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ces large-scale remodeling of lipid
bilayers: tubules, patches, and holes†

Ni He and Tao Zhao *

Herein, we report fluorescence microscopy analysis of the interaction between propranolol (PPN), a beta-

adrenergic blocking agent, and planar supported lipid bilayers (SLBs), as model membranes. The results

indicate that PPN can remarkably promote largescale remodeling in SLBs with various lipid compositions.

It was found that PPN insertion induces the formation of long microtubules that can retract into

hemispherical caps on the surface of the bilayer. These transformations are dynamic, partially reversible,

and dependent upon the drug concentration. Quantitative analysis revealed a three-step model for

PPN–lipid bilayer interaction, with the first step involving interfacial electrostatic adsorption, the second

step centered on hydrophobic insertion, and the third step associated with membrane disruption and

hole formation. By introducing cholesterol, phosphoethanolamine, phosphatidylglycerol, and

phosphatidylserine lipids into the phosphocholine SLBs, it was illustrated that both the chemistry of the

lipid headgroups and the packing of lipid acyl chains can substantially affect the particular steps in the

interactions between PPN and lipid bilayers. Our findings may help to elucidate the possible mechanisms

of PPN interaction with lipid membranes, the toxic behavior and overdosage scenarios of beta-blockers,

and provide valuable information for drug development and modification.
Introduction

Currently, more than 60% of clinically important drugs target
either integral or peripheral membrane-bound proteins, such as
receptors and ion channels.1 Meanwhile, drugs need to pass
through one or more cell membranes to reach their targets of
action. A great many studies have shown that membrane
interactions can either result in better efficacy, selectivity and
longer duration of action or cause undesirable toxicities
through off-target interactions, reducing or even inhibiting the
biological function of membrane proteins, and giving rise to
possible serious cell damage.2,3 Therefore, it is of critical
importance to understand the intrinsic inuence of a drug on
the lipid membrane in pharmacological science.4,5

Propranolol (PPN) (Fig. 1a) is a beta-adrenergic blocking
drug used in the treatment of several conditions, such as
hypertension, angina pectoris, cardiac arrhythmias, myocardial
infarction, anxiety disorders and migraine.6 It prevents binding
of epinephrine and norepinephrine to cell surface receptors and
inhibits intracellular signaling cascades.7 Extensive studies of
PPN-membrane interactions have been made over the last
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: zhaotao1982@126.com; Fax: +86-021-

(ESI) available: Additional gures and
LBs aer 2.5 h incubation with 20 mM
s aer 1.5 h incubation with 35 mM
a00319a

the Royal Society of Chemistry
several decades, including the antihypertensive mechanism for
this drug,8,9 its location within the lipid bilayer,10,11 and its
inuence on membrane physicochemical characteristics and
the activity of membrane-bound enzymes.12–14 It has been re-
ported that PPN is readily to interact with cellular membranes
and induce functional alterations in a wide variety of membrane
systems.14–18 For example, it was found that the addition of PPN
can change membrane uidity,19 membrane curvature,20 as well
as membrane elasticity and viscosity.21 Moreover, when the PPN
concentration reached the mM range, it may lead to formation
of PPN–lipid micelles and subsequently solubilization of the
membrane.17 Although the effective concentration of PPN in the
plasma at the proper dose of the drug is usually at mM range
(about 0.03–600 mM),22–24 the peak concentrations of PPN in the
cytoplasm are found up to 10–25 mM.7,25 Although it seems to
be crucial for better understanding the mechanisms of drug
action, systematic studies on PPN binding at lipid membrane
interface over a wide range of concentrations is still lacking.
Besides, in spite of qualitative insights into the interactions
between PPN and lipid membranes, there is little information
about the kinetics of membrane solubilization induced by PPN
binding.19,20,26–29

