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Fluorescence lifetime correlation spectroscopy (FLCS) has been used to probe the influence of PEG-
8000 on the fluidity of fluorescently labeled planar supported lipid bilayers on ozone plasma treated
glass. The lipid membrane compositions examined were; DOPC, DOPC/DOPS (80/20 mol/mol) and
DMPC, with and without cholesterol. The lateral diffusion coefficients (D) for supported lipid bilayer
films of these layers without cholesterol were 7.9 + 0.2, 7.9 0.4 and 5.5 £ 0.1 pum? s~' respectively. The
high fluidity reflected the super-hydrophilicity (contact angle of 0) of the ozone treated plasma glass
substrate. Using DOPE conjugated Atto 655 as a probe, exposure of the lipid bilayer to a 30% wt/wt
aqueous solution of PEG, followed by washing, dramatically increased the diffusion coefficients of the
probe within the film. For example, the diffusion coefficient for the DOPC bilayer increases by nearly
an order of magnitude to 51.4 + 2.6 um?s~'. The autocorrelation curves for DOPC/DOPS (80/20 mol/
mol) and DMPC bilayers required a two-component model for adequate fit of their behaviour yielding
both fast and slow components of the diffusion. In all cases, when hydrophilic DOPE-Atto 655 was
used as the probe, treatment of the lipid bilayer with PEG resulted in non-Brownian diffusion.
Importantly, the observed diffusion behavior observed depends on the identity of probe. In contrast,
when a hydrophobic probe (DOPE-NapthBodipy) was employed PEG showed relatively little impact
on the observed diffusion rates. This was attributed to orientation of the reporter probe in the lipid
bilayer and its aqueous interface. Specifically, DOPE-Atto 655 is believed to associate strongly with
PEG mesh at the aqueous interface of the lipid bilayer, its diffusion strongly influenced by the structure
in this region, whereas DOPE-NapthBodipy remains in the interior of the bilayer where it is relatively
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uninfluenced by PEG.

Introduction

The phospholipid bilayer is an omnipresent structure in the cell.
Its key roles are to support the mobility and function of the
transmembrane proteins, which constitute approximately 30% of
all proteins in the human body* and to provide a semi-permeable
barrier for regulation of ion exchange at the living cell.2 For some
time, the accepted model of cell membrane structure was the fluid
mosaic membrane model where proteins were envisaged as
embedded in a homogeneous sea of lipid.* More recently, the view
on cell membranes has progressed to a more sophisticated model
that includes heterogeneity in composition and compartmentali-
zation. In this model discrete domains are distinguished which
feature distinctive dynamic and structural properties.* In the
living membrane the identity of phospholipid, lipid-lipid, lipid—
protein and protein—protein affinity all influence membrane
behavior. The dynamics of membrane diffusion in this less
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homogeneous two-dimensional picture does not conform to the
ideal case of Brownian motion. A number of techniques have been
applied to study organization and dynamics of planar membranes
but the different parameters at different length scales of obser-
vation can lead to discrepancies in the results and interpretation.*
For instance AFM gives precise topography at the nanometer
scale,® electron spin resonance can provide useful ensemble
measurements of lipid diffusion in vesicles in solution,® fluores-
cence recovery after photobleaching is suitable for investigating
the diffusion on supported bilayer but the diffraction limit on
spatial resolution renders it rather unhelpful in the observation of
the effects of small domains and in the study of multiple groups of
molecules diffusing with different rates." To assess the mode
of diffusion and determine the diffusion coefficient on planar
supported lipid bilayers, fluorescence correlation spectroscopy
(FCS) is the technique of choice.”® It has proven particularly
useful in the study of systems that exhibit anomalous diffusion
that does not conform to well-defined free diffusion models.”'®
FCS is therefore, valuable in tracking reorganization occurring at
the nanometer scale, below the resolution limit.

The phospholipid membrane appears to be very sensitive to the
nature of its surroundings. For instance, the addition of salts can
induce reorganization of the membrane into small domains'! or
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may alter the fluidity of the bilayer.'> Deformation of the
membrane structure induced by pressure exerted by a natural
polymer mesh anchored to the membrane has also been reported.*?

Various polymers have been used with biological and biomi-
metic samples. One of the most important biocompatible poly-
mers to emerge is polyethylene glycol (PEG).** PEG has a strong
influence on the phospholipid membrane, e.g., it is known to
alter membrane fusion in vesicles’® and cells and to alter the
permeability of the phospholipid membrane. Consequently
medical applications are emerging which exploit the ability of
PEG to mediate membrane fusion'® and PEG is already widely
applied in transmembrane transport, most notably for drug
delivery.'” PEG has been exploited as a hydrophilic cushion used
to support planar lipid bilayers to reduce interactions of trans-
membrane proteins inserted into such membranes with the
substrate.’®2° It has also been used as a support to aid in the
formation of the bilayer.?! In spite of its wide application with
membranes and cells, surprisingly few studies have been reported
on the influence PEG has on the membrane structure/diffusion
dynamics. Kuhl ez al. described PEG as reducing the attraction
between the lipid bilayer leaflets** and Lee et al. reported inter-
esting insights into the structural interaction between PEG and
lipid membrane.® However, to our knowledge there have been no
reports on the influence of PEG on the fluidity or dynamics of the
lipid bilayer or on the role the fluorescent reporter of diffusion
plays in interrogating these dynamics. Such studies may yield
insights into why PEG improves permeability of the membrane
and on its ability to mediate membrane fusion.

