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Non-specific interactions between soluble proteins and
lipids induce irreversible changes in the properties of
lipid bilayerst

Francesca Ruggeri,*® Fan Zhang,iCID Tania Lind,? Erica D. Bruce,? Boris L. T. LauP
and Marité Cardenas™®

Soluble proteins in the extracellular matrix experience a crowded environment. However, most of the
biophysical studies performed to date have focused on protein concentrations within the dilute regime
(well below the mM range). Here, we systematically studied the interaction of model cell membrane
systems (giant unilamellar vesicles and supported lipid bilayers) with soluble globular proteins, bovine
serum albumin, hemoglobin and lysozyme at physiologically relevant concentrations. To mimic the
extracellular environment more closely, we also used fetal bovine serum as a good representative of a
biomimetic protein mixture. We found that regardless of the protein used (and thus of their biological
function), the interactions between a model cell membrane and these proteins are determined by their
physico-chemical characteristics, mainly their dipolar character (or charged patches). In this paper we
discuss the specificity and reversibility of these interactions and their potential implications on the living
cells. In particular, we report initial evidence for an additional role of glycolipids in cell membranes: that
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Introduction

The extracellular matrix is a crowded environment where a wide
variety of biomacromolecules coexist, including collagen,
fibronectin and proteoglycans.® Earlier it was shown that
increasing the protein concentration by using crowding agents
can dramatically affect the mobility>* and folding® of proteins.
Despite this, dilute conditions are often used in biophysical and
biochemical studies precisely with the aim of avoiding inter-
molecular interactions for simpler data interpretation. For
instance, monolayer saturation of globular proteins (e.g., Bovine
Serum Albumin, BSA) on solid surfaces typically occurs at
~50 nM (ref. 6 and 7) and thus little attention has been paid to
interfacial processes occurring at higher protein concentrations
(>mM) where non-specific® protein-protein and protein-lipid
interactions may take place. This is quite surprising given that
both Fetal Bovine Serum (FBS) and BSA are commonly used in
cell culture media or as blocking agents for molecular diag-
nostics® at a concentration of 1-10 volume%.'® Therefore, there
is a need for deeper understanding of the protein-lipid behavior
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of reducing the effects of non-specific adsorption of soluble proteins on the cell membrane.

in experimental systems that mimic physiological conditions
more closely.”™ The mM concentration regime for soluble
proteins is of high biological relevance given that in blood
plasma, a good example of a biological medium, the concen-
trations of albumin and hemoglobin are ~0.75 mM (ref. 12) and
0.15 (ref. 13)-2.0 mM (ref. 14) respectively.

In this work, we focused on determining the effect of soluble
proteins at concentrations closer to their physiological levels on
the properties of model cell membranes. These chosen protein
concentrations were close to the dilute to semi-dilute regime
limit for small globular proteins in solution, which occurs at
~19 mM to 81 mM (3.4-5.5 nm in diameter), and thus we expect
stronger effects due to inter-protein interactions. The semi-
dilute regime for a polymer starts at a critical concentration
defined as the monomer concentration that is smaller than the
solvent concentration but higher than the overlapping
concentration.*® As model proteins, we used the most abundant
protein in plasma (BSA) and two other globular proteins'® that
either carry a similar net charge (hemoglobin)'” or an opposite
charge (lysozyme)'® to BSA (for the physico-chemical properties
of the proteins used see Table 1). We also used FBS since it
represents a good model of a native extracellular protein
mixture.

As model cell membrane systems, we used either giant uni-
lamellar vesicles (GUVs) or supported lipid bilayers (SLBs).
Using fluorescence microscopy and GUVs, we assessed major
changes in the vesicle structure and/or permeability against a
soluble dye™ while quartz crystal microbalance with dissipation
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Table 1 Characteristics of proteins in terms of molecular weight, zeta potential
and average hydrodynamic diameter?

Proteins used Molecular Zeta-potential Hydrodynamic

in this work weight [kDa] [mvV] diameter [nm]
BSA 66.5 —11.37 £ 0.96 6.8 (ref. 20)
Hemoglobin 64.5 —2.14 £ 0.90 5.5 (ref. 21)
Lysozyme 14.3 2.59 + 0.30 4.2 (ref. 20)
FBS NA —9.05 + 0.99 NA

“ BSA, hemoglobin and lysozyme were measured at 1 mM, and FBS 1%
in PBS solvent. Zeta potential data are reported as average + standard
deviation of six replicates.

