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Abstract

This study provides insight into dynamic nanostruatahangesn phospholipid systems during
hydrolysis with phospholipase C, the fate of the hydrolysis products and the kaidijedysis. The
effect of lipid restructuring of the vesicle was investigated usinglsmgle X-ray scattering and
cryogenic scanning electron microscopy. The rate and extent of phospholipid hydrolygimnted
using NMR. Hydrolysis of two phospholipids, phosphatidylethanolamine and phosphatidylcholine,
results in the cleavage of the molecular headgroup, causing two strikinfgkedifchanges in lipid
self-assembly. The diacylglycerol product of phosphatidylcholine escapes thelagetr, whereas the
diacylglycerol product adopts a different configuration within theidli bilayer of the
phosphatidylethanolamine vesicles. These results are then discussed concerning the chmdge of |
configuration upon the lipid membrane and its potential implications @ which is of significant
importance for the detailed understanding of the fate of lipidic partigidsthe rational design of

enzyme-responsive lipid-based drug delivery systems.

Abbreviations
PLC - phospholipase C; sPCsoy phosphatidylcholine; eREegg phosphatidylethanolamine;

DAG - diacylglycerol; L, — lamellar phase; IH- inverse hexagonal phase.
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Introduction

In the search for better medical treatments, lipid-based drug delivegymsybive been used to
improve therapeutic outcomes. However, the in vivo fate of these materiald isaiéar. Lipid
hydrolysis is an important process for the absorption of nutrients andacsilghalling. There remains
considerable uncertainty about basic enzyme function and consequently, the mechanism of lipolysis as
well as the malfunction of lipases in disease states such as obesity, diabetatheavstlerosis.
Additionally, the solubility of some lipid soluble drugs and nutrients drmsncally linked to the fate
of the drug delivery formulation and drug distribution is dictated by ype bf colloidal phases
generated during digestion.

Nanostructured lipid particles can be designed, built and applied as vehiclenftirrsisponsive
drug delivery. By switching between the different self-assembled mesophases, the releasatrates
of each nanostructure can be utilisédddditionally, the formation of complex inverse nanostructures
is implicated in the promotion of membrane fusion. Thus, understanding the wépitlhafparticles
are processed in the body is key to their therapeutic application. The action of lipasdipid self-
assembly during intestinal digestion are important in directing the absorptiansaofiuble drugs and
nutrients. Lipolysis has been shown to modify the self-assembly of a rangéeoérdicommonly
encountered lipid colloids, where the extent and direction of the reaction is also eontingthe
presence of bile salts and BiFor instance, emulsions formed by medium chain triglycerides transition
to vesicles upon digestidnmonoolein based cubosomes transition from inverse cubic through a variety
of inverse nanostructures to dispersed oil droplets upon hydréflysigk emulsions (triglycerides)
transition to a variety of differently ordered nanostructérég.he selective lipolysis of lipids from the
interface of lipidic particles can also direct the phase transitidisyhere the products of hydrolysis

align themselves within the lipid bilayer according to their physicochemical propérties

Towards the development of enzyme-responsive lipid-based nanomaterials as drexy deliv
systems, this study seeks to understand the changes in nanostructure of phosphatid@¢)cdind
phosphatidylethanolamine (PE) based particles under the action of phospholipas€)C afPL
interfacialy active enzyme that was until recently viewed only as an instrument of lipidic degradation.
The role of PLC in physiology is well understoSd® however, it is the discovery of role of PLC in
disease stat&s'®that has renewed interest in the in vivo function of phospholipase C and pherted t
as a target for drug delivery.

Both PE and PC are extensively used in different ratios in the formulation of lipodauggal
delivery products, however the molecular mechanisms of their respectivenrthesfinal delivery to
the site of action is not completely understood. The site of PE and PC cléavégee types of
phospholipases are shown schematically in Fig. 1. Thus, in this study, lipolysimediator for

triggered drug release and vesicle fusion was investigated. As themlifdwospholipids play different
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roles both in lipid homeostasis, as well as drug delivery, it is importatidy the dynamic behaviour
of these formulations in order to understand both the contradictory events of unexpegteledse

and the enhancement of drug release by this mechanism.
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Fig. 1 — Representative molecular structures of the major components of soy phosphatidylcholine (sPC) and egg
phosphatidylethanolamine (ePE) utilised in this study. The coloured bars represent the location of molecular
cleavage catalysed by different phospholipases (PL): PLA2 (red), PLC (blue) and PLD (green). This study focuses
on the action of phospholipase C (PLC).