In this contribution, using fluorescence lifetime correlation
spectroscopy (FLCS), we show that the apparent dynamics of a
planar supported lipid bilayer is strongly modified by its exposure
to a solution of PEG 8000.'*'> The diffusion of probe, DOPE-
Atto655, increases by almost an order of magnitude when the
layer is treated with PEG. A detailed examination of the param-
eters describing the diffusion behavior show that diffusive motion
deviates from freely diffusing Brownian motion on exposure to
PEG, and we observed super-diffusion®® that is associated with
fractal motion of the probe. The impact of changing the compo-
sitions of bilayer, the nature of the head group, and the charge, on
the influence of the PEG on the membrane diffusion dynamics, are
reported. The role of the hydrophilicity of the probe is discussed,
wherein it was found that super-diffusion was only observed when
a hydrophilic probe; DOPE-Atto 655 was used as reporter. When
a hydrophobic probe (DOPE-NapthBodipy) was employed
super-diffusion was not observed. This was attributed to parti-
tioning of the hydrophilic reporter probe into the PEG film at the
bilayer—water interface. A preliminary examination of the influ-
ence of cholesterol on the bilayer fluidity was undertaken.
Cholesterol rich lipid mixtures also show varying responses to
PEG and indicate that cholesterol, by changing the physical
properties of the membrane, modifies the interaction between
PEG and the bilayer.

Experimental
Chemicals and materials

The lipids used in this study; 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC), 1,2-dimyristol-sn-glycero-3-phosphocholine

(DMPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine  (DOPS)
and cholesterol (Chol) were purchased from Avanti Polar Lipids
(Delfzijl, Nederland). 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE) and all other chemicals including polyethylene
8000 MW (PEG) and Tris buffer were purchased from Sigma
Aldrich (Wicklow, Ireland). The Atto-655 NHS ester was
purchased from Atto-tech (Siegen, Germany) and the NapthBo-
dipy was synthesized in house according to a reported procedure.'”

NapthBODIPY-NHS

2,6-Diethyl-1,3,5,7-tetramethyl-8-[(2-fluorophenyl)-6-methoxy-
1,5-naphthyridine-3-carboxylate]-4,4'-difluoroboradiazaindacene
(100 mg, 0.16 mmol) and N-hydroxy succinimide (24 mg, 0.21
mmol) were dissolved in anhydrous MeCN (17 ml). Added to this
was a solution of DCC (44 mg, 0.21 mmol) in anhydrous MeCN
(5 ml), the reaction mixture was allowed to stir under N, until all
the starting material had been consumed (TLC). The reaction
mixture was then filtered and concentrated to dryness with the
crude solid purified on silica gel (50 : 50 EtOAc : hex) which gave
the title compound 12 (75 mg, 65%) as a bright red solid, R; 0.6
(50 : 50 EtOAc: hex); (found: C, 65.5; H, 5.2; N, 10.1.
C;37H35BF;3N50,4 requires C, 65.2; H, 5.2; N, 10.3%); 61(400 MHz;
CDCl;) 9.40 (s, 1H, Naph H-2),8.27 (d, J=9.2 Hz, 1H, Naph H-
7),7.40 (pt, 1H, Ar H),7.22(d, J=8.8 Hz, 1H, Naph H-8),7.14(d,
J=8.0Hz, 1H, Ar H),7.11(d, J=9.6 Hz, 1H, Ar H), 3.72 (s, 3H,
OCHs5), 2.81 (bs, 4H, CH, NHS), 2.47 (s, 6H, 2 x CH3), 2.27 (m,
4H,2 x CH;), 1.44(s,3H, CH3), 1.32 (s, 3H, CH3),and 0.93 (t,J =
7.2 Hz, 6H, CH;) ppm; *C NMR (CDCly) 6 167.6, 161.7, 159.9,
159.6, 158.2, 155.7, 153.6, 153.0, 146.4, 143.9, 142.9, 139.1, 138 4,
137.6,137.2,137.1,136.9,136.4,132.0(d, Jcp= 18.8 Hz), 131.4(d,
Jcr =2.5Hz),129.6,129.2,122.7 (d, Jcp = 2.3 Hz), 122.1, 122.0,
120.5,118.5,114.6 (d, Jcg = 18.7 Hz), 62.7, 52.8, 24.6, 24.5, 16.1,
16.0,13.6,11.6,11.5,10.8,and 10.7 ppm. Ayax (e[M ' ecm™']) = 527
nm (47 000 £+ 1300); Aem = 547 nm (Aex = 532 nm), &y = 0.54
(£0.06), 1= 4.7 ns.

Phospholipid labeling. The labeling of DOPE with Atto 655
and NaphthBodipy were carried out using amine reactive (NHS
ester form) functionalized dyes. The NHS ester was conjugated
to the amine present on the head group of DOPE, and purifi-
cation of the resulting lipid was performed using chromatog-
raphy on a silica gel column.* For both Atto-655 and for
NaphthBodipy, TLC showed the disappearance of the starting
material and a single product spot correlating to the dye labeled
DOPE. R; 0.3 (DCM/H,O/MeOH 70 : 4 : 26).

Buffer and PEG 8000 solution. The buffer containing 20 mM of
Tris and 100 mM of NaCl was filtered with 0.1 pm cellulose
Whatman filter from Fischer Scientific (Dublin, Ireland). The
PEG solution was made up as 30% wt in water. All the solutions
were prepared with MilliQ water with a resistivity of 18.2 MQ.