(QCM-D) monitoring and SLB allowed us to follow protein
adsorption and the degree of binding reversibility. We used two
different types of lipid membranes that were either negatively
charged (containing both 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine, POPC, and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol, POPG) or neutral (containing POPC only)
under pseudo-physiological conditions (pH and salt concen-
tration). Our results indicate that soluble proteins can induce
major rearrangements on the model cell membrane at relatively
high protein concentrations mainly due to partially reversible
binding of proteins to the lipid bilayers at high bulk protein
concentrations. In this paper we discuss the specificity and
reversibility of these interactions and their potential implica-
tions on the living cells. We show initial data suggesting that
glycosylation in lipids has the additional role of restricting
unspecific protein binding or at least limiting the protein non-
specific binding effect on the permeability of lipid bilayers.

Results

Effect of protein co-addition on the permeability of giant
unilamellar vesicles

Wide-field fluorescence microscopy experiments were per-
formed to characterize the effects of various proteins on the
permeability of lipid membranes against eventual leakage of
the soluble dye (Alexa 488) encapsulated in the GUV's lumen.
The vesicles carried either a neutral (POPC only) or a net
negative charge (POPC/POPG). Furthermore, any major change
in the conformation of the lipid bilayers was visualized using
DiIC;4(5) as a lipid dye. Table 2 presents the minimum protein
concentrations required to induce the contained dye leakage in
at least 5% of the vesicles within one hour upon exposure to the

Table2 Minimum concentrations needed to induce dye leakage from 5% of the
imaged vesicles

GUV composition/protein POPC POPC/POPG
BSA NA” 10 pM
Hemoglobin 10 uM 1 uM
Lysozyme 100 uM 10 uM

FBS 1% 0.1%

“ NA refers to no observable leakage up to a total protein concentration
of 1 mM. Experiments were repeated at least three times.
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Fig. 1 Fluorescence microscopy results for the effect of soluble proteins on GUV
permeability against a soluble dye. A representative image of a single vesicle
leakage event is given in (A). Representative leakage rate of an individual vesicle
expressed as the ratio of real time intensity and initial intensity, ///o, versus elapsed
time on a GUV carrying either a neutral charge (B) or a net negative charge (C)
upon exposure to lysozyme, hemoglobin, FBS or BSA. The protein concentrations
used in (B) and (C) are those reported in Table 2.

proteins. Fig. 1A exemplifies the leakage events that occurred
for negatively charged vesicles in the presence of hemoglobin. It
is clear that all the proteins were capable of inducing leakage
from vesicles regardless of their net charge, except for BSA in
neutrally charged vesicles. However, the minimum concentra-
tion required for dye leakage in 5% of the vesicles significantly
differed among both the proteins studied and the net charge of
vesicles.

All proteins showed higher affinities against negatively
charged than neutral GUVs. For BSA, leakage events were
observed for negatively charged vesicles starting from 10 uM,
while no leakage events were recorded for neutral vesicles up to
100 pM. Similarly, hemoglobin was more efficient in affecting
the permeability of lipid bilayers than BSA regardless of the
vesicle charge: a one-fold higher concentration was needed to
observe dye leakage for 5% of the charged vesicles while dye
leakage occurred at 10 pM for the neutral ones. These results are
in agreement with previous studies for hemoglobin,** where
small unilamellar vesicles aggregated and presented
peroxidative decomposition in the presence of hemoglobin.

As expected from its overall positive charge,' lysozyme was
more efficient in increasing the permeability against the soluble
Alexa dye for the negatively charged vesicles than their neutrally
charged counterparts (a one-fold increase in concentration was
necessary to affect the permeability of the neutral bilayers).
However, the net lysozyme concentration required to induce
leakage was one order of magnitude higher than for hemoglobin,
even though the latter carried a net negative charge (Table 1).
This suggests that there are other mechanisms besides the
electrostatic interaction arising from the net charge of proteins
and lipids that contributed to the enhanced capability of
hemoglobin to change the permeability of lipid bilayers.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Net absolute changes in frequency (AF) and dissipation (AD) upon addition of proteins to POPC (neutrally charged) or POPC/POPG (negatively charged) SLB.
The figure includes the steady state values upon dilution or extensive rinsing with buffer after exposure to 1 mM BSA and hemoglobin. Red and blue correspond to
neutral or negatively charged SLBs respectively. The QCM-D AF and AD signals typically varied by 2 Hz or 2 x 107° dissipation units respectively upon replicating the

experiments. Examples of the individual experiments are given in ESI, Fig. SI3-16.1

