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ABSTRACT The viscosity is a highly important parameter within the cell membrane, affecting the diffusion of small molecules
and, hence, controlling the rates of intracellular reactions. There is significant interest in the direct, quantitative assessment of
membrane viscosity. Here we report the use of fluorescence lifetime imaging microscopy of the molecular rotor BODIPY C10 in
the membranes of live Escherichia coli bacteria to permit direct quantification of the viscosity. Using this approach, we investi-
gated the viscosity in live E. coli cells, spheroplasts, and liposomes made from E. coli membrane extracts. For live cells and
spheroplasts, the viscosity was measured at both room temperature (23�C) and the E. coli growth temperature (37�C), while
the membrane extract liposomes were studied over a range of measurement temperatures (5–40�C). At 37�C, we recorded
a membrane viscosity in live E. coli cells of 950 cP, which is considerably higher than that previously observed in other live
cell membranes (e.g., eukaryotic cells, membranes of Bacillus vegetative cells). Interestingly, this indicates that E. coli cells
exhibit a high degree of lipid ordering within their liquid-phase plasma membranes.
INTRODUCTION
The physical environment of live cells is highly heteroge-
neous, with a large degree of macromolecular crowding,
making conditions considerably different from those
observed within idealized in vitro systems (1,2). One of
the major challenges within quantitative and systems
biology is to understand the functioning of a cell as a whole,
for example by modeling cellular processes (3,4). However,
to achieve this, it is necessary to accurately know the values
of the different parameters associated with live cells. In
recent years, the methods available for cell biology have
become increasingly quantitative, and it is now possible to
assign values to the parameters of the key processes in
live cells, such as diffusion, catalysis, cell division, replica-
tion, transcription, translation, and degradation rates (5).

The viscosities associated with different intracellular
compartments are some of the main factors influencing
the diffusion and rates of intermolecular reactions within
cells. The various biological membranes consisting of phos-
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pholipid bilayers are considerably more viscous than the cell
cytoplasm and create selective chemical and diffusional bar-
riers for key metabolites within a cell. The exact value of
membrane viscosity can change depending on the culturing
conditions and can, in turn, influence crucial membrane-
associated functions including passive permeability of
hydrophobic molecules, active solute transport, and pro-
tein-protein interactions (6,7). Perhaps most directly, viscos-
ity influences the translational and rotational diffusion of
proteins and lipids in membranes (8).

Living organisms maintain their membranes in a fluid
state. Escherichia coli bacteria grown at lower temperatures
are known to adjust the fatty acid composition of their
plasma membranes to maintain membrane fluidity in a
process termed ‘‘homeoviscous adaptation’’ (9–11). The
Saffman-Delbrück model is a widely accepted model of pro-
tein diffusion within membranes (12) and describes the lipid
membrane as a thin layer of viscous fluid, surrounded by a
less viscous bulk fluid, where the diffusion coefficients of
membrane proteins scale logarithmically with the radius
they occupy in the membrane and decrease as a function
of membrane viscosity. Diffusion coefficients can be readily
obtained through the use of microscopy techniques such
as fluorescence correlation spectroscopy, fluorescence
recovery after photobleaching (FRAP), or single molecule
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E. coli Membrane Viscosity
tracking (SMT), and a review describing the application of
these techniques to the measurement of diffusion in bacteria
can be found in an article by Mika and Poolman (13). It fol-
lows that to draw quantitative predictions about the size of
membrane objects, such as proteins or multiprotein com-
plexes, based on their diffusion coefficient or vice versa,
we need to know the value of the membrane viscosity.

Viscosity measurements of total lipid and membrane ex-
tracts of E. coliwere performed using electron paramagnetic
resonance (EPR) spectroscopy (10) and relative changes in
viscosity were measured using fluorescence anisotropy of
diphenylhexatriene (14–16). However, to the best of our
knowledge, no direct measurements of viscosity have been
performed within E. coli membranes in vivo. Recently,
Loison et al. (17,18) measured the viscosity of the mem-
branes in the Gram positive bacterium Bacillus subtilis,
both in spores and in vegetative cells with fluorescence life-
time imaging of molecular rotors. They concluded that the
lipid membranes of vegetative cells display a viscosity of
~400 cP, higher than viscosities determined in synthetic
lipid bilayers in the liquid-disordered (Ld) phase (19) or
within eukaryotic plasma membranes cells (20), suggesting
that the plasma membranes of the vegetative cells may exist
in a more ordered environment.

Fluorescence lifetime imaging microscopy (FLIM) using
molecular rotors is an emerging technique that allows the
measurement of viscosity in lipid bilayers, including those
in live cells, at a single organelle levelwith diffraction-limited
spatial resolution (17,21,22). The term ‘‘molecular rotor’’ re-
fers to small synthetic fluorophores in which the fluorescence
emission is dependent on the viscosity of the surrounding
environment. After absorption of a photon, a molecular rotor
can undergo either radiative decay via emission of a fluores-
cence photon or nonradiative decay via intramolecular rota-
tion. The rate of this nonradiative decay is directly affected
by the viscosity of the surrounding environment, and the
competition that arises between radiative and nonradiative
decay leads to the viscosity-sensitive fluorescence properties
of molecular rotors. Consequently, both the quantum yield
and the fluorescence lifetime of molecular rotors depend
on viscosity (22). While the fluorescence quantum yield
provides a useful parameter for viscosity calibration in bulk
homogeneous samples, it is not suitable for imaging applica-
tions, due to the fact that in heterogeneous samples the
concentration of a fluorophore is unknown. Fluorescence life-
time determination, on the other hand, is extremely useful for
imaging experiments as it can provide a concentration-inde-
pendent measurement of viscosity on micron scales. Indeed,
this approach has previously been applied to viscosity studies
in lipid bilayers and monolayers, as well as in membranes of
both prokaryotes and eukaryotes (17,20).