Experimental

Materials

Egg phosphatidylethanolamine (ePE) and soy phosphatidylcholine (sPC) Lipoid S100 were
obtained from Lipoid AG (Switzerland); compositions are detailed in Thbihospholipase C from
Bacillus cereus, dipotassium hydrogen phosphate and calcium chloride were puraras8dyfna
Aldrich. Dilinolein (dilinoleoylglycerol) was purchased from Nu-Chek Prep (MIM$A). Sodium
chloride and sodium dihydrogen phosphate were purchased from Merck. Pluronic F127, a hgdrophili
tri-block copolymer (PEGRPGPEG), was obtained from BASF SE (Germany).

Table 1 — Fatty acid composition of the phospholipid tails used in this study, as provided by Lipoid AG. Average
number of unsaturations were determined via 1D *H and**C NMR.

Fatty acid ePE sPC (%)
(%)
Palmitic C16 30-35 12-17
Stearic C18 10-15 2-5
Oleic C18:1 30-38 7-12
Linoleic C18:2 12-18 59-70
Linolenic C18:3 - 5-8
Unsaturations/molectite 1 4

a Average number of unsaturations per phospholipid molecule evaluated from the chemical composition and
confirmed by *H NMR.



Lipid dispersions

Phospholipids were weighed into round bottom flasks and dissolved in a
dichloromethane:methanol (2:1) mixture. Thin films of phospholipids were then fdyynesinoving
the solvent via rotary evaporation. For the dynamic studies, the lipid filnesfarened with either ePE
or sPC only (5% w/v). For the equilibrium studies, the lipid films vien@ed by incorporating a model
diacylglycerol, dilinolein, which is the major component from sPC hydrolysis, in defined maba: rat
The lipids were then hydrated in phosphate buffered saline (PBS) (5 wt% lipid, 5phodphate
buffer, pH 7.4) or in PBS containing Pluronic F127 (0.5 wt% F127, 5 wt% lipid, 50 mM phosphate
buffer, pH 7.4) to form vesicles. The coarse dispersions were further ggdd®g ultrasonication (10

min pulsed, 30% amplitude) in order to reduce and homogenise the particle size.

Small angle X-ray scattering (SAXS)

SAXS was used to investigate the aggregates formed in equilibrium nsxtxperiments were
performed using a Rigaku S-Max 3000 SAXS system (Japan) equipped with a coppamiarget
focus X-ray tube MicroMax-002(45 kV, 0.88 mA). The Nfiltered Cu Ko radiation (Acuk. = 1.5418
A) was collimated by a three pinhole collimator (0.4, 0.3 and 0.8 mm in diameter), atataheere
collected by a two dimensional argon-filled Triton-200 X-ray detector (Rigkpan; 20 cm diameter,
200 pm resolution). An effective scattering-vector range of 0.008 4 < 0.4 A'was investigated,
where q is the scattering wave-vector defined astg siné/1c. ko, With a scattering angle ob2For
all measurements, the samples were filled into a 1.5 mm internal diametercguéitry and sealed
with epoxy glue. Measurements were performed at 37 °C, where samples were equilibrated for 30 min

prior to measurements. The scattered intensity was collected over 2.5 h.

Timeresolved synchrotron SAXS: In vitro digestion experiments were conducted using a
thermostated glass digestion vessel at 37 °C, fitted with tubamatae flowthrough scattering analysis
to be conducted in real timM&To 7 mL of lipid dispersion in the glass vessel, 0.5 mL of a 1 mg-mL
phospholipase C solution in PBS was added using a remotely driven syringe pummhewtigesting
medium was pumped through a 1.5 mm quartz capillary flow cell at 10 mt.-using a peristaltic
pump. The quartz capillary was placed in the X-ray beam at the SAXS/WAXSlibeaat the
Australian Synchrotroff Scattering profiles were acquired for 5 s every 10 s at an energy of 10 keV
using a Pilatus 1 M detector (Dectris, Switzerland; active area 169 x 17ittna pixel size of 172
um) with a sample-to-detector distance of 1.6 m providiagj-range of 0.01 < q < 0.6 A where q is
the length of the scattering vector defined by 4 sin6/4, with A being the wavelength and 2he
scattering angle. The scattering images were integrated into the one-dmaéssattering function
I(q) using the in-house developed software package ScatterBrain. The g-a&ibggian was made

using silver behenate as the standard. The liquid crystalline space groups angdeadticetersa)
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were determined by the relative positions of the Bragg peaks in the scptienves, which correspond

to the reflections on planes defined by their (hkl) Miller indfdes.