FBS was very reactive against GUVs: leakage events were
already observable from 0.1% dilution for negatively charged
vesicles and from 1% dilution for neutral ones. Finally, at the
protein concentrations used, no further modification of the
vesicle structure (in terms of bridging, fusion, or vesicle
collapse) was observed besides the simple content leakage of
Alexa dye except for the case of lysozyme in which vesicle
bridging and fusion occurred (ESI, Fig. SI1f), in accordance with
the recent findings by Al Kayal et al.*®

The kinetics of leakage events were recorded for single
vesicles and representative data are shown in Fig. 1B. When
neutral vesicles were exposed to hemoglobin and lysozyme, the
fluorescence intensity of Alexa dye was fairly stable for ~6 and
~8 min respectively until it dropped sharply (1-2 min) to
gradually level out at minimal levels. Thus, there seems to be a
time threshold for significant dye leakage to occur in the pres-
ence of these proteins. However, dye leakage from vesicles
occurred immediately after the injection of FBS - although the
overall process occurred rather slowly — until reaching 80% of
the initial dye intensity (after ~10 min of mixing). At this point,
an abrupt decrease in intensity occurred and, within 1 min, the
signal reached minimal levels where it remained stable. In
contrast, the dye intensity of vesicles incubated with BSA (at
least up to 1 mM) remained constant throughout the
experiment.

Interestingly, the negatively charged vesicles were more
susceptible to disruption by these proteins despite the electro-
static repulsion expected for negatively charged BSA and
hemoglobin (Table 1): not only were the minimum protein (BSA,
lysozyme, hemoglobin and FBS) concentrations required for
leakage in general one order of magnitude lower (Table 2) but
also the intensity drop due to leakage at the individual vesicle
level occurred sooner (Fig. 1B and C) in this case. Moreover, all
proteins presented two kinetic regimes (slow and fast) during
dye leakage. In the slow regime, the initial dye intensity

This journal is © The Royal Society of Chemistry 2013

dropped by 20% (expanding over 3-8 min depending on the
type of protein). In the fast regime, an additional 60% intensity
drop occurred within 1 min for all proteins used except hemo-
globin for which only a total of 40% of intensity drop occurred.

Adsorption of proteins to lipid bilayers

We used QCM-D to measure the interfacial properties of
proteins on negatively and neutrally charged SLBs. For
comparative studies, protein adsorption on a bare silica
substrate was also performed. Silica carried a negative charge
under the ionic conditions used (~0.25 e~ nm™? for SiO, (ref.
24) as compared to ~0.54 e~ nm~ > for the negatively charged
GUVs as estimated from the nominal composition and average
mean molecular area for a lipid on a SLB*>*®). Fig. 2 summarizes
the measured change in frequency (AF) and dissipation (AD) for
neutral and negatively charged SLBs exposed to various protein
concentrations. We started by exposing the SLB to the concen-
trations reported in Table 2 for which the dye leakage reported
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Fig.3 QCM-D signals (AFand AD in blue and red respectively) for the adsorption
of 100 uM lysozyme against time (s) on neutral SLBs. Upon adsorption, a sudden
change in the direction of frequency shift indicates the onset of mass removal at
t =500 s after which steady state conditions were reached under continuous flow
at 0.1 ml min~". Overtones shown: 5-7-11. The small overtone spreading indi-
cates the formation of relatively compact and homogeneous layers.
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was observed by fluorescence microscopy. For negatively
charged bilayers, no adsorption was observed for lysozyme and
hemoglobin, while only a small AF (-5 Hz) and AD (+1.25 X
10~°) were observed for BSA and FBS. These AF and AD values
correspond to ~50 weight% of a full protein monolayer (of the
size of BSA%’) on top of the SLB or ~77 ng cm™ > based on the
Sauerbrey equation (Am = —CAf,/n).”