Lipid formation

The bilayer was formed using a vesicle adsorption technique
adapted from the literature,"**?¢ which leads to a defect free
lipid bilayer with very high reproducibility. In brief, the lipids,
dissolved in chloroform, were mixed at the appropriate mole
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ratio in a glass vial; DOPC pure, DOPC/DOPS (80/20), DMPC
pure, DOPC/Chol (60/40), DOPC/DOPS/Chol (48/12/40) with
the dye at a mole ratio of 1/50 000 (labeled lipid/unlabeled lipids).
Then the chloroform was gently evaporated under a nitrogen
flow to form a multilayer of lipid on the vial surface. The vial was
placed under vacuum for 2 hours to remove the remaining
chloroform. After rehydration with Tris buffer and vortexing for
30 seconds, the solution was extruded above the transition
temperature (at 22 + 2 °C for DOPC and DOPC/DOPS mixture
and with the cholesterol and at 25 °C for DMPC) using a poly-
carbonate membrane mini-extruder with 50 pm pore size from
Polar Avanti Lipids (Instruchmeistry, Neederland). The average
size of the vesicles was determined by DLS to be around 100 nm.
The vesicle solution at 2.5 mg ml™' (concentration of lipid) was
then diluted 10 times in a solution containing the Tris buffer and
5 mM CacCl, to improve the lipid bilayer film formation and lead
to a defect free bilayer.”” In 90% of cases, the bilayer was
perfectly uniform on areas larger than 0.1 mm? with no vesicle
adsorption evident on the surface. The solution was injected into
the cell chamber, which was heated at 25 °C. After 5 min of
incubation, the cell chamber was rinsed with 3 ml of Tris buffer
solution corresponding to 10 times the volume of the cell. The
lipid film quality was assessed using fluorescence microscopy and
FCS. The images obtained for the defect free bilayer display a
homogeneous fluorescence. The presence of patches of different
fluorescence intensity or bright spots easily identifies the presence
of defects (ESIT). Over the time-scale of the experiments when
the bilayer remained defect free and displays normal fluidity, no
decrease of the fluorescence is observed even after several hours
of acquisition. This means the reservoir of probe can be
considered as infinite (there is no boundary condition). The
concentration of the lipid has been optimized just above the
critical density for the lipid formation. If lower concentrations;
around 0.2 mg ml~', were used, vesicles were observed at the
surface but the density was not high enough to produce the
bilayer and incomplete coverage was obtained.?® The bilayer is
stable over several days and the diffusion coefficient remains
constant although fresh bilayers were prepared on a daily basis in
all experiments described here.

The PEG 8000 solution at 30% wt/wt in aqueous buffer was
introduced into the chamber by exchanging the contacting buffer
with 2 ml of PEG 8000 solution. Then, after 5 min of incubation
with the solution of PEG 8000, the solution in the chamber was
again exchanged by flushing 10 ml of Tris buffer through the
chamber. All prepared bilayers were replicated and studied a
minimum of 5 times.

Instrumentation

All fluorescence measurements were carried out in the FCS2
closed chamber system, to control the temperature of the sample,
and provide laminar flow in the chamber to promote efficient
homogeneous exchange between the buffer and applied PEG
solution. In addition the microscope objective was equipped with
a heater to ensure there was no difference in temperature between
the microscope objective and the bottom coverslip of the
chamber. Both the chamber and the objective heater were
purchased from Intracell (Royston, United Kingdom). The
volume of the cell chamber was determined to be 347 &+ 10 ul. A

no. 1 coverslip was used for the bottom of the chamber and the
coverslips were cleaned with ethanol following 20 min of plasma
ozone treatment using a UV/Ozone Procleaner from bioforce
(Ames, IA. US), before use.

Fluorescence lifetime correlation spectroscopy (FLCS)

The FLCS data were recorded using a Picoquant Microtime 200
system (Berlin, Germany). This set-up comprised an inverted XI
71 Olympus microscope, with a laser fiber optic coupling unit
and dual SPD detection unit. A 60x NA 1.2 water immersion
objective (UPlanSApo 60x 1.2 water/CC1.48, Olympus) was
employed. Two pulsed picosecond lasers were used, a 532 nm
laser PicoTA from Toptica (Picoquant) and 640 nm picosecond
laser diode LDH-P-C-640B from Picoquant. A single mode
optical fiber guides the two lasers to the main unit and provides a
homogeneous Gaussian profile for the both excitations. The
lasers are pulsed at 20 MHz, corresponding to an interval of 50
ns. Fluorescence was collected through the microscope objective
and a dichroic mirror z532/635rpc blocked the backscattered
light and HQ550lp AHF/Chroma for 532 nm and HQ670lp
AHF/Chroma for 640 nm filters were used to clean up the signal.
A 50 um pinhole was used to confine the volume of detection in
the axial direction. Fluorescence was detected using a SPAD
from MPD (Picoquant). The time-correlated single photon
counting system (PicoHarp 300 from Picoquant), that enabled
simultaneous assessment of the lifetime in a nanosecond range
along with the time of diffusion in the millisecond range.*