In the current study, we carried out uorescence analysis to
investigate the PPN (concentration range from mM to mM)
interactions with supported lipid bilayers (SLBs), as model
membranes. The SLBs were coated inside a poly-
dimethylsiloxane (PDMS) well or a microuidic device, allowing
for various concentrations of PPN to be introduced over the
RSC Adv., 2023, 13, 7719–7730 | 7719
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Fig. 1 Molecular structures of (a) PPN and (b) Liss-Rhod-DOPE.
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bilayer surface in a buffer solution. As one of the most popular
model systems used for studying surface biochemistry, SLBs
have relatively simple geometry, maintain appropriate lateral
mobility (two-dimensional uidity) for the lipid molecule, and
offer high bilayer stability.30 Moreover, for studying drug–
membrane interactions, it is advantageous to employ SLBs
instead of liposomes, as SLBs require far less lipid material and
sample volume. The uorescent probe used in the study is 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (Liss-Rhod-DOPE) (Fig. 1b) which is
known to prefer the high-curvature structures because of its
bulky head group.31 The strategy for our detection is based upon
the notion that binding of PPN to lipid bilayers will induce an
increase in the local curvature of the membrane20,32 and thus
leads to an uneven partitioning of the probe in the membrane.
Besides, as the drug–membrane interaction may eventually lead
to membrane disruption at high drug concentration,17,28,33 the
release of the uorescent probe can be detected by monitoring
the change in uorescence intensity.

The results show that PPN binds with phosphatidylcholine
membranes and induces signicant membrane reorganization,
including the formation of highly curved surface features as
well as membrane solubilization. Moreover, by varying the drug
concentration, it was possible to obtain a three-step binding
prole of PPN with lipid membranes. In addition, it was found
that PPN/membrane interaction could be modulated by varying
the lipid composition in the membrane.
Experimental
Materials

The phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC), 1-hexadecanoyl-2-(9-Z-octadecenoyl)-sn-
glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(1′-rac-glycerol) (POPG), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoserine (POPS), and Liss-Rhod-DOPE
were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Cholesterol was obtained from Sigma Aldrich (Shanghai,
China). Sodium chloride, chloroform, 4-hydroxyethyl pipera-
zine sulfonic acid (HEPES), hydrochloric acid, sodium
hydroxide and propranolol hydrochloride were of analytical
grade and were purchased from Titan (Shanghai, China).
Microscope coverslips (22 × 40 mm, no. 1.5) was supplied by
7720 | RSC Adv., 2023, 13, 7719–7730
Fisher Scientic (Pittsburgh, Pennsylvania, USA). PDMS (Dow
Corning Sylgard Silicone Elastomer-184) was provided from
Krayden, Inc. (El Paso, TX). Puried water (18.25 mU cm) was
produced from a Direct-pure UP Water System (RephiLe
Bioscience, Ltd, China).
Small unilamellar vesicles (SUVs) preparation

Lipids of desired molar composition were mixed with 0.5 mol%
of the uorescent probe in chloroform in a glass vial and then
dried under a ow of high purity nitrogen gas. The resulted lipid
lm was further dried under vacuum for 3 h to completely
remove any residual organic solvent. The desiccated lipid lm
was hydrated with 10 mM HEPES buffer solution containing
150 mM NaCl (pH = 7.4) to obtain a nal lipid concentration of
0.5 mgmL−1. The suspension was sonicated using an ultrasonic
bath for about 10 s at 25 °C. The suspension was then subjected
to at least 10 freezing–thawing cycles with liquid nitrogen and
water (25 °C) and extruded for 10 times through two stacked
100 nm polycarbonate membrane (Whatman) using a Lipex
thermobarrel extruder (Northern Lipids, Inc., Vancouver, Can-
ada). The size of the lipid vesicles was about 110 ± 10 nm as
determined by dynamic light scattering (Zetasizer Nano S90,
Malvern Panalytical, United Kingdom). The resulted SUV solu-
tions were stored at 4 °C until use.
Microuidic device and PDMS well setup

Microuidic device was fabricated according to procedures re-
ported elsewhere.34,35 The glass slides were cleaned in a boiling
7× cleaning solution (MP Biomedicals, Solon, OH) for 1.5 h,
rinsed copiously with puried water, and then dried with high
purity nitrogen gas. The photolithographically patterned
photoresist (Microposit S1813, Shipley Corp., Marlborough,
MA) was deposited on the glass surface. A patterned glass slide
was HF-etched to form a model glass slide and washed with
acetone. PDMS was degassed under vacuum for at least 1 h and
was then poured onto a clean model glass slide and cured in
incubator at 70 °C for 3 h. Small holes were poked with a needle
in PDMS mold, serving as inlet and outlet ports for owing
liquid. The PDMS mold and glass slide were placed in a plasma
cleaner (PDC-32 G, Harrick, Pleasantville, NY) for 1 min of
plasma treatment. Immediately aer plasma treatment, PDMS
mold and glass slide were pressed together, and annealed at
108 °C for 1 min. PDMS well setup was fabricated by placing
a PDMS lm (∼0.5 mm) with a 6 mm diameter hole in the
middle.
Supported lipid bilayer (SLB) formation