For neutral membranes, on the other hand, a more
pronounced effect was observed for 1% FBS where a steep
increase in AF (—11 to —14 Hz) was observed. Exposure to 100 uM
lysozyme induced a more complex behavior (see Fig. 3) than just
simple adsorption (decrease in AF and increase in AD), where
substantial adsorption (AF decrease and AD increase) was fol-
lowed by mass removal (AF increase and AD decrease). Upon
reaching steady state conditions, the net AF and AD values were
larger than those for the lipid bilayers prior to lysozyme addition
thus indicating that more wet mass than a full lipid bilayer
remained bound to the surface. Recently, similar QCM-D
responses were obtained for the unfolded equine lysozyme (>3
uM) on negatively charged fluid SLBs (80% PC, 20% PG) while no
such effect was observed for native equine lysozyme up to
10 uM,*® in agreement with our results. Indeed at protein
concentrations <3 pM, titration of unfolded equine lysozyme
leads only to adsorption and no film rearrangement. Thus, here
there is also evidence for a threshold surface protein concen-
tration required for major rearrangements of the lipid bilayer.

Interestingly, upon increasing the bulk protein concentra-
tion a certain critical point is reached where proteins adsorbed
on the SLB regardless of the membrane composition or the type
of protein as typically expected for non-specific protein binding.
The higher the protein concentration, the larger the AF and AD
measured (Fig. 2). Indeed, upon reaching the mM regime (and
at comparable concentrations to blood plasma) the AD was
quite dramatic and there was a considerable spreading of the
overtones (ESI, Fig. SI4f). The observed AD and AF are not
related to changes in viscosity of the bulk solution since the
exposure of the same solutions to a bare-SiO, interface gave
considerably different results (see Fig. 4) with hemoglobin
having a larger capability to self-associate and form multilayers
at the SiO, surface since almost a two times larger change in
frequency was observed in this case.

Extensive rinsing with buffer after exposing the lipid bilayers
to 1 mM BSA (Fig. SI4 and 71) or hemoglobin (Fig. SI11 and 127)
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Fig. 4 Net changes in frequency (AF) and dissipation (AD) upon addition of 1
mM BSA or hemoglobin to a bare-SiO, surface. The figure includes the steady
state values upon dilution with excess buffer.
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Fig. 5 Determination of the effect of labeled BSA on negatively charged GUVs
by wide field fluorescence microscopy, one hour after protein addition. Alexa 488
(green) was used to visualize the membrane vesicle's aqueous lumen. Vesicles
were exposed to 1 uM Alexa 647-labeled BSA. These results are representative of
three different replicates.

was performed to assess the strength of such non-specific
protein-lipid binding, see Fig. 2. There was complete protein
removal from the neutral SLB since both AF and AD signals
returned to their values prior to protein addition, while only
partial removal was achieved for the negatively charged bilayers
(the net frequency change after protein removal was —3 Hz) and
SiO, (Fig. 4). The remaining AF (—34 and —7 Hz for BSA and
hemoglobin respectively on SiO,) and the relatively low D values
corresponded well to the reported values for monolayer
formation on SiO,, at least for BSA (typically for a small globular
protein such as BSA a full monolayer is 160 ng em™> or a F
change of —45 Hz).*”” However, less than a full monolayer
remained on the negatively charged bilayers (Fig. 2). Thus, even
though a relatively similar extent of protein adsorption seems to
occur upon reaching the mM range on lipid bilayers, the
reversibility of the adsorption is hampered on the negatively
charged bilayers and corresponded to lower values than on a
full monolayer (assuming that lipids are not removed during
the washing step).

Since only a small AF and AD were found for BSA on the SLB
under the conditions for which dye leakage occurs from the
vesicles (compare Table 2 and Fig. 1), we used commercially
available fluorescently labeled (Alexa Fluor® 647) BSA to
corroborate the occurrence of BSA adsorption on negatively
charged vesicles (Fig. 5). One hour after GUVs exposure to 1 uM
labeled-BSA, it was possible to observe an Alexa 647 fluorescent
signal around the vesicle membrane, thus suggesting that the
albumin indeed adsorbed around the lipid membrane. Note
that this very same BSA concentration was below the threshold
to induce leakage and thus non-specific protein adsorption to
lipid bilayers occurs readily before any lipid bilayer restructur-
ing occurs. This seems to be in agreement with the two-step
mechanism observed for leakage events.