In this study we have used the molecular rotor meso-
(p-alkyl-phenyl)-4,40-difluoro-4-bora-3a,4adiaza-s-indacene
(BODIPY C10) (21) to perform FLIM of E. coli mem-
branes, which has allowed us to determine the viscosity of
the inner membranes on the single cell level. We have
analyzed viscosity within individual, live cells and in the
population, and have measured the viscosity of spheroplasts,
in which the outer membrane was removed by lysozyme
treatment. These measurements were made at both room
temperature and the E. coli growth temperature (37�C).
We have also probed the viscosity of lipid vesicles (lipo-
somes) composed of E. coli membrane extracts at a range
of temperatures, both at and below their growth temperature,
providing insights into possible phase transitions within the
membrane of E. coli. We compare the viscosity values
obtained for live E. coli cells, spheroplasts, and E. colimem-
brane lipid extracts obtained in this study, and contrast these
with membrane viscosities in a variety of other environ-
ments such as synthetic membranes, eukaryotic cells, and
other bacterial species. We conclude that the plasma mem-
brane of E. coli displays a high viscosity, higher than that
previously observed in other biological membranes (17,20).
MATERIALS AND METHODS

E. coli growth and labeling

The E. coli strain MG1655 (F�, l�, rph-1) was grown in Luria Broth me-

dium (10 g/L Bacto Tryptone (Becton Dickinson, Franklin Lakes, NJ),

5 g/L yeast extract (Becton Dickinson), and 10 g/L NaCl (Merck, Kenil-

worth, NJ)) at 37�C with vigorous shaking (200 rpm). A dense overnight

culture was grown from single colonies and on the day of the experiment

this was diluted down to low cell density (1:100 dilution) and maintained

in early log-phase (OD600¼ 0.3–0.4) by supplementing with fresh medium.

Cells were labeled in culture with BODIPY C10 (stock solution in DMSO)

for 2 h at a final concentration of 0.2 mM (live cells) or 0.008 mM (sphero-

plasts) unless stated otherwise. The final concentration of DMSO in the cul-

ture did not exceed 0.25%. BODIPY C10 staining did not affect E. coli

growth at the concentrations used, as confirmed by control experiments

(Fig. S1 in the Supporting Material).
Preparation of sample for microscopy

To decrease background from the fluorescent dye and medium, 1 mL of

labeled cell culture was harvested by short centrifugation (1.5 min at

8000g) and resuspended in nonfluorescent NaPGCl buffer (NaPGCl ¼
95 mM sodium phosphate, pH 7.0, 50 mM glucose plus 125 mM sodium

chloride), which is isosmotic to the Luria Broth growth medium (23).

The cells were loaded into 8-well microscopy chambers (Lab-Tek Cham-

bered No. 1.0 Borosilicate Cover Glass System 8 Chamber; Thermo Fischer

Scientific, Waltham, MA) and allowed to settle for 5–10 min. Before the

start of the experiments, the bases of the microscopy chambers were

coated with 0.1% poly-L-Lysine solution (poly-L-lysine; Sigma-Aldrich,

St. Louis, MO) to hinder cell motion. Samples were imaged for periods

not exceeding 45 min. For measurements performed at 37�C, the chambers

and solutions were preequilibrated and then maintained at 37�C using a

temperature-controlled microscope stage (E200; Lauda, Lauda-Königsho-

fen, Germany). For room temperature experiments, the temperature-

controlled stage was used to maintain the sample at 23�C.
Osmotic shock and cephalexin treatment

For the experiments aimed at revealing the subcellular localization of

BODIPY C10 (Fig. 1), cells were grown either as described in E. coli
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FIGURE 1 (Plasma) membrane localization of the molecular rotor BODIPY C10 in E. coli. Confocal fluorescence images of E. coli cells and spheroplasts

stained with BODIPY C10 indicate (plasma) membrane localization. (A–D): a healthy E. coli cell stained with BODIPY C10 shows a ringlike stain char-

acteristic of membrane-localized molecules. (A) Overlay of transmittance and fluorescence images; (B) transmittance image; and (C) fluorescence image.

(D) Fluorescence intensity profile through the red dotted line shown in (C): the two fluorescence maxima correspond to the localization of the membrane

at either edge of the cell in a diffraction limited image recorded at the midpoint of the cell (from the axial perspective). (E–G) An E. coli cell treated with

cephalexin and subjected to osmotic shock with 15% sucrose. (E) Overlay of the transmittance (F) and fluorescence (G) images. Note that while in the

transmittance image (F) the outline of the cell still resembles the rodlike shape of a healthy E. coli cell, the inner membrane in fact becomes perturbed

and invaginated, as observed in the fluorescence image (G). The red arrows (G) indicate visual plasmolysis spaces, structures characteristic of cells subjected

to osmotic upshock, where the inner (plasma) membrane separates from the outer membrane. (I–L) Spheroplasts generated from E. coli cells. The higher

intensity of fluorescence at the edges of the spheroplasts indicates membrane staining. (I) Overlay of transmittance (J) and fluorescence (K) images.

(L) Fluorescence intensity profile along the red dotted line shown in (K). Similarly to (D), the two fluorescence maxima correspond to the localization of

the membrane at either edge of the cell. Scale bars ¼ 1 mm. To see this figure in color, go online.
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Growth and Labeling (healthy cells) or in the presence of 30 mg/mL cell di-

vision inhibitor cephalexin for an additional 60–120 min (producing

elongated cells) and processed further as described in Preparation of Sam-

ple for Microscopy. To obtain osmotically shocked cells, the cells were

further resuspended in NaPGCl buffer supplemented with 15% (w/vol)

sucrose, in a similar manner to that reported in a previous study from

Nenninger et al. (24).
Preparation of spheroplasts

To generate spheroplasts, cells were grown as described in E. coli Growth

and Labeling with a final concentration of 0.008 mM BODIPY C10 in the

growth medium. Spheroplasts were generated by modifying a protocol

described in Barthmes et al. (25). One milliliter of cells was harvested by

centrifugation at 8000g at either 37�C or room temperature for 10 min.

The cell wall was digested by adding the following reagents sequentially:

120 mL of 1 M Tris-HCl buffer (pH 7.8), 120 mL of Lysozyme

(5 mg/mL), 30 mL of DNase (5 mg/mL), and 120 mL of 0.125 M EDTA
1530 Biophysical Journal 111, 1528–1540, October 4, 2016
(pH 8). The digestion was allowed to proceed for 3 min and then stopped

by adding 1 mL of stop solution (20 mM MgCl2, 10 mM Tris-HCL

(pH 7.8), 0.7 M sucrose). The final reaction volume was supplemented

with BODIPY C10 to a final concentration of 0.008 mM. Spheroplasts

were used for microscopy without further washing. Imaging was performed

as described in Preparation of Sample for Microscopy.
FLIM measurement

The 8-well microscopy chambers, each containing 200 mL samples, were

mounted in a temperature-controlled microscope stage (E200; Lauda) and

maintained at the temperature required for the experiment (23 or 37�C).
Multiphoton fluorescence lifetime images of individual live E. coli cells

were then recorded using a time-correlated single photon counting

(TCSPC) card (SPC-830; Becker & Hickl, Berlin, Germany). Imaging

was achieved using a confocal microscope (TCS SP5 II; Leica Microsys-

tems, Wetzlar, Germany) with an external Titanium:Sapphire laser (Chame-

leon Vision II; Coherent, Ely, Cambridgeshire, UK), which provided pulsed
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excitation permitting two-photon time-resolved fluorescence imaging. The

excitation wavelength used was in the range 860–960 nm, which provided

efficient two-photon excitation of BODIPY C10. Fluorescence was re-

corded over the entire emission spectrum of BODIPY C10 (500–650 nm)

and an 800-nm short-pass emission filter was used to reject any scattered

excitation light.