To form a SLB, the desired SUV solution was added into the
circular hole of a PDMS well or the microchannels of a micro-
uidic device and allowed to incubate for 20 min. SLBs formed
spontaneously on the glass coverslip via vesicle fusion.36,37

Excess lipids were removed from the surface of SLB by rinsing
with HEPES buffer. All SLBs were formed at room temperature
(25 ± 1 °C).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fluorescence microscopy

Fluorescent images were captured by Nikon Eclipse Ti-U
inverted microscope (Tokyo, Japan) equipped with an Andor
iKon-M 934 Back Illuminated CCD camera (Andor, Belfast,
United Kingdom) and SHI-130 N1 (Nikon Yokohama, Japan)
light source. A Texas Red lter set (Nikon, Tokyo, Japan) was
used for imaging along with 4× (N.A. = 0.13), 10× (N.A. =
0.45×) and 40× air objectives (N.A. = 0.95). The NIS-Elements
BR soware (Nikon, Tokyo, Japan) was employed to process
the uorescent images.
Fluorescence recovery aer photobleaching (FRAP)

The lateral diffusion of SLBs was determined by FRAP
experiments.38–41 Herein, a 560 nm light beam (28 mm radius)
was used to bleach the uorescent probes within SLBs. Imme-
diately aer photobleaching, a series of images were captured
and the uorescence recovery (F(t)) was calculated using the
following equation (eqn (1)):

FðtÞ ¼ Ft � F0

1� F0

(1)

where F0 and Ft represent the normalized initial (at t = 0) and
nal (at time t) uorescence intensities aer photobleaching,
respectively. The results were t to a single exponential function
(eqn (2)):

y = A(1 − e−kt) (2)

where A is the mobile fraction and k is the kinetic constant for
the mobile fraction, which is used to calculate the half-time to
recovery (t1/2) (eqn (3)):

t1=2 ¼ lnð2Þ
k

(3)

Use t1/2 to calculate the lateral diffusion coefficient (D) (eqn (4)):

D ¼ u2

4t1=2
� g (4)

where u is the radius of the uorescent light beam, g is the
correction factor determined by the beam shape and the depth
of bleaching, with a value of 0.88.38
Membrane hole identication

To identify membrane holes, the threshold value was set by using
the signal/noise ratio option in NIS-Elements BR soware. The
setting usedwas the result of subtracting 6 of standard deviations
from average uorescence intensity of the bilayer areas between
holes. This threshold was automatically applied for analysis of
the areas and the sizes of membrane holes.
Results and discussion
PPN induces reorganization of POPC SLBs

To explore the structural effects of PPN on SLBs, incubation
experiments were carried out in PDMS wells. The work was
© 2023 The Author(s). Published by the Royal Society of Chemistry
performed with 10 mM HEPES buffer solution containing
150 mM NaCl at pH 7.4 unless otherwise specied. The lateral
mobility of SLBs at room temperature was conrmed by FRAP
measurements (data not shown).

Phosphatidylcholine (PC) is one of the essential components
of all mammalian cell types and subcellular organelles. It
accounts for more than 50% of total cellular phospholipids.42 In
an initial series of experiments, SLBs containing 99.5 mol%
POPC and 0.5 mol% Liss-Rhod-DOPE were used. Time-lapse
uorescence images obtained aer incubation of PPN with
SLBs are shown in Fig. 2. As can be seen, bright uorescent
spots started to decorate on the surface of homogeneous bila-
yers immediately (within few seconds) aer PPN addition
(Fig. 2b). Fluorescence intensity of the bright spots is roughly
double that of the surrounding area, suggesting an uneven
distribution of the dye in the bilayer. According to the curvature
preference of Liss-Rhod-DOPE,43 it can be inferred that the
bright spots are areas of high membrane curvature induced by
PPN. Strand like protrusions that we term lipid tubules then
grew from the bright spots in several minutes (Fig. 2c). These
lipid tubules retain a point of association to the bilayer surface
and may extend up to hundreds of micrometers at higher
concentrations of PPN (15 mM–40 mM). The oating ends of
the lipid tubules possess high mobility and many of them were
consequently out of focus (see movies S1 and S2†).