Discussion

All proteins studied affected the permeability of giant uni-
lamellar vesicles regardless of the charge of the lipid
membrane, except for BSA in neutral vesicles (Fig. 1 and

This journal is © The Royal Society of Chemistry 2013
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Table 2). The change in permeability is related to protein
adsorption onto lipid membranes, as measured by QCM-D
(Fig. 2-4) and fluorescence microscopy (Fig. 5 for BSA only).
However, the concentration required for the onset of adsorption
(Fig. 1 and Table 2) as well as the extent of adsorption (Fig. 2)
was not only dependent on the type of protein but also on the
vesicle charge. The relative affinities in terms of the extent of
adsorption (net AF, Fig. 2) and concentration required to induce
content leakage from 5% of the total vesicles imaged (Fig. 1 and
Table 2) were not correlated with the zeta potential or apparent
surface charge densities of the proteins under the conditions
used (Table 1). More intriguingly, a higher affinity in terms of
the concentration needed to induce vesicle content leakage was
found for similarly charged proteins (hemoglobin) and vesicles
(POPG-containing) than for the oppositely charged lysozyme
(Table 1) and vesicles (POPG-containing). This seems counter-
intuitive and surprising due to the overall negative charge of
hemoglobin. However, both BSA and hemoglobin possess a
highly heterogeneous surface charge distribution,*®"” that gives
them a dipolar character with positive patches across the
domains (for an extensive recent review on the effects of charge
patches on protein interactions see ref. 29). These positive
patches are likely to be attracted by the negatively charged head
group of the lipids. Indeed, BSA was recently shown to possess
affinity towards negatively charged objects®*® and to form a full
monolayer on SiO, at around 1 pM.?” Finally, BSA forms a full
monolayer at the air-water interface at higher bulk concentra-
tions (1-0 pM).** Thus, although hydrophobic interactions also
contribute to protein-surface interactions, electrostatics
between the charged patches of a protein and a charged surface
are of longer range. Moreover, these longer range forces are
known to dominate the rate of association while short range
interactions dominate the dissociation step.** Indeed, BSA
presented similar affinities to lysozyme regardless of having a
more negative zeta potential than lysozyme (Table 1). The
electrostatic interactions from the net charges of the proteins
must anyhow play a role since BSA presented a lower affinity
than hemoglobin in accordance with the zeta potential differ-
ences between these two proteins (Table 1), which are related to
the difference in the protein isoelectric point, 6.8 and 4.7 for
hemoglobin and BSA respectively.’***

A closer look at the kinetics of dye leakage indicates that
leakage occurs in a two-step mechanism: (1) slow kinetics where
no or small change in permeability occurs and (2) fast kinetics
where most of the dye leaks within one or two minutes (Fig. 1B
and C). This suggests that protein adsorption occurs readily
upon contact with the vesicles leading to some degree of lipid
rearrangement, but a critical surface density threshold for the
proteins is needed prior to the occurrence of a major leakage.
Indeed, the use of labelled BSA corroborated that protein
adsorption occurs prior to any onset of vesicle leakage (Fig. 5).
Thus leakage may be related to pore formation via protein
penetration into the lipid bilayers®***® or local changes in
membrane curvature due to protein adsorption as suggested
earlier for nanoparticle-lipid interactions.®” For instance, initial
protein adsorption occurs without any observable leakage
(Fig. 5). For charged membranes, where a slow kinetics leakage

This journal is © The Royal Society of Chemistry 2013
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step is observed prior to the fast leakage step (Fig. 1) and
partially reversible protein adsorption occurs (Fig. 2), protein
penetration into the lipid bilayers in addition to changes in
membrane proteins is a more likely scenario. For neutral
membranes, on the other hand, leakage occurs only in a fast
step and reversible protein adsorption occurs thus suggesting
changes in membrane curvature due to protein adsorption as a
more likely cause for leakage with no penetration into the lipid
bilayer occurring in this case.

We measured vast changes in AD and AF values upon protein
exposure to the lipid bilayers that could be related to the
formation of soft protein multilayers due to non-specific
protein-protein and protein-lipid forces. Interestingly, the lipid
membranes were less prone to protein adsorption than the
pristine SiO, surface since the net AF and AD were larger in the
latter case. In this respect, non-specific inter-protein interac-
tions were detected for a transferrin coated nanoparticle incu-
bated in blood plasma, for which a soft corona of proteins was
identified by fluorescent correlation spectroscopy.*® Within this
soft corona protein exchange occurred in the timescale of two
minutes and faster, showing the highly dynamic nature of such
inter-protein non-specific interactions.*® Indeed, the existence
of such a soft protein corona arises from typical non-specific
protein-protein interactions in the crowded protein environ-
ment induced by the higher concentration of proteins at the
interface between the solution and any surface. Our results
suggest that such reversible, dynamic and “soft” protein-
protein interactions also occur in the close vicinity of lipid
bilayers and together with non-specific protein-lipid interac-
tions may indeed have an irreversible effect on the lipid bilayer
structure, in terms of their permeability against soluble dyes
and the colloidal stability of the vesicles.