As the quality of the diffraction data of these multi-component and multi-colloidamnsgsivas
limited by experimental constraints, both simple bilayer models (sPC sangdeskll as classical
Fourier synthesis (ePE samples), were utilised to estimate the bilayer thicknesduid ttaamkellar
phaseg?2 Briefly, after background subtraction, all diffraction peaks were fitt&t Lorentzian
distribution using Origin 2016, and finally, the resulting intensitigsyére Lorentz corrected in order
to obtain the form factor values or details see reference 22 and therein). The electron bilayer profiles
(EDP) were then determined by (F&)-1):

Ap(z) = BEI ay . Fy .cos(Zr0) (1)

Where h is the Miller indexyn are the phasesy Bre the form factors, and d denotes the d-spacing
of the lattice and & the distance in real space. sPC bilayers were estimated by the ‘two-peak method’
detailed in referenc& which utilises the experimental form factors,adhd R, and average material
parameter values from literature to estimate the head group at the postiof®tcomparison, a
modified Luzzati method* for determining bilayer dimensions was also considered, but the latter
results are only discussed in the Supplementary Information together with the results of the ‘two-peak

method’.

The structural parameters of the phase formed by ePE and ePE/F127 were estimated from
electron density maps calculated by standard Fourier synthesis according to rﬁ&'nce only the
first three orders were recorded throughout, i.e., the (10), (11) and (@}iosfs, the deduced mean
head-group position, {R(for definition, see Figure SI-2) is underestimated. Note, from such low
resolution electron density maps the true electron density positfazaR only be estimated following

the method of referenﬁ The following equations were applied:

Ri*=1.12 Ry 2
a=2R*+duw 3)
2Rv=2R*-11A (4)

Where a is the lattice parameter, iR experimental head group radiusy @ the shortest head to
head group distances (for definitions see Figure Sl-2)isRhe water core radius and 11 A is a

commonly applied estimation of the radial head group exteision.

Nuclear Magnetic Resonance (NMR)

To evaluate the composition of the products of phospholipid hydrolysiSH1&nd*C NMR
experiments, as well as DEPT and #B'H (COSY) andH-*C (HETCOR) NMR experiments were
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carried out on a Bruker Advance spectrometer (Bruker BioSpin GmbH, Rheinstaeienany),
operating at 400 MHZ¥) and 100 MHz¢C), and using BD or DMSO-d as solvents and as internal
standards. Example NMR spectra are presented in the ESI (Fig. SI-2).

The process of hydrolysis was quantifiedtHyNMR by following the apparition and evolution of
a peak (quintuplet) & = 5.08 ppm, which corresponds to a single H in C2 from the glycerine moiety,
upon hydrolysis of the phosphate ester between the phosphatidic acid and glycerpl hiet
integrated area was normalized taking into account the constant area corrgsgonthie peak
(multiplet) até = 0.87 ppm of the two terminal Glgroups in the fatty tails. Data were fitted to consider
an increase in particle size over time (Table SI-2) as per equation (5), Winefers to the extent of

reaction, t, time in minutes andtke rate of hydrolysis.

H(t) = Hmax lz=1Hl'(1 - e_kit) %)

Cryogenic scanning electron microscopy (cryoSEM)

Approx. 6 pL of the lipid dispersions (5% w/v, 7 mL) undergoing PLC catalygeblysis (0.5
mL of a 1 mg-mt) were loaded into aluminium half shells and then frozen under high pressure (2100
bar) with liquid nitrogen and within milliseconds using the Bal-Tec HPM10Ccf)ehigh-pressure
freezing system. Rapid freezing prevents the formation of ice crystals whetwise would have
affected the delicate nanostructure of the liquid-crystalline nanoparticles. egiméy the samples in
real time also arrests the action of the enzymes whilst avoiding tloé ersgyme inhibitors, which may
alter the ultrastructure of the particles. Using a freeze-fracture s{B#&F060, Baltec) the samples
were fractured with a diamond knife and coated with 6 nm of tungsten in the frageimsbrder to
prevent surface charging during imaging. A cryo-transfer device was then ussusimrt the frozen

material to a SEM instrument (Zeiss Leo 1530).