Curiously, over the course of minutes, numerous lipid
tubules were observed to shrink in length followed by the
formation of large circular patches (Fig. 2d–f). These patches
may gradually increase in size and eventually disappear from
bilayer surface in a short time (Fig. 2h). Fluorescence charac-
teristics of the patch were then investigated. Line scan of the
image shows that uorescence prole of the patch approaches
a Gaussian distribution, indicating higher curvature in the
center of the patch (Fig. 3). Moreover, the uorescence intensity
of the patch levels off at rst and then decreased sharply at the
same time with the disappearance of the patch (Fig. 4). Besides,
FRAP experiments revealed that lipids maintained lateral
mobility aer disappearance of the patch. The diffusion coef-
cient was consistent before (0.786 ± 0.022 mm2 s−1) and aer
(0.979 ± 0.031 mm2 s−1) PPN treatment. The data are consistent
with the literature value for POPC SLB doped with 1 mol% of
uorescent Texas Red DHPE (0.8–1.2 mm2 s−1).44 Moreover, the
mobile fraction for the SLB is 93 ± 1%, conrming the two-
dimensional uidity of the bilayer that enables the recovery of
uorescence intensity aer photobleaching.

These observations, taken together, indicate a transition
from high-curvature structures (i.e., tubules) to low-curvature
structures (i.e., patches) and ultimately, to a at bilayer. We
therefore propose that the patches are hemispherical caps
which caused by tubule collapse,45,46 rather than spherical buds
composed of entangled tubules.47 In addition to the tubules and
patches described above, the oating uorescent materials
across the eld of view were observed (Fig. 2g), suggesting that
some local removal of bilayer material could occur during PPN
incubation.

Additional experiments revealed that formation of these
surface features was, at least partially reversible upon the
RSC Adv., 2023, 13, 7719–7730 | 7721
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Fig. 2 Time-lapse fluorescence micrographs of structural reformation in POPC SLBs treated with 20 mM PPN. Each image represents the SLB
after PPN incubation for: (a) 0 min, (b) 0.12 min, (c) 5 min, (d) 60 min, (e) 80 min, (f) 110 min, (g) 120 min, and (h) 140 min. The micrographs were
observed at 40× magnification. Scale bar: 20 mm.

Fig. 3 (a) A patch observed in POPC SLBs treated with 20 mM PPN.
The red arrow traces the fluorescence intensity profile across the
centre of the patch, shown in (b). The micrographs were observed at
40× magnification. Scale bar: 10 mm.

Fig. 4 Fluorescence intensity of the patch changes with time after
introduction of 20 mM PPN. The red arrows in the sequential images
point to the patch. The fluorescence images were observed at 40×
magnification. Scale bar: 10 mm.
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removal of the substances loosely attached to the surface. Fig. 5
shows images of SLBs aer PPN treatment followed by thor-
oughly rinsing with HEPES buffer solution. As can be seen, SLBs
treated with lower concentrations of PPN (<5 mM) could recover
to be uniform aer surface washing (Fig. 5a and b). However,
darker areas of decreased uorescence were observed on the
SLBs treated with higher concentrations of PPN (5 mM–40 mM)
(Fig. 5c–f). The size of the darker areas varied from <1 mm2 up to
14.5 mm2 and the size distribution gradually shied to larger
area with increasing concentrations of the drug (Fig. 6). FRAP
experiments showed that the lipids had lateral mobility within
the remaining membrane, with dark areas unperturbed (Fig. 7).
This supports the notion of static holes within an otherwise
7722 | RSC Adv., 2023, 13, 7719–7730
continuous uid lipid bilayers.33,48 Therefore, the dark areas are
holes formed in the bilayer due to partial solubilization of the
bilayer induced by PPN. The observation of these darker areas is
consistent with our observations, as discussed above, of uo-
rescent material oating across the eld of view when PPN was
introduced to the bilayers.

Analogous phenomena have been observed both in
modeling experiments and biological processes such as endo-
cytosis, tabulation, and vesiculation.49–52 Generally, the transi-
tion of a relative planar structure to a more curved structure
may arise from the adsorption of various substances, such as
macromolecules, ions, as well as small molecules, which differ
in their sizes and properties.43,53–59 It has been reported that
amphiphile-induced bilayer remodeling are strongly correlated
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Hole formation in POPC SLBs after PPN (>5 mM) treatment and washing. (a–f) Fluorescence images showing SLBs after treatment with
different concentrations of PPN followed by washing the surface. The fluorescence images were observed at 40× magnification. Scale bar: 20
mm.