Lysozyme presents quite a distinct behavior: not only does it
induce dye leakage from the vesicles' lumen (Fig. 1), but also
induces vesicle aggregation (Fig. SI1t). Moreover, initial lyso-
zyme adsorption on the SLB was followed by a regime of
desorption (Fig. 3) and thus a more complex phenomenon than
just protein adsorption occurs in this case. Previously, lysozyme
was thought to unfold in contact with lipid membranes upon
induction of vesicle fusion® while it has also been reported that
lipid bilayers could induce refolding of denatured lysozyme.>®
The QCM-D responses presented in Fig. 3 are indeed typical
responses for lipid bilayer restructuring for instance due to
molecular insertion and mixed micelle formation.*® Interest-
ingly, unfolded lysozyme due to complexation with oleic acid was
found to induce a similar restructuring effect on the negatively
charged SLB but such an effect was not observed for native
lysozyme below 10 pM.*® Thus, it is clear that the protein
concentration is critical since the same mechanism for unfolded
lysozyme is reported here as for native lysozyme at 100 uM.

Even though all three proteins tested have very different
biological functions, they all presented similar behavior around
lipid bilayers in terms of dye leakage and extent of adsorption
once a certain protein concentration was reached which was
close to the mM range or the semi-dilute regime for small
globular proteins. In particular, BSA binds to lysolipids and
diacyglycerol,*>** hemoglobin can induce peroxidation of

Soft Matter, 2013, 9, 4219-4226 | 4223


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3sm27769k

Open Access Article. Published on 12 March 2013. Downloaded on 4/5/2026 6:31:21 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

unsaturated lipids under physiological conditions®»** and
lysozyme is a proteolytic enzyme. The latter was also shown
recently to induce fusion in negatively charged liposomes under
pseudo-physiological conditions.”® In particular, lysozyme is
aggressive against the cell membrane of Gram-positive bacteria
and this is mainly associated with its anti-bacterial function.****
The antibacterial function of lysozyme could, in the light of
present results, be indeed related to the actual destabilization of
the lipid membrane. Overall, the effect of hemoglobin, BSA and
lysozyme on the structure of the lipid bilayers does not seem to
be related to their structure but rather to their colloidal prop-
erties, mainly in terms of their surface charge density distri-
bution. All proteins are charged and carry a permanent dipole,
thus explaining their higher affinity for negatively charged lipid
membranes than for neutral ones. Although relatively similar
extents of adsorption occurred upon reaching the mM
concentration range at least for similarly charged membranes
(Fig. 2), the reversibility of the non-specific protein adsorption
was hampered on the negatively charged bilayers only, at least
for BSA and hemoglobin (Fig. 2 and 4). Thus, the stronger
electrostatic interactions between the proteins and the lipids
also induced non-reversibility effects. Thus, it is clear that
besides favourable electrostatic interactions between the
charged patches of the proteins and the lipid bilayer that drive
the protein-lipid binding there are other short range interac-
tions (van der Waals, hydrogen bonds, hydrophobic interac-
tions and salt bridges) that decrease the protein dissociation
from the lipid bilayers. This is a typical behaviour observed for
proteins and polyelectrolytes in general as profoundly revised
recently by Kayitmazer et al.*®

