistry on a native biological membrane and to 
understand the molecular basis of toxicity effects revealed by comple
mentary in vivo studies. 
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