Results

The hydrolysis of the vesicles formed by the two phospholipids resultedlndifferent dynamic
phase behaviour driven by the reduction in headgroup size to form diglyceridedic&lbgcihe
diacylglyceride products (DAG1 and DAG4 from ePE and sPC, respectively; numbersortfer
average number of unsaturations in the lipidic tail as shown in Table 1) can infilnersedf-assembly
of the lipids at the interface due to their specific amphiphilic nature. Tingnalg transformation of
structure was followed by synchrotron SAXS and cryoSEM, and changes in compositiotovasd

by NMR. These results were then compared to equilibrium structural studies as determined by SAXS.

Structural changes resulting from PLC catalysed hydrolysis egg phosphatidyl-

ethanolamine (ePE)



The structural evolution caused by hydrolysis of dispersed ePE, both with a polgtabiiiser
(Pluronic F127) (ePE/F127) and without (ePE), were followed by time-resolved synchrot@ SA
(Fig. 2 and Fig. SI7). The phase transitions of ePE and ePE/F127 were very simat,l+ Hy —

H, — fluid isotropic— unstructured emulsion and/or aggregation. However, they differ in the timing
of the phase transitions and colloidal stability. It is noted that in the @bsétthe enzyme, there was

no change in the ePE dispersion over time, i.e., the fluid lamellar phese lconserved over the entire
observation period of half an hour (Fig. SI-4A). The phase transitions and timing of the PLC catalysed
hydrolysis are as follows:

ePE: Ly > Lo+ Hy (175 s}y Hy (350 s} 2 x H, (405 s)— unstructured emulsion (636 s). Even
with constant agitation, the flow of the sample became blocked due to aggrefttietipid particles
after 700 s. This is attributed to the loss of the charged moieties on theaB&dup that initially
provide electrostatic stability of the dispersion, but its loss then contributesdominating fusogenic
nature of DAG® The second Hphase is minor compared to the maingtiase; the dual phases are
highlighted in Fig. SI7. The presence of multiplepgthases may be an indication of particle aggregation

preventing full access of the enzyme to its substrate.

ePE/F127: l.— L, + micelles (147 s}» L, + Hy (386 s)}— Hy (828 s)— fluid isotropic (1610 s)
— unstructured emulsion (1653 s). As the dispersion containing the non-ionic surfactanbreas
colloidally stable during hydrolysis, it was further investigated using cryoSEM3JFiThe timing and
evolution of images are: (1) 30 s unilamellar vesicles, (2) 315 s multilaroeilaniike vesicles, (3)
611 s striations consistent with the inverse micellar rods;ofakl well as multilamellar vesicles, (4)

1800 s fluid isotropic phase, and (5) 3610 s unstructured emulsion.

Changes in the structural changes in bilayer and water spacings are sHegn2nright (for
derivations see Sl pages 1-3). Both the ePE and ePE/F127 formulations demonstrated aliabt ident
changes over time, albeit at different times. As the ePE dispersion was hydroklgg, iacrease in
L, bilayer thickness,gh, and reduction of Lwater layer thicknessygwas observed, attributed to both
the incorporation of a finite amount of DAG1 into the hydrophobic tail region andettuction of
bound water to the hydrolysed headgroups. The transition to,thph&te was accompanied by the
reduction of du by ~3.7 A and an increase in free water, as has been observed with an iimcrease
temperaturé® Note, the significant decrease imds expected due to the increase of chain splay in the

H, phase.
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Fig. 2 — Left: time resolved SAXS intensity profiles showing the evolution of structure of egg

phosphatidylethanolamine (ePE, top; panel A) and ePE dispersed in 0.5% Pluronic F127 (ePE/F127, bottom; panel
B) during hydrolysis with PLC. Note: To avoid the obscuration of diffraction patterns with lower intensities, frames
are plotted in inverse temporal order. Single SAXS intensity profiles highlighting key diffraction patterns during
hydrolysis can be found in Fig. SI-4. Right: changes of structural parameters over time: the phospholipid
headgroup-headgroup distance, dux, and water lamellae thickness, dw, of the La phase, and the shortest
headgroup-headgroup distance dwn and radius of the water channel, Rw, of the Hi phase are given (for definitions
see Sl Materials and Methods and Fig. SI-2).