For FBS, on the other hand, leakage events were observable
starting from 0.1% dilution for negatively charged GUVs and from
1% dilution for neutral GUVs (Table 2 and Fig. 1). The concentra-
tion commonly used*® in cell culture studies is 10% dilution by
volume of this media, and thus FBS addition should induce protein
adsorption on cell membranes given that conditions are kept
similar to the ones hereby used (cell versus vesicle densities).
However, FBS or BSA addition does not induce cell lysis in cell
cultures. Indeed, we used protein concentrations close to or within
their physiological values. Thus, none of these proteins should be
able to affect the cell membrane structure in vitro or in vivo.
Therefore, the cell must possess other mechanisms to protect itself
from the action of soluble proteins in the mM concentration
regime. The head groups of glycosylated lipids are highly hydrated
and are known to actively protect the lipid membrane from
desiccation”™ and peroxidation.”® We hypothesize that glyco-
lipids have yet another biological function™ related to the
hindrance of soluble protein binding. This hypothesis is supported
by the fact that sugars are used in surface coating for preventing
non-specific protein binding.** Indeed, preliminary experiments
show that the use of phosphatidyl inositol (PI) instead of phos-
phatidylglycerol (PG) at the same molar ratio (and thus the same
surface charge density) decreases the effect of protein binding on
the permeability of lipid membranes since no leakage event was
recorded for titration with up to 50 uM BSA, see Fig. 6. However,
further experimentation with various conditions is needed to
corroborate this hypothesis as a general effect for other proteins.
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Fig. 6 No significant leakage was observed by wide field fluorescence micros-
copy upon exposing negatively charged GUVs made of phosphatidylinositol
(25 mol%) one hour after 50 uM BSA addition. Alexa 488 (green) was used to
visualize the membrane vesicle's aqueous lumen. DilC18(5) was used to mark the
lipid bilayer (red). These results are representative of three different replicates.

Experimental
Materials

POPG, POPC and 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-n-cap biotinyl (DOPE-biotin) were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL) while 1,2-dipalmitoyl-phos-
phatidylinositol (DPPI) was purchased from Larodan Fine
Chemicals AB. All lipids were used without further purification.
The dyes DiIC,4(5) (1,1'-dioctadecyl-3,3,3’,3'-tetramethy-lindo-
dicarbocyanineperchlorate) and Alexa Fluor® 488 hydrazide
(Alexa) were used as received from Invitrogen (Paisley, UK).
Alexa Fluor® 647 conjugate was purchased from Invitrogen
(Paisley, UK), dispersed in PBS to a concentration of 100 uM,
and stored at —20 °C until use.

Preparation and characterization of vesicles

Two types of GUVs were prepared by mixing the two lipids,
POPG and POPC, at the molar ratios of 1: 3 and 0 : 1, respec-
tively. Based on the pK, of the head groups at physiological pH,
POPC/POPG vesicles carried a negative charge, while POPC
carried a net charge of zero.>® Additionally, DPPI was mixed with
POPC at a molar ratio of 1: 3 to give vesicles with the same
charge as those made using POPG but carrying an inositol
group instead of glycerol.

For the leakage studies, both types of vesicles contained 1%
molar ratio of the lipid dye DilC,5(5) and 0.5% molar ratio of
DOPE-biotin, to tether the vesicles to the surface of the sample
chamber. The lipids were dissolved in chloroform at appro-
priate ratios and the solvent was evaporated under vacuum for
at least one hour. The films were then rehydrated with 10 uM
Alexa 488 hydrazide in sorbitol solution, followed by overnight
water bath incubation at 37 °C. This procedure enabled the
vesicles to carry DilC,5(5) in the lipid bilayers while the soluble
Alexa 488 was confined to the vesicle lumen. The final vesicle
solutions were stored at 4 °C and used within a week.

For QCM-D experiments, small unilamellar vesicles (SUVs)
were prepared at the same molar ratios of the two lipids as
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stated above. However, the vesicles did not contain DiIC,4(5) or
DOPE-biotin in this case. The POPC/POPG vesicles were rehy-
drated in 2 mM CacCl, to facilitate the formation of the sup-
ported lipid bilayer by bridging the negatively charged vesicles
with the SiO, surface, while POPC vesicles were simply rehy-
drated in Milli-Q water. Vesicles were subjected to two to five
minutes of sonication until the solution was clear and trans-
parent before use.