To ensure that no adverse effects were caused by aggregation of

BODIPY C10 in the sample, fluorescence lifetime images were first

recorded at a variety of dye concentrations and fit with a monoexponential

model (see FLIM Data Analysis). To visualize the lifetime distribution,

intensity weighted fluorescence lifetime histograms were plotted for

images recorded at a range of concentrations (0.002–0.8 mM). It was

observed that the lifetime was constant at concentrations <0.2 mM in

live cells and 0.08 mM in spheroplasts (Fig. S2). This indicated that there

was no aggregation at or below these concentrations. Thereafter, the dye

concentrations used were chosen to provide a sufficient signal/noise

(SNR) while still ensuring that no aggregation occurred. Thus, the dye con-

centrations used for subsequent experiments were 0.2 mM in live cells and

0.008 mM in spheroplasts.
FIGURE 2 Fluorescence lifetime imaging of BODIPY C10 in live E. coli

cells and spheroplasts. FLIM of BODIPY C10 in live cells (A and B) and

spheroplasts (C and D). BODIPY C10 preferentially locates to the mem-

brane in both cases. (A and B) Example fluorescence lifetime images of

live E. coli cells: (A) cell grown at 37�C and imaged at room temperature

(23�C); (B) cell grown and imaged at 37�C. (C and D) Two representative

fluorescence lifetime images of spheroplasts grown at 37�C and imaged at

room temperature (23�C). False color scale represents lifetime in picosec-

onds. Scale bars are 1 mm in length in (A) and (B) and 3 mm in length in (C)

and (D). (E) Fitted fluorescence decay recorded in a live E. coli cell grown

at 37�C and imaged at room temperature (23�C). IRF, decay data, and biex-
ponential fit are shown (see key). Decay data was generated by binning all

pixels within a single cell in a chosen image to produce a single decay with

a SNR high enough to allow biexponential fitting (as described in the

Materials and Methods). Normalized data is shown to account for differ-

ences in intensity between the fluorescence data and the IRF. A biexponen-

tial decay is clearly observed and the long lifetime component of the fit (t1)

was used to calculate the membrane viscosity. The fitted parameters for the

data shown are: a1¼ 0.31; a2¼ 0.69; t1¼ 3710 ps; and t2¼ 590 ps. To see

this figure in color, go online.
FLIM data analysis

To generate fluorescence lifetime images (Fig. 2), the fluorescence decays

recorded in each image pixel were fit to a monoexponential model accord-

ing to

IðtÞ ¼ I0exp
�
�t=t

�
; (1)

where I is fluorescence intensity, t is time, I0 is the fluorescence intensity

immediately after excitation, and t is the fluorescence lifetime. Fitting

was achieved using the FLIMfit software tool developed at Imperial College

London (26) and fluorescence lifetime images were displayed using a false

color scale (see Fig. 2). The goodness-of-fit parameter c2 (mean c2) was be-

tween 1.21 and 1.66 depending on the dataset.

To investigate the lifetime (and viscosity) trends in more detail, we un-

dertook a more detailed biexponential analysis of the recorded fluorescence

decays. Regions of interest (ROIs) were manually drawn around individual

cells and the decays from all pixels within the ROIs were binned into single

decays with high SNR. The resulting decays were then fitted using a biex-

ponential decay model according to

IðtÞ ¼ a1exp
�
�t=t1

�
þ a2exp

�
�t=t2

�
: (2)

In this equation, a1, a2, t1, and t2 are the amplitudes and lifetimes of

the two exponentially decaying components. Good fits were obtained

for the decays recorded in all cells and an example fitted decay is

shown in Fig. 2 E. This procedure yielded single values of all fitted

parameters (i.e., a1, a2, t1, and t2) for each individual cell and we also

calculated the intensity weighted mean fluorescence lifetime for each cell as

tmean ¼ a1t
2
1 þ a2t

2
2

a1t1 þ a2t2
: (3)

We investigated trends in both lifetime components (t1 and t2) as well as in

the intensity weighted mean lifetime for a variety of different conditions—

i.e., live cells versus spheroplasts, 23 vs. 37�C—and these are displayed as

box plots (Figs. 3 and S3).

It has been previously reported that BODIPY C10 has two preferential

orientations when located in membranes (27) as explained in more detail

in FLIM Measurement of the E. coli Plasma Membranes. The long lifetime

(high viscosity) component of the measured decays (t1) provided the best

representation of the membrane viscosity and was used to calculate the
Biophysical Journal 111, 1528–1540, October 4, 2016 1531



FIGURE 3 Viscosity of the (plasma) membrane of live E. coli cells and spheroplasts. Box plots showing the results of fluorescence lifetime measurements

of membranes of live E. coli cells and spheroplasts stained with BODIPY C10, carried out at room temperature and growth temperature (23 and 37�C, respec-
tively). (A and B) t1; (C andD) calculated viscosities for E. coli cells (left; A and C) and spheroplasts (right, B andD). (Boxes) Interquartile range; (error bars,

i.e., whiskers) 1 SD from the mean; (horizontal lines) median values; and (open squares) mean values. Number of measurements: cells at 23�C, 21 cells from
two independent experiments; cells at 37�C, 57 cells from four independent experiments; spheroplasts at 23�C, 28 spheroplasts from two independent

experiments; and spheroplasts at 37�C, 58 spheroplasts from four independent experiments.
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viscosity of the E. coli cell membrane. Viscosities were calculated accord-

ing to the previously reported viscosity-lifetime calibration equation—

which was obtained by measuring fluorescence decays from BODIPY

C10 in methanol/glycerol mixtures of known viscosity (28)—with t1
used as the lifetime value:

log h ¼ log t1 þ 0:75614

0:4569
: (4)

In Eq. 4, h represents the viscosity in cP and t1 represents the long lifetime

component in ns. The membrane viscosities observed under different con-

ditions (i.e., live cells versus spheroplasts, 23 vs. 37�C) are displayed in

Fig. 3, Table 1, and Table S1 in the Supporting Material.

To achieve accurate fitting of the fluorescence decays, it is necessary to

deconvolve the measured data from the instrument response function (IRF).