Fig. 6 Histogram of the hole size on the surface of POPC SLBs after
1 h incubation with different concentrations of PPN: (a) 10 mM, (b) 20
mM, (c) 30 mM, and (d) 40 Mm. The y-axis shows the percentage of
average count numbers from different bilayers. The error bars repre-
sent the standard deviations obtained by averaging at least 4 inde-
pendent measurements.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to the thermodynamic barrier of the interacting amphiphile to
translocation across the bilayer.45,46,60 Specically, when
amphiphiles are incubated with a bilayer, they may impart an
asymmetric, lateral stress on the outer leaet that is not
immediately matched by the inner leaet. If the bilayer area is
xed, as in the current SLB experiment, the PPN-induced
asymmetrical stress would overwhelm the adhesive strength
of the underlying solid support, leading to the formation of
regions with high curvature (such as lipid tubules).45 However, if
the translocation, i.e., “ip-op”, of amphiphiles across the
bilayer occurs, the asymmetrical stress would be expected to be
relieved, leading to the decreasing of curvature, i.e. the forma-
tion of lower-curvature structures (such as hemispherical caps)
or restoration of planar bilayers. Therefore, the shrinking and
disappearance of tubules and caps observed in our experiments
can be interpreted in terms of accumulation and relief of
asymmetric stresses in the inner and outer leaets of a bilayer
upon the insertion and translocation of PPN in ways that are
similar to previous experiments using other amphiphiles. It
should be noted that desorption of PPN from the bilayer upon
washing with buffer or bilayer dissolution may also equilibrate
stresses in the bilayer and promotes a transition from high-
curvature tubules to low-curvature hemispherical caps and
RSC Adv., 2023, 13, 7719–7730 | 7723
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Fig. 7 FRAP experiments of POPC SLBs treated with 20 mM PPN
followed by washing the surface. The red line is single exponential fits
to the data. The error bars represent the standard deviations obtained
by averaging at least 4 independent measurements.
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ultimately, in the limit of complete PPN desorption, to a at
bilayer.

Moreover, as a short molecule whose non-polar moieties are
not as long as the hydrocarbon chains of phospholipids, PPN
may act as a wedge in the membrane, causing energetically
unfavorable voids between hydrocarbon chains in the bilayer
interior.61 Thus, bending of membrane is energetically favored
to eliminate the voids. Indeed, due to the asymmetric distri-
bution of PPN, the bilayer will prefer to curve toward the
inserted PPN, expanding the upper leaet with the larger
coverage of drug molecules and compressing the lower leaet
with less drug molecules.58
Fig. 8 Fluorescence images frommicrofluidic devices with POPC SLBs b
lines represent the regions used to obtain the line profiles shown in (c a

7724 | RSC Adv., 2023, 13, 7719–7730
Besides, the observation of substantial disruption and
dissolution of bilayers may be related to the detergent-like
characteristic of PPN.4,8 Although the PPN concentration used
in this study is lower than its cmc (∼108 mM),62 local concen-
tration of the drug in the bilayer may be much higher than that
in the bulk aqueous phase, which possibly promotes the
formation of lipid-drug mixed micelles that may consequently
shed from the bilayer into the bulk solution. Indeed, tubulation
expands lipid headgroup–headgroup spacing in the upper
leaet of bilayer which in turn promotes accumulation of PPN
in the tubules compared with the surrounding planar bilayers.
Actually, the onset of micellization occurs at the concentration
lower than the cmc of pure detergents has been reported
elsewhere.63
Kinetics of interaction between PPN and POPC SLBs

To further explore the intrinsic mechanism of interaction
between PPN and lipid bilayers, microuidic experiments were
conducted. HEPES buffer solution was owed into the micro-
uidic channels in which lipid bilayers were formed. Aer
uorescence intensity reaches equilibrium, PPN (0–40 mM) was
introduced into the channels. Time-lapse images were acquired
every 5 min and uorescence stabilization took about 1 h at the
lowest drug concentration. Buffer solution was then introduced
to rinse away PPN and any other loosely attached lipid mate-
rials. The individual uorescence line scans were then exerted.
As can be seen in Fig. 8, the uorescence intensity of lipid
bilayers decreased with increasing concentration of PPN. At the
highest concentration of PPN employed, 40 mM, the uores-
cence intensity decreased to 70% of its initial level. This
attenuation in the uorescence intensity conrms the PPN-
efore (a and d) and after (b and e) introduction of PPN. The blue and red
nd f).

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00319a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
1/

18
/2

02
5 

10
:3

5:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
induced disruption of SLBs, i.e., the release of bilayer lipids into
the medium.