Data analysis

The autocorrelation function was constructed from fluorescence
lifetime correlation spectroscopy data. The signal was filtered
using time correlation single photon counting (TCSPC) to
eliminate any contribution from after-pulsing®**® suppress scat-
tered light and parasitic signals and most of the background.?!
The autocorrelation curves are fitted with a 2-dimensional model
of diffusion, eqn (1), which takes into account the anomalous
diffusion coefficient and in some cases the presence of 2 groups of

molecules featuring different rates of diffusion:*3>33

o\ —1
Fo-EeE) o

where g is the autocorrelation function, N is the average
number of particles in the volume of excitation, t4;s is the time of
diffusion and « is the anomalous parameter which reflects the
extent of deviation of diffusion from normal or Brownian motion
where o = 1 (ref. 34). i is the index of the components. The
coefficient of diffusion D is obtained as 14y = w*/4D, where w is
the length scale of the measurement, experimentally defined as
the dimensions of the beam waist. To determine w for each
excitation, a reference solution of free dye was used for which the
diffusion coefficient is known. For the excitation at 640 nm, the
parent dye was Atto-655 in water at 25 °C and its coefficient of
diffusion is 426 um? s='.3° In the case of excitation at 532 nm,
(used with the NapthBODIPY probe) a solution of rhodami-
ne6G was used and it displays a diffusion coefficient at 300 um?
s~!at 25 °C.3¢ The fits of the autocorrelation curves are carried
out using the Picoquant software package using a least squares
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Marquard Levenbery algorithm. Goodness of fit was assessed on
the basis of visual inspection of the residuals trace, and the x>
value. For an acceptable fit, no trend in the residuals trace should
be observed, and x? is found between 0.7 and 1.37 (ESIt).

Results

The quality of the bilayers produced on ozone treated glass
coverslips using the vesicle adsorption method, was assessed
using confocal fluorescence imaging and FLCS measurements
for bilayers in contact with Tris buffer solution. Following lipid
bilayer assembly and assessment, a PEG 8000 solution was
injected and incubated in the chamber following by extensive
flush through with blank Tris buffer to remove PEG in the
contacting solution, then the second set of measurements was
recorded. The autocorrelation curves and their best fits according
to eqn (1) are shown in Fig. 1-3. The fitted parameters, including
D the coefficient of diffusion and « the anomalous parameter, are
summarized in the Table 1.

The first lipid composition studied was 2-dioleoyl-sn-glycero-
3-phosphocholine, DOPC. DOPC is a zwitterionic, unsaturated
phospholipid widely used to create biomimetic cell membranes.
The coefficient of diffusion of a planar supported bilayer of this
lipid on plasma oxidized glass was obtained from FLCS using
Atto-655-DOPE as reporter, as 7.9 um? s' (£0.2) with « = 1.02
(£0.01). These values indicate a high lipid fluidity as the values
are 2 to 3 times higher than typically reported for planar sup-
ported bilayers of DOPC on for example, glass or mica,® and are
more consistent with those reported for diffusion observed for a
GUYV of this lipid rather than a planar layers.®® This result
suggests that ozone treatment of the glass substantially increases
the fluidity of the contacting lipid layer. This was investigated
using contact angle measurements. Significantly, measurements
of water droplets on clean, untreated glass reveal a contact angle
of approximately 50° while such droplets spread fully, ie., no
measurable contact angle, is observed for the ozone treated
surfaces. This indicated that ozone plasma treatment renders the
glass superhydrophilic. The ability of ozone treated glass to
disrupt lipid vesicles has been reported but this is the first report,
to our knowledge, on the lipid dynamics on superhydrophilic
glass using FLCS or FCS.?® In contrast, when the coverslip is
merely treated with a standard detergent such as Hellmanex, the
diffusion coefficient was approximately 4-5 pm? s~!, which is
consistent with the reported literature on glass supported DOPC
bilayers.3%4¢

To assess the impact of PEG exposure on the lipid diffusion
properties, the bilayer was incubated for 5 min at 25 °C with a
buffered aqueous solution containing 30% wt/wt PEG 8000
solution. This was introduced to the film and flushed from the
chamber after incubation with 30 times the volume of the
chamber with blank buffer (10 ml) to remove any weakly bound
PEG from the surface. The autocorrelation curve was then
recorded, and, as shown in Fig. 1(a), a substantial change in the
profile was observed following PEG exposure. The membrane
fluidity apparently increases and a diffusion coefficient of 51.4 +
2.26 pm?s~!, and « of 1.17 (£0.02) are observed. As « exceeds 1 it
suggests anomalous diffusion is occurring.*

The second planar lipid bilayer studied comprised DOPC but
this time with a 20% molar ratio, of 1,2-dioleoyl-sn-glycero-3-
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Fig. 1 Representative normalized FLCS autocorrelation curves for
supported lipid bilayers on ozone plasma treated glass. The probe is the
ATTO 655-DOPE excited at 640 nm Laser. (a) Represents pure DOPC,
(b) DOPC/DOPS (80/20) and (c) pure DMPC. Circles (triangles) repre-
sent the curves recorded before PEG 8000 exposure, (respectively) after
PEG 8000 exposure. The solid lines represents the fit used from the eqn
(1). The dashed curve in (b) represents the DOPC after PEG 8000
exposure (triangles in (a)).

phospho-L-serine (DOPS). The DOPS is a negatively charge
phospholipid. No differences were observed in the diffusion
coefficient or in « on incorporation of DOPS into the lipid
bilayer by comparison with DOPC alone (Fig. 1(a) and Table 1).
However, the response of the lipid dynamics to PEG exposure
was influenced by the presence of DOPS. Although, as for the
DOPC layer, an increase of the diffusion rate is observed on
exposure to PEG wherein the FLCS curves superimpose in the
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Fig. 2 Normalized autocorrelation curve from supported bilayer are
calculated from the measurement acquired with 640 nm Laser. The probe
observed here is the ATTO 655-DOPE. (a) Represents DOPC/Chol
(60/40), (b) DOPC/DOPS/Chol (48/12/40). Circles (triangles) represent
the curves recorded before PEG 8000 exposure, (respectively) after PEG
8000 exposure. The solid lines represents the fit using from the eqn (1).

short time domain, before 1 ms. In addition, an obvious devia-
tion in the curves appeared for times longer than approximately 1
ms (Fig. 1(b)). The resulting shape of the autocorrelation curve
required a two-component model for adequate fit, corresponding
to eqn (1) with i = 2. The result of the fit shows a fast component
with D; at 82 = 5 um? s! and «; at 1.28 + 0.06 and a short
component with D, at 2.8 + 0.3 pm? s~! and «; at 1.02 + 0.07.