For both mono- and biexponential fitting, the IRF was estimated by

recording the instantaneous second harmonic generation signal from a sam-

ple of urea crystals. This was achieved using an excitation wavelength

matched to that used in the E. coli experiments (860–960 nm). The detec-

tion wavelength was set at half the excitation wavelength with a detection

bandwidth of 20 nm (i.e., for 860 nm excitation, a detection wavelength

range of 420–440 nm was used).
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Viscosity measurement in liposomes composed
of E. coli lipid extracts

All liposome studies used a BODIPY C10 rotor concentration of 0.5 mol %

(1:200 rotor/lipid) to prevent dye aggregation (19,29) and to avoid signifi-

cant disruption of the bilayer structure. Large unilamellar vesicles were

formed using the gas extrusion method (30). A solution of E. coli total lipid

extracts (Avanti Polar Lipids, Alabaster, AL) and BODIPY C10 was pre-

pared in chloroform, which was then evaporated off under nitrogen. Multi-

lamellar vesicles were then prepared by hydrating the lipid film using

enough water to give a 1 mM solution of lipid and vortexing for 1 min above

the gel transition temperature of the lipid. This was then extruded 10 times

through a polycarbonate membrane with a pore diameter of 200 nm using a

LIPEX extruder (Northern Lipids/Transferra Nanosciences, Burnaby,

British Columbia, Canada), ensuring it was above the gel transition temper-

ature of the lipid.

Lifetime measurements were obtained with an IBH 5000 F TCSPC

device (Horiba Jobin Yvon, Edison, NJ), using a pulsed NanoLED

source at 404 nm for excitation. All TCSPC measurements gave 10,000

counts in the peak channel, and Horiba DAS6 software (Horiba Jobin

Yvon) was used to fit the decays using a biexponential decay model

(see Eq. 2). Viscosities were calculated as described for live cells



TABLE 1 BODIPY C10 Fluorescence Lifetimes and

Corresponding Viscosities in Membranes of Different Systems

Recorded at 23 and 37�C

Lipid System

BODIPY C10

Lifetime (ns) Viscosity (cP) Reference

At 23�C
DOPC 1.67 140 (19)

SPM 5.27 1720 (19)

SPM/20% Chol 4.85 1430 (19)

SK-OV cells 2.2 250 (20)

Bacillus spores inner

membrane

4.0 960 (17)

Bacillus vegetative cell

membrane

2.7 400 (17)

E. coli cells 4.28 1160 This study

E. coli spheroplasts 4.44 1200 This study

E. coli membrane extracts 2.46 320 This study

At 37�C
DOPC 1.11 60 (19)

SPM 3.33 630 (19)

SPM/20% Chol 3.26 600 (19)

E. coli cells 3.98 950 This study

E.coli spheroplasts 4.06 980 This study

E. coli membrane extracts 1.98 200 This study

BODIPY C10 fluorescence lifetimes and corresponding viscosities

observed in a variety of membrane systems. This includes the data from

live E. coli cells, spheroplasts, and membrane extract liposomes recorded

in this study as well as data from other lipid vesicles (liposomes) and

both eukaryotic and prokaryotic cells reported in the literature (17,19,20).

E. coli Membrane Viscosity
(Eq. 4) using the methanol/glycerol calibration described in Hosny et al.

(28) and with t1 taken to represent the viscosity, in agreement with

previous work in ordered model membrane systems (27). The E. coli total

lipid extracts were obtained from bacteria grown at 37�C and lifetime

measurements were carried out in bulk solutions over a range of temper-

atures (5–40�C). The measured lifetimes (t1, t2, and tmean) and the

viscosity calculated from t1 were plotted as functions of temperature

(Figs. 4 and S4).
FIGURE 4 Viscosity of liposomes made of E. coli lipid extracts as a

function of temperature. TCSPC measurement of BODIPY C10 labeled

liposomes composed of E. coli membrane lipid extracts, measured as a

function of temperature. Graphs show (A) the fluorescence lifetimes (t1)

of the vesicles (liposomes) and (B) the corresponding viscosities with

respect to temperature. Liposomes were prepared using lipid extracts

from E. coli cells grown at 37�C. (C) Fitted fluorescence decay recorded

in a sample of liposomes at room temperature (23�C). The IRF,

decay data, and biexponential fit are shown (see key). Data was collected

using an IBH 5000 F TCSPC device (Horiba Jobin Yvon) with the

acquisition time set to provide a decay (and IRF) with 104 photons in

the peak. As for the live cell data, a biexponential decay is observed

and the long lifetime component of the fit (t1) was used to calculate

the membrane viscosity. The fitted parameters for the data shown are:

a1 ¼ 0.41; a2 ¼ 0.59; t1 ¼ 2460 ps; and t2 ¼ 1070 ps. To see this figure

in color, go online.
Calculation of diffusion coefficients

To compare our measured membrane viscosity values to previous studies,

we used the Saffman-Delbrück diffusion equation (12) to convert the vis-

cosity values reported here into diffusion coefficients. Using this approach,

the diffusion coefficient, Dsd, is related to the membrane viscosity, hm, ac-

cording to

Dsd ¼ kBT

4phmh

�
ln

�
2Lsd

a

�
� g

�
; (5)

where h represents membrane thickness, kB is Boltzmann’s constant, T is

temperature, a is the radius of the diffusing particle, g z 0.577 is the

Euler-Mascheroni constant, and Lsd is the Saffman-Delbrück diffusion

length, which is defined in terms of the membrane viscosity, the membrane

thickness, and the viscosity of the surrounding fluid (hf) as

Lsd ¼ hhm

2hf

: (6)

To calculate a diffusion coefficient, the membrane viscosity was first

calculated from the measured BODIPY C10 fluorescence lifetime, and

the following values for particle radius (a), fluid viscosity (hf) and
Biophysical Journal 111, 1528–1540, October 4, 2016 1533
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membrane thickness (h) were then used for each of the membrane systems

investigated (31):

a ¼ 0:62 nm;
hf ¼ 0:8903 cP;

hðE: coliÞ ¼ 3:75 nm;
hðExtractsÞ ¼ 3:35 nm:

Note that the E. coli membrane thickness was assumed constant for both

cells and spheroplasts at 3.75 nm (31). The calculated diffusions coeffi-

cients are shown in Table 2 alongside values reported previously using

BODIPY FL-C12 (24,32), which has a similar structure to BODIPY C10.
RESULTS

BODIPY C10 labels E. coli plasma membranes

BODIPY C10 is a well-studied molecular rotor, whose fluo-
rescence lifetime depends on the viscosity of the environ-
ment in the range 10–1000 cP (28). BODIPY C10 is
known to partition well into lipid bilayers in model mem-
branes and in bacterial cells (17,19), and in this study we
used BODIPY C10 to probe the viscosity of E. coli mem-
branes. Confocal fluorescence microscopy of E. coli stained
with this probe (Fig. 1) reveals a ringlike structure bordering
the rodlike shape of each bacterial cell. Similar staining was
observed previously for the commercially available, mem-
brane-localized probe BODIPY FL-C12 (24) and for the
E. coli bona fide inner membrane protein LacY tagged
with GFP (23). Fluorescence intensity profiles extracted
along lines drawn through the middle of the cells (e.g., the
red line in Fig. 1 C) show two maxima (Figs. 1 D and S5)
that correspond to the position of the membrane.