Fig. 3 — Representative cryoSEM images at selected time points showing the structure of structure of egg
phosphatidylethanolamine dispersed in 0.5% F127 solution (ePE/F127) vesicles during PLC catalysed hydrolysis
(scale bar = 500 nm). Additional representative SEM images can be found in the Fig. SI-5.



Structural changes resulting from PLC-catalysed hydrolysis of soy
phosphatidylcholine (sPC)

PLC catalysed hydrolysis of sPC vesicles resulted in a decrease in inténikigfamellar peaks
without any significant change in lattice parameter of the lamellae ovesotivse of hydrolysis,
corresponding to a slight increase im aoupled to a slight decrease iw (€ig. 4, top) This is in
agreement with a previous study, however, a phase transition was not obserasdhgsothesised by
the authorg’ We attribute the slight changes in the lamellar structure to the incorpoddtihmited
amount of DAG4 into the lipid bilayer. The separation of an oil phase wasbkerved, which was
found to be reversible upon a large input of external energy; intense probe sonieatiatuired for
the insertion of DAG4 into the lipid bilayer and consequently the formafidhe H, phase (Fig. SI-
6). The hydrolysis of sSPC with phospholipases D (PLD) and phospholipases A2 @&#\gjogressed
without a change in nanostructure (Fig. SI-7); for brevity, this is further discussed in the Sl

The sPC/F127 dispersion was initially constituted of a mixture of vesiclesnaralles. PLC
catalysed hydrolysis resalf in a decrease in intensity of the lamellar peaks of the vesicles,
accompanied by a massive growth in intensity at low g-values, an indicationsefhestration of the
DAG4 into micellar structures that grow over time (Fig. 4, bottom). Iriegdg, opposite trends in
structural spacings were observed: a decreasg+raccompanied by an increase i, dvhich s
attributed to the movement of the hydrophobic products of digestion into the growing miceileg lead
to an overall increase in membrane fluidity. The hydrolysis of SPC/F127 wadoldtsved using
cryoSEM (Fig. 5). At each time point, phase behaviour analogous to time-resolv&igsXobserved:

(1) 10 s unilamellar vesicles; (2) 364 s small unilamellar vesicles andhtme separation and
coalescence; (3) 680 s multilamellar vesicles, phase separation and coelddder835 s coalescence
and the growth of oil droplets; and (5) 3630 s coalescence and the gfailtdroplets. Oil droplets
were differentiated from vesicles by the lack the lamellar structlmeifages at 680, 1935 and 3630
s were taken using both the in-lens and backscattered electron detectors to showasec8Dof the

aggregating particles.
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Fig. 4 —Left: time resolved SAXS intensity profiles showing the evolution of structure of soy phosphatidylcholine
vesicles (sPC, top; panel A) and sPC dispersed in 0.5% F127 solution (sPC/F127, bottom; panel B) during
hydrolysis with phospholipase. Right: membrane and water layer thicknesses over time. The phospholipid
headgroup-headgroup distance, dux, and water lamellae thickness, dw, of the L« phases were determined in both

cases by the ‘2-peak method’ as described in the Methods section, Sl pages 1-3 and references 2223,
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sPC/F127 10s

Fig. 5 — Representative cryoSEM images at selected time points showing the structure of soy phosphatidylcholine
dispersed in 0.5% F127 solution (sSPC/F127) vesicles during PLC catalysed hydrolysis (scale bar = 500 nm). At
time points 680, 1935 and 3630 s, images of the same sample position are shown using both the in-lens and

backscattered electron detectors in order to show the details of the surfaces in the depth of the image. A
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multilamellar vesicle is indicated with a red arrow. Additional representative SEM images can be found in the Fig.
SI-8.

Hydrolysis of ePE and sPC vesicles: quantification of hydrolysis products by NMR

Hydrolysis of the ePE vesicles occurs under two conditions and at two distest(Fig. 6 and
Table 2). The hydrolysis (H= 49%) occurs at a faster rate @=k0.38 min' and with a proportion of
the material (k= 51%) hydrolysed at a rate abd&times slower (k= 0.0068 mirt). Most of the
hydrolysis occurred at a faster rate, with a smaller proportion of the métgdialysed at a rate 50-
fold slower. This second slower rate is attributed to the diffusion aflifpom within the vesicle to the
lipid-water interface®-2°as this must occur before the lipids can be hydrolysed by PLC. A lag time that
has previously been observed in PLC catalysed hydrolysis of lipids was not olf8erved.