For planar bilayers of 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine, DMPC, the hydrophilic functional group of this
zwitterionic phospholipid is the same as PC, but the alkyl chain is
saturated leading to an increased phase transition temperature
for DMPC to approximately 23.5 °C. After formation of the fluid
phase lipid bilayer on glass at 25 °C, the temperature was
decreased to 22 °C to convert the bilayer from fluid phase to gel
phase. Correspondingly no autocorrelation of the fluorescent
signal was observed at the lower temperature, indicating the
bilayer is immobile or that diffusion is very slow and the probe
bleached. This result indicates that at 25 °C the system is very
close to the phase transition for the DMPC bilayer.

Before PEG exposure, the diffusion coefficient is in the same
range as observed for the other layers DOPC or DOPC/DOPS
albeit slightly lower, 5.5 4+ 0.1 um? s~'. However, « is below 1

o Before

O
g
O
0.0 : , : i :
10* 10* 10® 10" 10° 10" 10° 10° 10
b) Time (ms)
1.2
YN
@0 o Before
After
=
S
O
0.0 T T T T T T K=o
10* 10® 10® 10" 10° 10" 10° 10° 10
Time (ms)

Fig. 3 Normalized autocorrelation curve of lipid bilayer containing
NapthBodipy-DOPE as probe. The acquisition is recorded using the
excitation at 532 nm. Circles and triangles represent the diffusion of the
NapthBodipy probe in membrane before and after PEG 8000 exposure.
The solid lines show the fit obtained with the eqn (1). (a) and (b) show
respectively lipid mixture containing pure DOPC and DOPC/Chol
(60/40).

with a value at 0.90 & 0.01, this indicates sub-diffusion where the
molecule’s translational motion are hampered by obstacles,
consistent with a temperature close to the gel phase temperature.
Fig. 1(c), shows the autocorrelation data for the DMPC bilayer
following exposure to PEG. A two component fit yielded a fast
component with D =554+2.9 um?s~!, a = 1.14 4+ 0.01 and a slow
component with D = 4.8 + 1.8 pm?s™!, « = 0.74 + 0.02.

A 40% molar ratio of cholesterol (Chol) was then introduced
into the DOPC and DOPC/DOPS lipid film compositions during
formation of their associated vesicles. Fig. 2(a), shows the fluo-
rescence autocorrelation curves for Atto-655-DOPE probe at
planar supported DOPC/Chol on plasma treated glass. Within
experimental error, the films showed negligible change to diffu-
sion coefficient, at 9.1 £ 2.3 um? s7!' for the DOPC/Chol
compared to the films without cholesterol, 7.9 4+ 0.2 pm? s~
Following exposure to PEG, the autocorrelation curves still
follow a one-component model which reveal a small increase in
the coefficient of diffusion; from 9.1 =23 pm?>s~'to 11.9 £ 1.3
pum? s~ with « 0f 0.98 4 0.04 and 0.93 + 0.03, respectively before
and after PEG treatment of the DOPC/Chol film. In the case of
DOPC/DOPS/Chol no increase is observed for the diffusion
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Table 1 Summary of results from the fits applied using the eqn (1) corresponding to the solid line in Fig. 1-3. i is index the components, « is the
anomalous parameter and D is the diffusion coefficient. “Atto 655” or “NapthBodipy” corresponding respectively to Atto-655-DOPE and Bodipy—
DOPE indicates the probes used in each case. Results are shown for the experiment before and after PEG 8000 exposure

Before PEG After PEG
Lipid composition i (D; o) a D (um?s7") a D (um?s7')
DOPC (Atto 655) 1 1.02 £ 0.01 79+£02 1.17 £ 0.02 514 +£2.26
2 _ _ _ _
DOPC/DOPS (Atto 655) 1 1.01 £ 0.02 79404 1.02 + 0.07 2.87 4023
2 - - 1.28 + 0.06 825
DMPC (Atto 655) 1 0.9 £ 0.01 5.5+0.1 1.03 £+ 0.02 57.5 £ 3.41
2 — J— J— J—
DMPC (Atto 655) 1 — — 0.74 + 0.02 48+ 1.8
2 — — 1.14 £ 0.01 55+29
DOPC/Chol (Atto 655) 1 0.98 £+ 0.04 9.14+23 0.93 +0.03 11.97 £ 1.3
2 _ — - _
DOPC/DOPS/Chol (Atto 655) 1 0.89 + 0.03 6.62 + 0.4 0.96 £+ 0.12 9.3 +£2.76
2 — — 1.53 £ 0.35 0.65+ 1.1
DOPC (Bodipy) 1 0.98 + 0.02 475+ 0.1 1 +0.01 54+03
2 J— J— J— J—
DOPC/Chol (Bodipy) 1 0.97 £ 0.02 3.33 £0.15 1.00 + 0.01 3.4 +£0.09
2 — — J— —
“ Represents the second fit applied to DMPC using a model with 2 components.
coefficient following PEG exposure. However, before PEG .
h . . OH,C——C~CHy(CH)sCH——CH(CH,);,CHs (5
exposure the behavior is well described by the one component NH—DOPE ()

model using an « of 0.89, suggesting sub-diffusion behavior. In
contrast, after PEG treatment, the fit using eqn (1) is less
acceptable, the residual trace is less centered on zero, and the
standard deviation is larger. The cholesterol introduction seems
in this case to bring more disorder in the lipid organization and
the fit is more approximate although the autocorrelation curves
are similar to those seen in Fig. 2(b).