Because E. coli has two membranes—the outer mem-
brane (the cell wall) and the inner membrane (the plasma
membrane)—we sought to investigate which of the two
structures is labeled by BODIPY C10. As a first experiment,
we followed the approach of Nenninger et al. (24). In their
study, the probe BODIPY FL-C12, which has a very similar
structure to BODIPY C10, was shown to localize to the
TABLE 2 Comparison of the Diffusion Coefficients Observed in E. c

Two Structurally Similar Probes BODIPY C10 and BODIPY FL-C12

Lipid System Probe Techniq

At 23�C
E. coli cells BODIPY C10 FLIM

E. coli spheroplasts BODIPY C10 FLIM

E. coli extracts BODIPY C10 TCSPC

E. coli cells BODIPY FL-C12 SMT

E. coli cells BODIPY FL-C12 FRAP

At 37�C
E. coli cells BODIPY C10 FLIM

E. coli spheroplasts BODIPY C10 FLIM

E. coli extracts BODIPY C10 TCSPC

E. coli cells BODIPY FL-C12 FRAP

Diffusion coefficients observed in E. coli cells, spheroplasts, and lipid extract lip

data is taken from this study and was calculated using the Saffman-Delbrück di

(see Materials and Methods). BODIPY FL-C12 data was reported previously in
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plasma membranes of E. coli based on an osmotic upshift
experiment. When E. coli cells are suddenly placed in a
medium of much higher osmolality than their growth
medium, water leaves the cytoplasm, the cytoplasm volume
decreases and eventually (if the osmotic shock applied is
high enough), the cells plasmolyze (33). As the cytoplasm
decreases in volume, it loses its characteristic rodlike shape,
its appearance becomes perturbed and eventually visual
plasmolysis spaces can be observed (23,34). While the
inner membrane follows the cytoplasm, loses the rodlike
shape and appears perturbed (23), staining of the outer
membrane of osmotically shocked E. coli with FM4-64 re-
vealed that the outer membrane does not alter its volume
and shape as significantly and retains the characteristic
rodlike shape (35).

To facilitate the observation of the subcellular localiza-
tion of the probe with diffraction-limited microscopy,
E. coli cells stained with BODIPY C10 were treated with
cephalexin (an antibiotic that disturbs cell growth resulting
in elongated cells) and subsequently subjected to osmotic
shock with a medium supplemented with 15% sucrose. In
these elongated, osmotically shocked cells, the membrane
stain is no longer rodlike, the membrane appears perturbed
(Figs. 1, E–G, and S6), and visual plasmolysis spaces are
readily present (red arrows in Figs. 1 G and S6). In addition,
a similar reaction was also observed for healthy (noncepha-
lexin-treated) E. coli cells (Fig. S7). This implies that
BODIPY C10, in a similar manner to BODIPY FL-C12, lo-
calizes to the inner membranes of E. coli.

In this study, alongside measurements in live E. coli cells,
we have also probed spheroplasts generated from those live
cells by digestion with lysozyme (25). This digestion
removed the outer membranes of E. coli (see Materials
and Methods for details), yielding spheroplasts (Figs. 1,
I–L, and S8), the membranes of which consist of the plasma
(inner) membrane of the original bacteria. It can be observed
that BODIPY C10 also exhibits a membrane stain in sphe-
roplasts (a clear circular staining around each spheroplast),
oli Cells, Spheroplasts, and Lipid Extract Liposomes Using the

ue Diffusion Coefficient (mm2/s) Reference

0.63 This study

0.61 This study

2.1 This study

1.5 (32)

0.6 (24)

0.78 This study

0.76 This study

3.0 This study

1.2 (24)

osomes using both BODIPY C10 and BODIPY FL-C12. The BODIPY C10

ffusion equation to convert measured viscosities into diffusion coefficients

the references indicated in the table.
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as seen from both images and fluorescence intensity profiles
(Figs. 1, I–L, and S8).

In a second, complementary approach to establish the
localization of BODIPY C10, we determined the fluores-
cence lifetime of BODIPY C10 in the membranes of live
cells and compared this to the lifetime measured within
spheroplasted cells, which we describe in more detail.
Briefly, the fluorescence lifetimes obtained for both live
cells and spheroplasts were very similar (Figs. 2 and 3),
implying that BODIPY C10 is located in comparable envi-
ronments in both cases. Thus, this provided further evidence
that BODIPY C10 resides in the plasma membrane of
E. coli cells.

Taken together, the staining and osmotic shock experi-
ments (Fig. 1), the FLIM measurements in the spheroplasts
as compared to live cells (Figs. 2 and 3), and the fact that a
chemically very similar probe (BODIPY FL-C12) was also
shown to reside in the plasma membrane of E. coli (24),
all provide strong indications that BODIPY C10 labels the
inner (plasma) membrane of E. coli.
FLIM measurement of the E. coli plasma
membrane

We performed FLIM measurements on live E. coli cells and
spheroplasts stained with BODIPY C10 to determine the
viscosity of the plasma membranes. In these measurements
the fluorescence lifetimes recorded in each pixel of the
image of interest can be compared with lifetimes on the vis-
cosity calibration curve of BODIPY C10, obtained by deter-
mining the BODIPY C10 lifetime within methanol/glycerol
solutions of known viscosity (28) (see FLIMData Analysis).

We first confirmed that, at the low incubation concentra-
tions of BODIPY C10 used for staining, aggregation of the
dye did not play any role and the FLIM data obtained were
reliable. While using higher concentrations of BODIPY C10
produces brighter images, above a certain concentration
threshold aggregation of dye molecules can occur. Aggrega-
tion produces an additional fluorescence emission peak at
630–670 nm, which acts to quench the monomer emission
centered at ~515 nm. This causes a reduction in monomer
lifetime and renders the viscosity-lifetime calibration data
unreliable (19). Thus, it was vital to establish that the con-
centration of BODIPY C10 used was low enough to ensure
that aggregation had no effect on the measurements. To this
end, we recorded FLIM images of healthy cells and sphero-
plasts at a variety of BODIPY C10 concentrations. We
observed that the recorded lifetimes increased with
decreasing concentration (implying a reduction in aggrega-
tion) only up to a point. For both healthy cells and sphero-
plasts, the lifetime became constant below a certain
concentration threshold, indicating that no aggregation-
induced quenching was occurring (Fig. S2). Optimal
BODIPY C10 concentrations were then chosen for both
healthy cells and spheroplasts that provided sufficient signal
while also ensuring that no aggregation took place. These
were established to be 0.2 mM for live, nonspheroplasted
cells and 0.008 mM for spheroplasts. Hence, all the subse-
quent data presented herein were recorded at these concen-
trations. Finally, we also confirmed that at the concentration
used for the FLIM measurements (%0.2 mM), BODIPY
C10 had no adverse effects on cell growth (Fig. S1).