The ePE particles in the absence of a stabiliser undergo hydrolysis at a atevesrdrto a lower
extent (56% of hydrolysis) by approximately 15%. The hydrolysis reaction odcarfaster rate and
greater extent (k= 0.58 min‘ and H = 74%; k = 0.0017 mirt and H = 26% 71% of hydrolysis), in
the presence of the stabiliser. This reflects the stability of the ePE/F@atsions, which did not
aggregate upon hydrolysis.

The increased rate of hydrolysis of the ePE/F127 formulation did not coinitidanwincreased
rate of structural change when compared to the bare particles. Instead, nanakthanhges were
observed to occur more slowly. The presence of the stabiliser preveeteygregation of the
nanostructured lipidic particles and could be participating in the Eaidyanisation thereby stabilising
the system against a phase transition. The stabilised particles followrtbgbase transitions as the
bare particles, demonstrating that the steric hindrance provided by the surfaetanbtalter the way

the enzymes approach and hydrolyse the ePE at the interface.

Hydrolysis of sSPC/F127 occurs in two environments and at two distinct rate® &7 min' and
Hi = 35%; k = 0.0027 mirt and H = 65%, Fig. 6 and Table 2), in the same fashion as the ePE
formulations and with a hydrolysis yield of 38%. Note that the rate and exteydmlysis of the sPC
formulation without stabiliser could not be determined due to phase separation angueonse
inhomogeneity of the sample. The hydrolysis of SPC occurred mostly at the slteyevhigh relates
to the speed of translocation of the PC to the intefatelhe hydrolysis also did not proceed to the
same extent as the ePE formulations, which is attributed to the system being saturated adtitipr
In the ePE systems, the DAG1 product wasoved’ from the bulk by rearranging within the lipidic
bilayer, whereas the DAG4 in the sPC/F127 system appeared to escape the lipdiftitalarge

micellar structures.
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Fig. 6 — The extent of A. egg phosphatidylethanolamine hydrolysis with (ePE/F127) & without (ePE) stabiliser
(Pluronic F127), and B. soy phosphatidylcholine with stabiliser (sPC/F127) by PLC as determined by 'H NMR
analysis. The solid line represents the fit of the data with equation (5) in the SI.

Table 2: The reaction rate (k) and extent (H) of hydrolysis of ePE and sPC formulations with PLC as determined
by 'H NMR, where Hi and ki are attributed to hydrolysis occurring at the lipid-water interface, H2 and k2 to the
diffusion of the phospholipid to the lipid-water interface, and Hmax refers to the maximum amount of hydrolysis that

occurs.

Formulation Hi ki (min?) H» k2 (min?) H max
ePE 49% 0.38 51% 0.0068 56%
ePE/F127 74% 0.58 26% 0.0017 71%
sPC/F127 35% 0.47 65% 0.0027 38%

Equilibrium phase behaviour of phospholipid dispersions

The equilibrium phase behaviour of ePE/F127 and sPC/F127 was studied to understand the
potential of the systems to form non-equilibrium phases. At high temperatureS12PHitrinsically
formed inverse phasesthe inverse hexagonal phase, ldnd the bicontinuous cubic phase with the
space group Im3m (Fig. 7A and 7B) as previously obsef/€u the other hand, sPC/F127 did not
form inverse phases with an increase in temperature (Fig. 7C).

It has been previously shown that the incorporation of DAG into PC bilgyersotes the
formation of inverse phasés3***which was not observed in the time-resolved SAXS studies. The
deliberate incorporation of dilinale a model DAG which represents the majority product from the
hydrolysis of sPC, into sPC vesicles resulted in the formation of inverse pttasdsicontinuous cubic
phase with the space group Pn3m at 16 mol%, and them&se at 29 mol% (Fig. 7D). The presence

of DAG in the phospholipid bilayer favours negative bilayer curvaturehes telatively small
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headgroup allows them to position themselves deeper into the hydrophobic intiévédpitdyer, where
they modify the spacing between PC molecules that results in increaseculaolbrdering of the
surrounding PC molecules and consequent reduction in the lateral diffusion of leel&tiAlthough
the hydrolysis of the sPC progressed beyond 65 mol% in the dynamic studies, phasiersepasa
observed, but not a phase transition, suggesting that it is more energedicalisable for DAG4 to
phase separate than to reorganise within the sPC lipid bilayer.
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cubic phases V2 (grey) and for the Hy phase (green). The concentration of DAG (mol%) in sPC are indicated