The incorporation of 40% (mole ratio) cholesterol into the
DMPC bilayer immobilizes the film at 25 °C which is attributed
to an increase in the phase transition temperature induced by the
cholesterol. This was confirmed as diffusion was observed once
the temperature was increased to approximately 30 °C. Further
experiments were not pursued at this temperature as the PEG
absorption is likely to be temperature dependent.

In order to gain insight into the role of the probe in accurately
reporting the changes to the lipid diffusion, a series of experi-
ments was conducted using a different dye while keeping the lipid
tail constant. Using the NapthBodipy conjugated to DOPE
(Scheme 1), we investigated the diffusion rates of this probe
before and after PEG exposure to bilayers of pure DOPC and
DOPC/Chol (60/40). Interestingly, in sharp contrast to the data
reported above, the shapes of the curves are altered only very
slightly by PEG treatment, and remain very close to those
observed in the absence of PEG (Fig. 3) when NapthBodipy—
DOPE was used as probe. The diffusion coefficients observed for
the lipid bilayers prior to treatment with PEG are slightly lower
than reported by the Atto-655 probe, D = 4.8 + 0.1 pm? s~' for
DOPC and the D = 3.3 £ 0.2 pm? s~! for DOPC/Chol. Most
significantly, little change to the diffusion coefficient was
observed after PEG treatment of the bilayer when NapthBodipy
was used as a probe, 5.4 + 0.03 um? s~!, for DOPC, 3.4 + 0.09
um? s~'. Moreover the parameter « stayed very close to unity in
all four cases (Table 1). The key difference between the two
probes in the context of reporting on lipid bilayer behavior is that

o
1
CHO—C—CHy(CH,)sCH—=CH(CH,);CH,

| o
I

Scheme 1 Schematic of the molecular structure of (a) NapthBodipy
DOPE conjugate and (b) Atto 655 DOPE conjugates. The structure of
the lipid DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, is
shown in (a) but represented as DOPE in (b).

NapthBodipy is considerably more hydrophobic than the Atto
655, which, in contrast to the NapthBodipy is zwitterionic and
soluble in water. As envisaged in Scheme 2, this is likely to result
in partitioning of each probe into different regions of the bilayer,
i.e., in the case of the Atto 655, the probe will lie at the exterior
interface of the lipid bilayer oriented toward the hydrophilic
head groups and aqueous interface of the bilayer with shallower
penetration of the probe and its tail into the lipid bilayer whereas
NapthBODIPY, is likely to penetrate deeply into the hydro-
phobic interior of the layer away from the aqueous interface.

The luminescent lifetimes of the probes are expected to depend
on the microenvironment of the dye and may therefore provide
insight into the position of the probe in the bilayer. The emission
lifetime of the dye was recorded during the FLCS measurement.
The Atto-655 displayed no change in its emission lifetime of
2.8 + 0.15 ns across the different lipid mixtures. However it’s
lifetime decreased to 2.3 4 0.1 ns after PEG exposure. In the case
of NapthBodipy, the lifetime observed was 6.0 + 0.05 ns both
with and without PEG treatment, but this value increase to 6.7 4
0.06 ns in presence of cholesterol.

This suggests that the Atto-655 occupies a similar environment
in all lipids in the absence of PEG, consistent with it orientation
above the lipid aqueous interface but suggests an environmental
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Scheme 2 Cartoon, not to scale, illustrating the explanation as to why
the diffusion of the hydrophilic Atto-655-DOPE probe (a) and the
hydrophobic Naphth-Bodipy~-DOPE probes (b) are influenced to
different extents on treatment of supported lipid bilayer with PEG. It is
thought the affinity of the hydrophilic Atto-655 probe draws it closer to
in the lipid-PEG interface in the layer where its diffusion is dictated by
the PEG polymer meshes formed at the interface. Whereas the hydro-
phobic Naphth-Bodipy orients deeper within the lipid film away from the
hydrophilic interface where it is uninfluenced by PEG, but where it
reports more directly on the lipid diffusion.

change when PEG is present, indicating its partitioning into the
hydrophilic PEG mesh when it is associated with the bilayer. The
NapthBODIPY lifetime (and its diffusion rate) is unaffected by
the presence of PEG, which would seem to confirm that it is
located deeper within the bilayer. The cholesterol which is largely
hydrophobic penetrates to the hydrophobic interior of the
bilayer, thus affecting the NapthBODIPY environment and thus
it’s fluorescent lifetime. Again, this is consistent with penetration
of the NapthBODIPY into the interior of the bilayer.