Having determined the optimum BODIPY C10 concen-
tration to be used for imaging, we recorded multiphoton
FLIM images of live E. coli cells and spheroplasts both at
room temperature (23�C) and at 37�C (with cells grown at
37�C in both cases). It was previously established that
BODIPY C10 measures viscosity in a temperature-indepen-
dent manner, i.e., its fluorescence decay is affected by vis-
cosity only and not by temperature (36). Representative
FLIM images (generated using pixelwise monoexponential
fitting) are shown in Fig. 2, A–D, and a number of prelimi-
nary observations can be made. First, the probe preferen-
tially labels the edges of the structures indicating
membrane localization as mentioned above. In addition,
the lifetimes in individual cells (both healthy cells and sphe-
roplasts) appear uniform with all areas of the membrane ex-
hibiting broadly similar lifetimes. Interestingly, as discussed
above, the lifetimes recorded in healthy cells and sphero-
plasts are in qualitative agreement, suggesting that the
same region of the cells (the inner membrane) is stained
in both cases.

To investigate these lifetime trends further, we undertook
a more detailed analysis of the fluorescence decays recorded
in a population of cells using biexponential fitting (see
FLIM Data Analysis for details). Briefly, ROIs were manu-
ally drawn around individual cells and all photons within the
ROIs were binned into single decays. Those decays were
then fitted to a biexponential decay model yielding two
fitted lifetime values for each cell (t1 and t2). An example
fitted decay is shown in Fig. 2 E. It has been reported previ-
ously that BODIPY C10 has two preferential orientations
when located within more ordered lipid bilayers or mem-
branes (27). In one orientation, the viscosity-sensitive region
of the BODIPY molecule is situated within the tail region of
the membrane, while in the second orientation the viscosity
sensitive moiety is parallel to the membrane core, which is
typically a lower viscosity environment. Thus, with a high
enough SNR—which we obtained by binning all pixels in
individual cells—we observed biexponential fluorescence
decays from BODIPY C10 in E. coli membranes, which is
a hallmark of a more ordered environment. Further, the
long lifetime component of these decays (in this case, t1)
will provide the best representation of the viscosity of the
membrane, i.e., the lipid tail region of the bilayer. Thus,
this analysis permitted the calculation of membrane viscos-
ities in individual cells as well as the comparison of viscos-
ities across different populations (e.g., live cells versus
spheroplasts, imaging at 23�C versus imaging at 37�C).
The results of this procedure applied to a population of
Biophysical Journal 111, 1528–1540, October 4, 2016 1535
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both cells and spheroplasts are discussed in detail in the
following section, and we note that due to an insufficient
photon count we were not able to perform FLIM imaging
combined with biexponential decay analysis.
Viscosity of the E. coli plasma membrane

As discussed above, we recorded FLIM images of BODIPY
C10 in live cells grown at 37�C and spheroplasts generated
from them, both at the growth temperature—where the
plasma membrane would be expected to be in a fluidlike
state—and at room temperature (23�C), to investigate the
membrane phase properties. The fluorescence decays re-
corded for individual cells and spheroplasts were fitted as
explained in other sections (see above and Materials and
Methods), and Fig. 3 shows the average lifetimes and vis-
cosities recorded in a population. There was a large spread
in the measured lifetimes (and, hence, in the viscosities) be-
tween individual cells. The mean value of the long lifetime
component (t1, the component that provides the best repre-
sentation of membrane viscosity) in live cells measured at
growth temperature was 3980 5 580 ps (n ¼ 57 cells
from four independent measurements), which corresponds
to a mean viscosity of 9505 320 cP. For spheroplasts under
similar conditions, the mean value of the long BODIPY C10
lifetime component (t1) was 4060 5 420 ps (n ¼ 58 sphe-
roplasts from four different measurements) corresponding to
a mean viscosity of 980 5 210 cP.

For cells measured at room temperature the mean value of
t1 was found to be 4280 5 990 ps (n ¼ 21 cells from two
independent experiments), which corresponds to a mean vis-
cosity of 1160 5 670 cP. For spheroplasts at room temper-
ature, the mean value of t1 was 4450 5 420 ps (n ¼ 28
spheroplasts from two independent measurements) yielding
a viscosity of 1200 5 240 cP. The values here were
measured in a population of cells. For other statistics
describing the measurement (e.g., median and interquartile
range), see Table S1. As discussed briefly above, the viscos-
ities measured in the spheroplasts match those measured in
live cells. Because it is likely that the outer membrane has a
very different viscosity value from that of the inner mem-
brane and because spheroplasts have the outer membranes
removed by lysozyme treatment, we interpret the close over-
lap of the viscosities recorded in live cells and spheroplasts
as an indication that BODIPY C10 localizes in the inner
membrane of E. coli.

The spread of the measured lifetimes and thus viscosities
is rather large and this indicates a large cell-to-cell heteroge-
neity. Additionally, the viscosity measured at growth tem-
perature is lower than for the cells measured at room
temperature (Fig. 3 C). This difference may indicate that a
phase transition has taken place within the membrane, as
liquid-ordered and gel phases are known to show a higher
viscosity than liquid-disordered phases (27). However, the
change is relatively small compared to the spread of the
1536 Biophysical Journal 111, 1528–1540, October 4, 2016
data and a Students’ t-test performed on the fluorescence
lifetime data for healthy cells indicated that the change
was not statistically significant (p¼ 0.11). Thus, in isolation
this does not provide conclusive evidence of a phase transi-
tion. Nonetheless, previous studies investigating the phase
transition of E. coli membranes reported that the phase tran-
sition occurs ~14–16�C below the growth temperature
(10,24), which is in qualitative agreement with our tentative
observation. Interestingly, the spread of the measurement is
higher for cells measured at 23�C than for those measured at
37�C, which could imply that some cells respond more
readily to the temperature shift than others. Furthermore,
spheroplasts also exhibited a similar increase in viscosity
(and lifetime) at the lower measurement temperature and
in this case the lifetime shift was found to be statistically
significant (p¼ 0.00012). Taken together, these data suggest
that a temperature dependent phase transition may indeed
take place in E. coli plasma membranes and that further
investigation of this transition is warranted (for example,
through measurements on larger populations of cells and
over a wider range of temperatures).