By plotting the uorescence intensity change as a function of
drug concentration, the prole of PPN-bilayer interaction can be
obtained (Fig. 9). The y-axis represents change of uorescence
intensity at equilibrium, DF, which is calculated as (F/F0 − 1).
Here, F corresponds to the uorescence intensity of the bilayer
at a specic concentration of PPN in the bulk solution, whereas
F0 is the uorescence intensity of the bilayer in pure buffer.
Signicantly, the interaction prole showed a complex shape,
consisting of three distinct steps, corresponding to three sepa-
rate concentration ranges (0–10 mM, 10–30 mM and 30–40
mM). The interaction proles for step 1 and step 2 t well to
a Langmuir isotherm (eqn (5)):

DF ¼ DFmax

½PPN�
kd þ ½PPN� (5)

wherein [PPN] is the bulk concentration of PPN and DFmax is
a constant corresponding to the maximum relative uorescence
intensity change at the highest concentration of PPN solution.64

The t yields Kd1 of 1.40± 0.12 mM for step 1 and Kd2 of 28.60±
7.71 mM for step 2. Kd1 corresponds well to the value found by
isothermal titration calorimetry (ITC) combined with zeta
potential measurements for PPN binding to POPC liposomes at
298 K,29 but a value corresponding to the second step has not
been reported previously. Moreover, the uorescence intensity
increased in a linear fashion in step 3, suggesting unsaturable
interaction of PPN and lipid bilayer at high PPN
concentrations.

Our current data showing a three-step interaction prole of
PPN-bilayer is consistent with the notion that binding of
amphiphiles with lipid membranes undergoes a consecutive
stepwise process.53,65,66 Generally, the rst binding step was
dominated by electrostatics, which involves the interaction
between the amine group of PPN and the carbonyl group of
Fig. 9 Binding profile of POPC SLBs with PPN concentration of 0–
40 mM. The data (step 1 and 2) can be fit well to a Langmuir isotherm.
At high concentrations (>30 mM), the data (step 3) can be fit to
a straight line (r2 = 0.995). The error bars represent the standard
deviations obtained by averaging at least 4 independent
measurements.

© 2023 The Author(s). Published by the Royal Society of Chemistry
phospholipids, as well as the interaction between the hydroxyl
group of PPN and the carbonyl group of phospholipids.61 This
can be conrmed by an additional experiment using higher
buffer concentrations. Presumably, the increase in the ionic
strength of the solution leads to the decrease in Debye length
which, in turn, enlarge the electrostatic screening and therefore
the drug–membrane interactions should weaken.67,68 Herein,
50 mM HEPES buffer solution was utilized and the assays were
otherwise carried out under the same conditions as those in
Fig. 9. The resulted binding curve was provided in Fig. 10. As
can be seen, increasing buffer concentration decreased the
affinity between PPN and the bilayers by approximately 3-fold
(Kd = 3.68 ± 0.36 mM), verifying that the rst step of PPN/
membrane binding is mainly electrostatic. In fact, there is
a competition between strong electrostatic interactions and van
der Waals interactions between the naphthalene ring of PPN
and non-polar lipid tails.61 Although electrostatic interactions
prevail in the rst step, the adsorption of PPN to the bilayer may
gradually increase the uidity of the lipids, lower its area stretch
modulus and decrease the interfacial potential, which helps to
facilitate the second step, in which hydrophobic insertion and
deeper penetration of the drug into the lipid bilayer occurs.33,69

Moreover, PPN not only intercalated into lipid bilayer or
expanded the membrane area, but also disrupt the packing of
PC lipids.61 In that case, the third step associated with
membrane disruption and hole formation can be considered
a direct consequence of PPN binding.62,70 These results are in
agreement with the observation obtained from the PDMS well
experiments. It should be noted that the attenuation in the
uorescence intensity in the rst and the second step, sug-
gesting PPN-containing bilayer is likely to be unstable even at
lower concentrations, although major damage or hole forma-
tion on the membrane is not detectable in the incubation
experiments.