Preparation and characterization of proteins

Bovine serum albumin (BSA) with a purity of above 98%, human
blood hemoglobin (hemoglobin), fetal bovine serum (FBS) and
chicken egg white lysozyme (lysozyme) were purchased from
Sigma-Aldrich (Denmark) and used without further purifica-
tion. The proteins were first dispersed in phosphate buffer
saline (pH 7.4, ionic strength 127 mM) and diluted further in
the same buffer to the experimental concentrations. In this
study, protein concentrations for BSA, hemoglobin and lyso-
zyme ranged from 1 uM to 1 mM, while FBS was studied at
0.1%, 1% and 2% volume ratios. The zeta potential of each type
of protein was determined by electrophoretic mobility
measurements using a Malvern Zetasizer NS (Worcestershire,
U.K.), see Table 1. In this case, the samples were prepared by
dispersing the proteins in PBS to a final concentration of 1 mM,
FBS was diluted in PBS to 1% by volume; and six measurements
were performed on each sample at 25 °C.

Description of microscopy experiments

The sample chambers were incubated with 1.0 g 17" BSA-biotin-
BSA solution (1 : 10, volume ratio), 0.025 g 1! streptavidin and
PBS, respectively, at ambient temperature for 10 minutes, plus
rinsing with PBS five times. Fluorescent vesicles were added to
the chamber to achieve a final concentration of 0.01 mg ml™".
The vesicles were allowed to settle and stabilize at the bottom of
the chamber for 30 minutes before injection of proteins into the
solution. After exposure to proteins, the behaviors of GUVs were
monitored for up to 60 minutes on a Leica AF6000LX wide-field
microscope (Wetzlar, Germany). For each dye leakage experi-
ment, 10 to 15 locations were imaged with approximately 20
vesicles in each location, which made up to 200 to 300 vesicles
in every study. The fluorescence of Alexa was excited at A =
488 nm with an argon laser and emission was captured at A =
491-563 nm. The lipid dye, DiIC;4(5), was excited at A = 633 nm
and recorded at A = 640-700 nm. A mercury lamp with filter
cubes EGF cube 49002 ET and EC5 cube 49006 ET (Chroma
Technology Corp, Bellows Falls, USA) was used to excite Alexa
and DilC,4(5) respectively. For each experimental setup, illu-
mination, intensity and exposure time were optimized for signal
collection. The integrity of vesicles was checked in a buffer
solution during control experiments, without exposure to
proteins, to ensure their stability against mechanical stress, and
no sign of dye leakage was observed. Each set of experiments
was repeated at least three times.

Description of QCM-D experiments

QCM-D (quartz crystal microbalance with dissipation moni-
toring) is an acoustic technique for measuring (1) the change of
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wet mass per unit area by sensing AF of a quartz crystal reso-
nator and (2) the viscoelastic properties of the adsorbed film by
sensing the energy dissipation (D). A decrease in resonance
frequency is an indicator of an increase in adsorbed mass on
the sensor surface while an increase in dissipation is related to a
decrease in rigidity of the adsorbed film. In this study, we used a
Q-Sense E4 system (Gothenburg, Sweden). All SiO, sensors were
soaked in 2% Hellmanex for 10 minutes and washed by 15
rinsing cycles of water and 96% ethanol, followed by an UV-
ozone cleaning process for another 10 minutes to remove any
possible contamination layer on the sensor surface. Each
measurement was performed at 25 °C when the frequency
changes were within 0.5 Hz. 5% of sodium dodecyl sulfate (SDS)
was applied for cleaning, and 96% ethanol was used to remove
bubbles in the tubing when necessary. Upon obtaining a stable
signal, a vesicle solution (200 pg m1~") was injected at a rate of
100 ul min . After the formation of SLBs, PBS was pumped into
the system to wash off excess lipids before the injection of
proteins. A series of protein titrations were then performed,
starting from 1 pM to 1 mM for all proteins except FBS for which
0.1% to 2% of FBS was used.

Conclusions

Non-specific protein adsorption has now been studied in view of
its effect on the structure of lipid bilayers in terms of vesicle
colloidal stability and lipid bilayer permeability. We found that
all proteins studied (bovine serum albumin, chicken egg lyso-
zyme, bovine hemoglobin and bovine fetal serum) were able to
induce leakage from lipid vesicles regardless of their surface
charge (negative or neutral) expect for albumin on neutral
vesicles at least up to 1 mM. The protein concentrations
required for leakage to occur were well above the uM range
where strong inter-protein interactions occur. At the same time,
this is the concentration regime that is physiologically relevant.
Evidently, vast soluble protein adsorption on the cell
membranes does not occur in vivo. We propose that the cell
possesses other mechanisms to defend itself from this type of
non-specific protein adsorption among which the glycosylated
coatings introduced by lipids and membrane proteins could be
a major parameter in play.
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