It has also been reported that E. coli cells can display a
large heterogeneity of physical parameters between isogenic
cells in the same culture (37,38). An example of such
heterogeneity is the large spread of translational diffusion
coefficients of cytosolic proteins observed in bacteria
(13,34,39), where diffusion coefficient (D) values of indi-
vidual sister cells in a culture all stemming from the same
mother clone can differ from one another by up to an order
of magnitude. Using FLIM, which is well suited to compare
viscosities at the single cell level, we tested whether the vis-
cosity of membranes in a population of isogenic live E. coli
cells is heterogeneous. We observed that the lifetime, t1,
within a population of cells grown and measured at 37�C
showed a spread (2 � SD) of ~1160 ps (Fig. 3 A and Table
S1), which corresponds to a spread in viscosity of 630 cP
(Fig. 3 B; Table S1). In addition, the interquartile range
was found to be 720 ps (Fig. 3; Table S1), corresponding
to a spread in viscosity of 360 cP (Fig. 3 B; Table S1). As
discussed above, the spread in viscosity is greater for cells
imaged at room temperature than for those interrogated at
their growth temperature. The observed spread in viscosity
values in live cells is also larger than that measured in sphe-
roplasts (Fig. 3; Table S1). Furthermore, the variances
observed in spheroplasts at 23�C and 37�C are approxi-
mately equal suggesting that the membranes of spheroplasts
may respond to the temperature shift in a more homoge-
neous manner than those of live cells.

Importantly, the spread (along with the measured viscos-
ities in general) was not dependent on the amount of
label taken up by the cells, as there was no correlation
between cell fluorescence intensity and the fluorescence
lifetime (Fig. S9). Likewise, the spread was consistent
in the results for t1, t2, and the mean-weighted t, suggest-
ing that it was not uncertainty in t2 that caused the spread,
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and that our chosen fitting model did not adversely affect
our results.
Viscosity of liposomes composed of E. coli lipid
extracts

The viscosities of E. coli lipid extracts and liposome prepa-
rations have been measured previously with EPR (10). To
compare the viscosity values obtained in this study on live
cells with those previous measurements, we have probed
the fluorescence lifetime of the BODIPY C10 molecular
rotor incorporated into liposomes made of E. coli total lipid
extracts, by performing bulk measurements using TCSPC,
as described in Viscosity Measurement in Liposomes
Composed of E. coli Lipid Extracts. Fluorescence decays
from BODIPY C10 in liposomes composed of E. coli lipid
extracts were recorded over a range of temperatures and
fitted using a biexponential decay model (see above and
Materials and Methods) to yield two fluorescence lifetimes
(Fig. 4 C). As in the case of measurements on live cells and
spheroplasts, we have taken t1 as a representative indicator
of membrane viscosity.

Measurement at 37�C (the growth temperature of bacteria
from which the lipids were extracted) gave a viscosity value
of 200 cP while measurement at 30�C gave a similar value
of 210 cP (Fig. 4). These values correspond well to the mea-
surements performed by Sinensky (10), where the viscosity
of lipid extracts made of cells grown at 37�C and measured
at 37 o C was reported to be 180 cP (other values reported in
that study were between 180 and 200 cP for lipid extracts
measured at the temperature of cell growth). Below 30�C
we observe a gradual increase in the measured viscosity
with decreasing temperature. For example, at 23�C a viscos-
ity of 320 cP was observed and the viscosity recorded at 5�C
(the lowest temperature investigated) was 660 cP (Fig. 4).
This increase in membrane viscosity may be an indication
of a phase transition in the liposomes composed of E. coli
lipids. According to literature data the phase transition of
E. coli membranes occurs ~14–16�C below the growth tem-
perature (10,24), which for cells grown at 37�C should be at
~23�C. Hence, at higher temperatures (i.e., 37�C (growth
temperature) and 30�C) the membranes of the liposomes
composed of E. coli lipid extracts are most likely in the fluid
state and exhibit (relatively) low viscosities. At lower tem-
peratures the membranes undergo a phase transition to a
more ordered state causing an increase in viscosity. From
Fig. 4, we observe that the phase transition occurs in the
range 20–30�C, which is in qualitative agreement with pre-
vious work (10,24). This observation of a phase transition in
liposomes coupled with the changes recorded in live cell
viscosities at different temperatures (discussed above) sug-
gest that further investigation of the response of the cell
membrane viscosity to temperature is warranted.

Finally, it is also interesting to note that we observed
considerably higher viscosities in live cells (and sphero-
plasts) than in liposomes. This is most likely explained by
the facts that the liposomes have a simpler structure than
live cell membranes, contain no (or significantly fewer) pro-
teins, and might have a contribution of lipids from the outer
membrane. Hence, the liposomes provide a less crowded
environment for the molecular rotor and have a lower effec-
tive viscosity, and we comment on this observation in more
detail in the Discussion.
DISCUSSION

Viscosity is a highly important parameter within the plasma
membrane, controlling the rate of diffusion of small mole-
cules and proteins. Despite this, there are still significant
challenges associated with directly measuring membrane
viscosity within cells, and to the best of our knowledge,
this study represents the first attempt to directly quantify
viscosity within live E. coli plasma membranes. In live
E. coli cells at 23 and 37�C, we found the mean plasma
membrane viscosities to be 1160 and 950 cP, respectively,
compared with values in spheroplasts at 23 and 37�C of
1200 and 980 cP, respectively. These values agree well
with those calculated from membrane protein diffusion co-
efficients by Oswald et al. (32), who estimated membrane
viscosities in the range 1000-1200 cP using the Saffman-
Delbrück diffusion model.

Table 1 shows mean BODIPY C10 fluorescence lifetime
values along with the corresponding viscosities reported in a
range of membrane systems and a number of observations
can be made. First, the viscosities measured in live E. coli
cells are considerably higher than those observed in
model liquid-disordered phase membranes (1,2-dioleoyl-
sn-glycero-3-phosphocholine, DOPC), in eukaryotic (SK-
OV-3) cells and in Bacillus vegetative cells, as measured
by FLIM of BODIPY-based fluorescent molecular rotors
(17,19,20). Interestingly, the E. coli membrane viscosities
are closer in value to those measured in the membranes of
Bacillus spores and model liquid-ordered phase bilayers
(SPM/20% cholesterol), suggesting that E. coli plasma
membranes display a high degree of lipid ordering.