(right).
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Discussion

In this study, the kinetics of PLC-catalysed lipid hydrolygiePE and sPC was observed, with a
focus upon the dynamic nanostructures formed by the reorganisation of the hydrolysis products within
the lipid bilayer. The presence of a non-ionic block copolymer surfactant, PllkdRi&; used to
stabilise the lipid-water interface of the vesicle, mildly accelertdtedate and increased the extent of
hydrolysis but did not prevent access of the enzyme to its substrate. Theggsudise behaviour
differed greatly. ePE formed inverse phases, where the presence of the surfactamsnhatiquid-
crystalline mesophases formed for a longer period. In comparison, sPC vesicles did notirchange
structure upon exposure to PLC, but the resulting DAG phase separates. Fuetpeesénce of the
stabiliser in the system results in the creation of micellar structurggtivabver time due to the phase
separation of the DAG and its subsequent incorporation into the micelles.

When both the ePE and sPC are hydrolysed, the removal of the phosphorylethanolamine or
phosphorylcholine from the headgroup reduces the polarity of the amphiphilesrtimisng the major
barrier to trans-bilayer movement and allowing for the rapid equilibrati@A& within (and out of)
the systen®-*°What is demonstrated in this study is how bilayers comprising of the two diffgpeist
of phospholipids respond to the stress induced by the production of DAG. Alone,D\@scous
liquid that is uncharged, extremely hydrophobic, and therefore immiscible with ang bighjant in
water. DAGs are normally minor lipid constituents in cells, but they @gydles in several biological
processes, including as a second messenger in cellular signal transtiutierinteraction of DAGs
with key phospholipids in lipid membranes potentially determines their biolofgital and will be

discussed in terms of lipid incompatibility and its effect on the membrane curvature.

It was observed that DAG deliberately incorporated into sPC lipidic bilayateiequilibrium
studies behave differently to dynamically produced DAG4 via PLC hydrolysis. The sgzamtion
of the DAG4 is a consequence of increased hydrophobicity upon removal of the headgrouparbarticul
given that the acyl chains are >10 carbons in length (TalbeItl)wvas initially thought that the
distribution of DAG during the digestion process could be anticipated by imsngcuilibrium phase
behaviour as a calibration as previously demonstrated with light sensitaesé phaseS.However,
this was not the case due to the nature of the phase transition at play in this Bgstetfamellar
vesicles to the Hphase. This is a phase transition that phospholipid bilayers generally try taavoid
energetically unfavourable changes must occur for the transformation to proaewdly, changes in
curvature, the formation of voids in the hydrophobic core and the expositionidfchipins to
interbilayer watef® *4The avoidance of the formation ofi ldhase has also been observed in bicontinuous
cubic nanostructure$# By preforming the lipid particles at equilibrium, these phenomena are avoided.

Moreover, the complexity of this biological systerthe interfacial nature of the enzyme and the effect
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of the other product of enzyme action, phosphorylcholine and phosphorylethanolamineheipon t

colloidal stability of the particle cannot be reproduced at equilibrium.

The evolution and phase separation of DAG in sPC bilayers did not reaybthiase transition to
inverse phases as demonstrated in equilibrium studies. Instead, DAG escapée flipid bilayer,
which is attributed to a mismatch in molecular shape and hydrophobicity, anideal Icapability to
form hydrogen bonds. It is not possible for tH group of the DAG4 molecule to form hydrogen
bonds with the RN(CEJz" moiety of the sSPC headgroup as trimethyl ammonium moieties cannot act as
a hydrogen bond donor group. This absence of hydrogen bonding interaction was confirmed by
molecular simulations (FigSI-9). This molecular behaviour allows for DAG to act as a mobile
messenger. Moreover, this effect may be exaggerated by the fluidity of tleécliacid chains of the
sPC#-48as compared to the palmitoyl/oleoyl chains of the ePE. The speed of lipganaovmay also
play a role in the reorganisation of the lipidic bilayer. The spontaneous translafgtiomspholipids
across the bilayer has been estimated to be extremely sldws@* a process that is influenced by
membrane fluidity as well as size of the lipid that is movinghe translocation of the smaller,
hydrophobic DAG molecules occurs much faster (§3*Swhere this mismatch in speed may add to
the propensity for phase separation. Thus, in the case of sPC, it is moralfta/dar the DAG to

escape from the bilayer as a DAG-rich second phase than to reorganis¢haithgnicle lipid bilayers.