Discussion

PEG polymer is widely used for fusion of cells and vesicles and
for lipid bilayer formation,'>'®*! common protocols employ the
addition of 30-40% (wt/wt) of PEG in aqueous media. Although
many groups have discussed the influence of PEG on the fuso-
genic properties of PEG, there have been few reports on the effect
of PEG on the fluidity of the lipid bilayer. Using ESR, Lee et al.
proposed a model for the interaction between PEG molecules
and lipid bilayer.® Their results suggested that PEG intercalates
at the external aqueous interface of the lipid bilayer between the
PC groups. Furthermore, interaction between the PEG molecule
and PC head groups can then lead to a surface layer mesh of PEG
at the hydrophilic interface of the membrane. The results pre-
sented here broadly support this picture.

The supported DOPC bilayer exhibits fast lateral lipid diffu-
sion on the ozone plasma treated glass surface which conforms,
on the basis of the fitted model, to free Brownian motion without
any contribution from anomalous diffusion. After PEG expo-
sure, the diffusion coefficient of the DOPE conjugated Atto
within the lipid bilayer increased dramatically to 51.4 um? s~' and

« increased significantly to 1.17. « is a valuable measure of the
nature of the 2D diffusion.® An « of 1 indicates free Brownian
diffusion, o below 1 is referred to as sub-diffusion and is taken to
indicate the motion of the molecule is hampered by a mobile or
immobile obstacle, for example by the presence of a micro-
domain. For « above 1, the diffusion is described as super-
diffusion’®3** and has been suggested to be due to the directional
diffusion of molecules confined to travel along restricted 2-
dimensional pathways .*' Angelico ef al.* studied the anomalous
diffusion of a surfactant in a “living polymer system” involving a
mixture of lecithin worm-like micelles. They described this type
of diffusion in terms of a fractal model with a free particle
travelling along network meshes and predicted an enhancement
of the diffusion if the fractal dimension is less than 2. The FLCS
data presented here is consistent with such a model. We speculate
that if the PEG polymer forms discontinuous hydrophilic mesh
domain on the 2-dimensional lipid bilayer surface, it could create
a favorable path along which the hydrophilic part of the bilayer
DOPE-Atto 655 probe can diffuse. These paths form as defects
presenting a ripple phase that allows a faster diffusion.?* More-
over, the hydrophilic character of the Atto-655, which is water
soluble in its basic form, would be expected to have strong
affinity with such a PEG mesh. Consistent with its partitioning
into such meshes, the fluorescence lifetime of the Atto-655
exhibits a small but significant decrease from 2.8 £ 0.15t0 2.3 +
0.1 ns when the lipid layer is exposed to PEG.

To assess if the Atto-655-DOPE diffusion truly reflects the
diffusion of the lipid bilayer or reflects diffusion of this probe
through such interfacial mesh domains we assessed the diffu-
sional behavior of a hydrophobic probe, NapthBodipy, under
the same conditions. The NapthBodipy—DOPE probe, Scheme 1
is hydrophobic and completely water insoluble. Therefore
expected to penetrate relatively deeply into the lipid bilayer away
from the aqueous/PEG interface. These experiments reveal that
in sharp contrast to the Atto dye, the NapthBodipy labeled lipid
diffusion was completely insensitive to PEG exposure of the lipid
film. This contrasting behavior between the hydrophobic and
hydrophilic probes provides convincing evidence that rather than
a change in the overall fluidity of the membrane, the PEG forms
fluid domains or paths along which the hydrophilic probe is
transported.

Similar results are observed with a planar DMPC bilayer
wherein an increase in the diffusion coefficient was observed for
the Atto-655 probe on exposure of the film to PEG. However, the
transition temperature is around 23.5 °C for DMPG in contrast
to just 2 °C for DOPC. Therefore, for DMPC, the experimental
temperature is close to the gel-fluid transition, so that before
PEG treatment, « is 0.9 corresponding to sub-diffusion. Favard
et al.** observed that when the temperature is close to the tran-
sition of DMPC (even slightly above), the FCS diffusion laws
exhibit anomalous behavior, i.e. deviating from pure Brownian
motion as the lipid bilayer is not in a purely fluid state. We
observed that when PEG was introduced, the coefficient of
diffusion increased from 5.5 to 57.5 um? s~!' whereas « increased
to 1.02, corresponding apparently to free Brownian diffusion.
Surprisingly, this is somewhat at odds with previous observa-
tions of « on the same lipid composition, i.e. pure DMPC.
Nevertheless, Angelico et al. explained that an apparent normal
diffusion regime can be due to a transition state between super
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and sub-diffusion behavior. Those studies were conducted using
NMR, but NMR and FCS results can be compared as the
temporal range accessible for diffusion of lipid with both
methods are in the same range (1-10 pm? s7').*>** Correspond-
ingly, when a two-component model was used to model the data
a satisfactory fit was achieved. It should be noted that in the
present case, the fit either with one or two-components models
leads to a very similar quality of fit under the criteria of the
residual trace (ESIT). We obtained a fast component (D = 55 +
2.9 um?s~") with « = 1.14 + 0.01 and a slow component (D = 4.8
+ 1.8 um s7") with a = 0.74 attributed respectively to a fast super-
diffusion and a slow sub-diffusion.