The increased viscosity of the E. coli plasma membrane
(relative to the eukaryotic cell membrane) may be caused
by the high abundance of phosphatidylethanolamine (PE)
lipids within the E. coli membrane, which make up ~70%
of the lipid content (40,41). PE lipids have previously
been shown to reduce the diffusion coefficients of lipids
within model systems (42,43) and it was speculated this is
due to increased viscosity (43). On the molecular level,
there is an increased molecular packing (44) and additional
hydrogen bonds (42–44) that are associated with the PE
lipid headgroup compared to the PC headgroup, which is
commonly found in eukaryotic membranes.

Regarding temperature effects, while we recorded a lower
cell membrane viscosity at 37�C than at 23�C (both in live
cells and in spheroplasts), we also observed considerable
Biophysical Journal 111, 1528–1540, October 4, 2016 1537



Mika et al.
intercell variation meaning that the temperature difference
measured in healthy, nonspheroplasted cells was not statis-
tically significant (p ¼ 0.11). Nevertheless, the temperature
shift effect on viscosity in spheroplasts was found to be sta-
tistically significant (p ¼ 0.00012) and, in addition, a clear
temperature trend was observed in lipid extract liposomes.
It was discussed that this may indicate a phase transition
(both in liposomes and in live cells), and for this reason
further investigation of the behavior of the viscosity of
live plasma membranes in response to temperature is
certainly warranted.

The spread of the data is also interesting in itself
as it implies that there is a large intercell heterogeneity
in the viscosities of E. coli membranes. This is in
agreement with previous work—for example, the literature
(13,23,34,37,38)—showing that E. coli can display a large
heterogeneity in the physical parameters of the cell (e.g.,
the large cell-to-cell variation of diffusion coefficients of
cytoplasmic proteins between cells in an isogenic popula-
tion). While we do not know what the molecular origin of
this behavior is, we speculate this might reflect the cell-to-
cell variations in lipid (tails’) composition. Another point
of interest here is the fact that the spread in our live
E. coli data was greater at room temperature (23�C) than
it was at growth temperature (37�C). This suggests that
some cells may respond more readily to the temperature
shift than others and this result further emphasizes the het-
erogeneity of the cell population.

A further noteworthy observation from Table 1 is the
large difference between the viscosities measured in live
E. coli membranes (both for healthy cells and spheroplasts)
and those observed in E. coli extracts. Interestingly, the vis-
cosity within liposomes of the membrane extracts was
200 cP at 37�C, and this is in good agreement with the value
of circa 180–200 cP obtained previously for such extracts
using EPR (10). This inconsistency between live cells and
membrane extracts (liposomes) can be rationalized by
considering the large differences that exist in the membrane
environments of cells and extracts. Unlike liposomes made
up of extracts, E. coli plasma membranes contain a high
concentration of proteins (45), with up to 35% of the mem-
brane area being occupied by proteins (46). Previous studies
(45,47) have shown that diffusion coefficients of membrane
proteins are 1–2 orders-of-magnitude higher in model mem-
branes than they are in cells, which could explain the
observed discrepancy. Additionally, the presence of the
cytoskeleton in live cells may well also influence the effec-
tive membrane viscosity, as the cytoskeleton is currently
thought to play a role in membrane organization (48). It
has been reported that in the Gram-positive bacterium
B. subtilis the cytoskeletal protein MreB creates specific
membrane regions with increased fluidity (49). Single mole-
cule fluorescence microscopy experiments have also sug-
gested that the E. coli plasma membrane has domains
with different physical properties (e.g., liquid-disordered re-
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gions) and that chemically induced depolymerization of
MreB can influence the diffusion coefficient of fluorescent
membrane probes (32). Yet another difference between the
membranes of live E. coli cells and artificial membranes is
that the former environment may display local heterogene-
ities and/or features of organization, which are likely lost
when lipid extracts are reconstituted into artificial mem-
branes. The organization of membranes of E. coli involves
the separation of lipids, for example cardiolipin preferen-
tially localizing to membrane poles (50–52) and the forma-
tion of zones enriched in either PE or PG (53). Membrane
bilayer thickness, on the other hand, can be locally per-
turbed due to protein insertion causing a hydrophobic
mismatch between proteins and lipids that has an impact
on protein diffusion (45). All of the above effects will act
to induce changes in the viscosities and diffusion coeffi-
cients observed in the membranes of liposomes and live
cells and, as such, it is reasonable to expect that the values
recorded in these two systems will differ considerably.

Finally, membrane viscosity can be linked to the diffusion
coefficient using the Saffman-Delbrück approach (12), and
calculated diffusion coefficients for the measured mem-
brane viscosities of E. coli cells, spheroplasts, and E. coli
lipid extracts can be seen in Table 2. While there are a num-
ber of limitations to the Saffman-Delbrück model (i.e., there
are reports that this model fails for larger membrane pro-
teins and for certain membrane viscosities (8,54,55)), it
nonetheless remains a widely used approach and outlines
the dependence of diffusion coefficients within membranes
upon the viscosity. Applying this approach to the mean
membrane viscosity values, we calculated the diffusion
coefficient (for a molecule the size of BODIPY C10)
within E. coli membranes to be 0.78 mm2 s�1 at 37�C and
0.63 mm2 s�1 at 23�C. These diffusion coefficients are com-
parable to those obtained by Nenninger et al. (24), who used
the chemically similar BODIPY FL-C12 probe in live E. coli
plasma membranes—1.2 mm2 s�1 and 0.6 mm2 s�1 at 37 and
23�C, respectively—and to the value of 1.5 mm2 s�1 re-
ported by Oswald et al. (32).

The limitations of the Saffman-Delbrück approach high-
light the importance of making direct measurements of
fundamental parameters such as the viscosity, as reported
here. In contrast to the research cited above, using FLIM
of the molecular rotor BODIPY C10, we were able to obtain
direct measurements of membrane viscosity that, crucially,
are not reliant upon imperfect models of diffusion.
CONCLUSIONS

Fluorescence lifetime imaging of molecular rotors is a
promising technique for the investigation of lipid bilayer
viscosity, and, to the best of our knowledge, this represents
the first direct measurement of bilayer viscosity within the
plasma membranes of live E. coli bacteria. Using FLIM,
we were able to directly determine the viscosity of live
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E. coli plasma membranes and spheroplasts at both 23 and
37�C. In addition, we recorded membrane viscosities in li-
posomes consisting of E. coli lipid extracts over a range
of temperatures. We showed that the plasma membrane of
live E. coli cells displays a high viscosity of >900 cP, sug-
gesting a high degree of lipid ordering within the liquid-
phase membrane.
SUPPORTING MATERIAL

Nine figures and one table are available at http://www.biophysj.org/

biophysj/supplemental/S0006-3495(16)30708-1.
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