In contrast, ePE bilayers incorporated the DAG produced by PLC hydrolysis intddHzlfiger,
resulting in the formation of negative curvature. This follows theiinsic ability to form inverse
phases. The production of DAG forces the partial dehydration of the headgroups amdas®imcthe
hydrophobic volumé’ The DAG1 is able to stay within the ePE bilayer, as@t¢ group of the DAG1
is able to establish hydrogen bonds with the donor Rijfdup on the PE headgroup, as confirmed by
molecular simulations (FigSI-10). The resulting phase transition from to H, results from the
dynamic equalisation between the free energy of hydrocarbon chain packing and the curvature energy,
a function of electrostatic interactions and hydratfof.In the absence of the surfactant, the vesicles
are able to fuse as there is no barrier to the formation of a haymiyed bridge between the

multilamellar vesicle$?

The most significant differences between the behaviour of PCs and PEs relate to tlwubehav
their headgroups at the interface. Reported and experimental differenceerbttterheadgroups of PE
and PC are shown in Table 2 and reported in Figs 2 and 4. PC bilayers have a largehiuilangss
(dwr) as well as separationydthan PE bilayers. Interestingly, the presence of the stabiliser in the sPC
bilayer seems to increasgndand reduce thewd This is attributed to a slight reduction of membrane
fluidity in the presence of a stabiliser, and hence leading to reduntundulation-caused repulsion
forces going hand in hand with a reduction in the interlamellar distanc&hd large headgroup area

of PCs prevents the formation of inverse phases, whereas the reduced headgroup area of the PE results
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in smaller @, and decreased mean square membrane fluctuations by factor of 2-4 (redetrranGaillé

parameter§>>®

Table 2 — Molecular dimensions from literature comparing features of the PC and PE headgroups.®-%”

PC PE
Headgroup diameter (A) 10 8
Headgroup size (& 344 246
Bulk water/lipid molecule 23 12

In the formulation of new drug delivery systems, it is important to keep in mind that staticmodel
cannot be solely relied upon to predict their fate in vivo. The human body is aezomathine in
which most biochemical reactions are constantly changing, including the ones involving thierdiges
of drugs and their delivery systems. Consequently, their kinetic states and areheomiodiynamic

equilibrium.

Conclusions

This study gives insights into the manipulation of lipidic membranes in resppes@dsure to
phospholipase C. The roles of phosphatidylcholines and phosphatidylethanolamines wijildn a
bilayer differ greatly. Bilayers formed by the two phospholipids respond to s «if hydrolysis in
two different ways. The mismatch of the DAG molecules and sPC causes the edbapprofiuced
DAG4 due to poor interaction with the remaining sPC molecules in the lipid bilapereas the
produced DAG1 molecules contributes to the creation of negative curvature in the eBPEdsilthey
remained in the bilayer due to hydrogen bonding. This contrasts with what was obseruéliaium
and has been observed in the literature, highlighting that dynamic self-asseripigiso€annot be
predicted by equilibrium models. As can be seen, the chemistry of the phospholipid headay®up p
an important role in the fate of the DAG. From a biophysics point of view, tniy Stupports the
consensus that the formation of lipid domains play essential roles in cedlspamise to stress. The
DAG produced from a PC rich domain is more likely to escape the lipid bilayer, whikeeBAG
produced in a PE rich domain is likely to be retained within the lipid bilagdrso influence lipid
packing through dehydration and expansion of the lipidic volume. This study linksotirenical
changes in PE and PC membranes that are required to effect cellular fusianeamediutar signalling;
phenomena that can be tuned to deliberately trigger phase transitions ipitytitpeid-crystalline

materials that mimic physiological responses to disease states.
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Towards understanding the in vivo fate of lipid-based drug delivery systems, this study looks at the structural
consequences of PLC catalysed hydrolysis of phospholipid bilayers. Structural transformations of vesicles are
determined by the movement of hydrophobic products which, in turn, are dependent on the ability of the headgroup
to form hydrogen bonds
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