The dissociation constants of PPN–membrane interaction
were compared with those for the interaction of other small
drugs, including ibuprofen (IBU) and tetracaine (TTC), with
Fig. 10 Binding curve of PPN (0–10 mM) and POPC lipid bilayer in
50 mM HEPES buffer at pH 7.4. The error bars represent the standard
deviations obtained by averaging at least 4 independent
measurements.
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lipid membranes.33,71 As expected, the membrane affinities of
the drug are substantially different, although they have similar
amphiphilic properties and similar multiple consecutive
binding steps with lipid membranes. The dissociation constant
values of Kd follow the order: PPN > TTC > IBU. This is consis-
tent with the notion that the interaction of a bioactive
compound across lipid membranes is correlated with its lip-
ophilicity.21,72 Supposedly, the drugs with higher lipophilicity
have relative stronger ability to interact with lipid membranes.
In the current study, the weaker membrane affinity of PPN
could be due to the fact that PPN has relatively lower lip-
ophilicity as compared to TTC and IBU.
Interaction between PPN and binary mixed SLBs

In the next set of experiments, cholesterol, uncharged POPE,
negatively charged POPG and POPS was respectively introduced
into POPC SLBs and tested for PPN interactions. The buffer for
POPS contained 0.8 mM EDTA due to the potential quenching
ability of trace concentrations of divalent metal ions such as
Cu2+.64 The experimental conditions were otherwise identical to
those in POPC experiments.

A representative image from ow cell experiment aer
incubation with 15 mM PPN is shown in Fig. 11. As can be seen,
the formation of surface features considerably differs upon
Fig. 11 Fluorescence images of various SLBs treated with 20 mM PPN fo
containing a specific lipid composition. The fluorescence images were o

7726 | RSC Adv., 2023, 13, 7719–7730
adding other membrane lipids into POPC SLBs, suggesting
PPN/SLB interaction is signicantly dependent on membrane
composition. Binding proles of PPN to bilayers are plotted in
Fig. 12 and the extracted apparent Kd values are provided in
Table 1.

Cholesterol is an essential structural component of
mammalian cells, varying signicantly in concentration in the
membranes of different organelles. It affects the structure and
dynamics of membranes by interacting with lipids and
membrane-related proteins.73–75 To test the effect of cholesterol
on PPN/bilayer interaction, 20mol% cholesterol was introduced
into POPC SLBs. As is shown in Fig. 12a and Table 1, the Kd1

value for the rst binding step decreased approximately 4-fold
(form 1.40 ± 0.12 mM to 0.35 ± 0.05 mM) compared to pure
POPC bilayer membrane. This is likely the consequence of
hydrogen bonding between cholesterol and PPN. Several
studies have demonstrated the ability of cholesterol to form
hydrogen bond with various small molecules.76–79 Liang Chen
et al. demonstrated hydrogen bond formation between hydroxyl
hydrogen on the A-ring of epicatechin and hydroxyl oxygen of
cholesterol.76 Yuan et al. proposed hydrogen bond formation
between POPC and cholesterol between either the hydroxyl and
phosphate or hydroxyl and carbonyl.77 By analogy, a hydrogen
bond is likely to form between the amine groups on PPN and the
hydroxyl from cholesterol. In the second binding step, Kd2
llowed by washing the surface. (a–e) Each column represents the SLB
bserved at 40× magnification. Scale bar: 20 mm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Binding profiles of PPN to SLBs with different lipid compositions. All the membranes contained 0.5 mol% Liss-Rhod-DOPE and
79.5mol% POPC: (a) 20mol% cholesterol; (b) 20mol% POPE; (c) 20mol% POPG; (d) 20mol% POPS. The red curve represents the best fit for step
1, 2 and 3. The error bars represent the standard deviations obtained by averaging at least 4 independent measurements.
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decreased approximately 2-fold (from 28.60 ± 7.71 mM to 13.45
± 1.50 mM) compared with pure POPC bilayer. This strength-
ening of the PPN/SLB interaction is in agreement with the
notion that cholesterol can induce expansion of lipid–lipid
distance that facilitates insertion of various amphiphilic mole-
cules into the bilayer.77,80–83 This observation therefore conrms
that the second binding step is dominated by hydrophobic
interaction. Moreover, previous studies have shown that
cholesterol generates intrinsic negative curvature in lipid bila-
yers and lower the formation energy of highly curvedmembrane
structures such as lipid stalks that are proposed as lipid inter-
mediates in membrane fusion. Cholesterol thereby has the
potential of promoting membrane fusion.84–89 As such, it is
Table 1 Dissociation constants (Kd) of PPN–membrane interactions wit

POPC POPC + 20% cholesterol PO

Kd1 (mM) 1.40 � 0.12 0.35 � 0.05 0.
Kd2 (mM) 28.60 � 7.71 13.45 � 1.50 1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
reasonable that cholesterol helps formation of lipid tubules,
hence facilitating membrane disruption and hole formation.