The introduction of DOPS, a negatively charge lipid, into the
DOPC bilayer did not change the diffusion rate or cause it to
deviate from Brownian motion. However, after PEG introduc-
tion, the FCS curves change significantly compared with PEG
treated DOPC alone. The curve no longer conformed to a single
component model but required a two-component model for an
adequate fit and features a fast component with o = 1.28 and
slower component with « = 1.02. These values indicate the
presence of regions of normal diffusion and super-diffusion.
Again, this is suggestive of PEG mesh formation. That both a
fast and slow component are observed here, but not in the DOPC
only film, suggests that the probe partitions into the PEG
domains in the DOPC film but is distributed in both environ-
ments in the DOPC/DOPS film, which may be due to the nega-
tive charge on the DOPS lipid. The Atto-655 probe is zwitterionic
and the positively charged group on the probe may associate
more strongly with the DOPS. In addition, the tendency of
DOPS to form domains has been reported in the past. For
example, using AFM, Brisson et al. observed clear changes in the
morphology of the DOPS containing bilayer into nanoscopic
domains when the membrane is surrounded by a solvent con-
taining Ca®*.1!

Finally, the effect of the presence of cholesterol in the lipid film
on the influence of PEG was examined. As shown in Fig. 2, in
stark contrast to behavior in the absence of cholesterol, for the
DOPC/Chol bilayer no increase in fluidity of the film was evident
when PEG is added. Although the fluidity of the bilayer is
comparable with and without cholesterol, the organization of the
lipid bilayer is expected to change. Indeed the cholesterol is
known to decrease the difference between liquid and gel phase in
a heterogenic mixture, creating an intermediate state.**

In contrast, when cholesterol is added to DOPC/DOPS, the
diffusion coefficient decreases by a small but significant degree
and « is determined to be 0.89. The cholesterol is more likely to
modify the ordering of the lipid in the membrane DOPC/DOPS
heterogeneously, which could be attributed to the higher affinity
of cholesterol for PC than for PS.* Therefore, the formation of
domains in the mixture may be responsible for the observation of
non-Brownian sub diffusion displaying « < 1.

The key result is that when cholesterol is introduced the PEG
does not appear to exert the same influence on the membrane
with no evidence for super-diffusion of the Atto probe on PEG
exposure when cholesterol is present. The cholesterol is known to
introduce conformational ordering in the lipid chains which has
an effect on the stiffness and thickness of the membrane. This is
thought to decrease the cross sectional area of the phospholipids
and increase the orientational order.** The results reported here

suggest that intercalation of the PEG at the hydrophilic head
groups of the lipid is compromised by the presence of cholesterol.
However, that the data does not fit well to the conventional 1 or 2
component model suggests the behavior is complex and confirms
that the PEG does perturb the lipid dynamics in the presence of
cholesterol.

The NapthBodipy probe exhibits little sensitivity to the pres-
ence of cholesterol in terms of its diffusion, although its fluo-
rescence lifetime is affected. The NapthBodipy probe, in absence
of cholesterol exhibits no change in lifetime after film PEG
exposure, the fluorescence lifetime was 6.0 + 0.05 ns in both
cases. However, when cholesterol is introduced into the lipid
mixture, we observe a small increase to 6.7 & 0.06 ns and then no
further change in lifetime when this film was treated with PEG.
Consistent with the lifetime data, these studies indicate that the
NapthBodipy tends to penetrate more into the hydrophobic
interior of bilayer where it is not affected by the PEG but where it
does experience changes to its environment caused by cholesterol
which will similarly penetrate to the hydrophobic interior. As
such this probe may more accurately reflect the fluidity of the
lipid bilayer.

Conclusions

Fluorescence lifetime correlation spectroscopy (FLCS) was
employed to assess the impact of PEG-8000 polymer treatment
of planar suspended lipid bilayer on the fluidity of the bilayer.
The effect of PEG as a function of lipid composition, the pres-
ence of cholesterol and hydrophilicity of fluorescent probe was
explored. The lipid bilayers explored were assembled on ozone
plasma treated glass. These superhydrophilic substrates were
used to disrupt liposomes of different compositions to repro-
ducibly yield defect-free bilayers which exhibited fluidity 2 to 3
times higher than typical for conventional glass or mica.

The analysis of FLCS data showed that using Atto 655 labeled
DOPE as a probe, after adsorption of the PEG on the lipid bilayer
surface, the rate of diffusion of the probe increased by nearly an
order of magnitude. Depending on the lipid composition, bimodal
diffusion was observed showing both a fast diffusive component
and a slower component, more reminiscent of the bilayer before
PEG treatment. Significantly, the mode of diffusion diverges from
pure Brownian motion after PEG treatment with « for the fast
component of the diffusion exceeding 1, which reflects super-
diffusion. The addition of 40 mol% cholesterol to the bilayer
modifies this behavior whereby PEG treatment does not appear to
induce superdiffusion.

Strikingly, the observed behavior depends intrinsically on the
nature of the probe. When using a hydrophobic probe conju-
gated to DOPE there was no evidence for anomalous diffusion
when the lipid bilayers were treated by PEG. Indeed, the changes
to the fluidity of the bilayers as reported by this probe were
relatively minor. This difference in fluidity reported by the each
probe is attributed to partitioning of the probes into different
regions of the bilayer. These results suggest that PEG forms a
surface layer mesh at the lipid bilayer surface leading to the
creation of hydrophilic microdomains with which the Atto-655—
DOPE preferentially associates. The faster diffusion of the Atto-
655 probe along the mesh is associated with a particular mode of
diffusion in fractal dimension (D < 2) called superdiffusion.
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Because of the hydrophobic character of the NapthBODIPY, it
lies deeper within the bilayer reporting from within the hydro-
phobic region of the bilayer whose fluidity is actually relatively
unaffected by PEG as it adsorbs at the bilayer surface. The
partitioning of the different probes into different domains is
corroborated by changes to the lifetime of each probes as either
PEG or cholesterol is added to the bilayer film.
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