Phosphatidylethanolamine (PE) is the second most abun-
dant phospholipid in eukaryotic cells membranes, accounting
for 20–50 mol% of total phospholipid, which can comprise up
to 45 mol% phospholipids in the brain.90,91 Therefore, it is of
great importance to understand the inuence of PE on drug/
membrane interaction. For the current experiment, POPE was
used since it has the same tail group as POPC. The binding
constants Kd1 and Kd2 were both signicantly decreased for
SLBs containing 20% POPE compared to pure POPC bilayers
(Fig. 12b and Table 1). This increase of PPN affinity with bilayer
is probably due to the formation of hydrogen bonding between
h various membrane compositions

PC + 20% POPE POPC + 20% POPG POPC + 20% POPS

03 � 0.004 0.49 � 0.10 0.52 � 0.13
42 � 0.20 20.00 � 5.86 26.02 � 7.38

RSC Adv., 2023, 13, 7719–7730 | 7727
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Fig. 13 Schematic illustration of the structural remodeling of POPC bilayers induced by the addition of propranolol.
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POPE lipids and PPN. There has been evidence that the amine
group of PPN interacts with carbonyl group of the lipid acyl
chains; on average, amino group have two hydrogen bonds that
are provided to carbonyl oxygen atoms.61 Also, a hydrogen bond
is likely to form between the hydroxyl group of PPN and the
phosphate group of the lipids and generally one hydrogen bond
is donated by the hydroxyl group to phosphates.61,92 Moreover,
compared to most other cylindrical-shaped phospholipids such
as PC, PE lipids adopt a conical shape due to the relative volume
difference between its small ethanolamine head group and
long, unsaturated acyl chains.93 PE thereby induces negative
spontaneous curvature in membranes, which is reported to
make the planar bilayers unstable.31 In fact, when PPN inserts
into the POPE-containing bilayers, it acts as a wedge, relieving
the lipid packing constraints caused by the presence of POPE.94

Thus, it is energetically favorable for PPN to ll up the POPE-
induced voids between phospholipid headgroups.

Negatively charged lipids are integral components of
eukaryotic cell membranes and organelles. Although they are
not as abundant as PE or cholesterol in biological membranes,
negatively charged lipids play essential roles in biological
processes, such as apoptosis and cell signaling.95–99 Herein, two
negatively charged lipids, POPS and POPG with concentration
of 20 mol%, are introduced into POPC SLBs. As can be seen in
Fig. 12c, d and Table 1, the inuence of POPS and POPG on the
Kd1 and Kd2 values is essentially identical, suggesting the effect
should be electrostatic rather than chemically specic.
Compared with pure POPC SLBs, the rst binding step was
signicantly strengthened by the addition of POPS and POPG.
This is expected since the incorporation of any of these two
lipids into the bilayer will make the surface potential more
negative and in turn promotes the electrostatic interactions
between the positively charged PPN and the bilayer.100 More-
over, it was observed that the insertion ability of PPN into the
bilayer was identical between the negatively charged bilayers
and pure POPC SLBs. Indeed, as cylindrical lipids, with hydro-
phobic tails and hydrophilic heads of similar cross section PS
and PG are likely to form lamellar bilayers lacking curvature as
the size of polar head groups rather than the acyl chain deter-
mines the intrinsic shape of the lipid.84 Therefore, it is logical
that PS and PG do not affect the insertion of PPN into the bilayer
as they do not inuence membrane curvature.
7728 | RSC Adv., 2023, 13, 7719–7730
Conclusions

The work reported here demonstrates that PPN, because of its
structure and of the presence of charged heads, may interact
with lipid membranes to induce large-scale membrane remod-
eling, i.e., the formation of three-dimensional surface struc-
tures with high curvature followed by membrane disruption
and solubilization (Fig. 13). Moreover, the kinetic analysis
revealed that PPN has concentration-dependent binding
behaviour with lipid membranes. The interaction between PPN
and lipid membranes shows three consecutive steps, involving
the initial electrostatically adsorption onto the bilayer surface,
the consequent hydrophobic insertion of the drug, and the nal
membrane solubilization. The proles of the rst two steps t
well to a Langmuir isotherm, while the nal step is associated
with the detergent characteristic of PPN, i.e., unsaturable
interaction that induces membrane solubilization. Besides, the
affinity between PPN and lipid bilayer could be signicantly
modulated by incorporating other lipids into POPC SLBs,
indicating the dependence of membrane physical properties on
drug–membrane interactions.
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