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lity of hybrid siloxane-
phosphocholine (SiPC) liposomes as drug delivery
vehicles†

Mark B. Frampton, ‡a Andrea Blais,a Zachary Raczywolski,a Alan Castleb

and Paul M. Zelisko *a

Hybrid siloxane-phosphocholines (SiPCs) are a unique class of lipids that possess the capacity to

spontaneously form unilamellar vesicles (ULVs) that are �100 nm in diameter upon exposure to aqueous

media without the need for extrusion. These hybrid SiPCs do not negatively impact the growth of

a number of bacterial strains and were subsequently explored as candidates for the delivery of a model

compound, calcein. Liposomes that were formed spontaneously encapsulated larger quantities of

calcein than liposomes that were formed via extrusion (both SiPCs and commercially available lipids),

indicating that the extrusion process results in the loss of the material being entrapped and decreased

entrapment efficiency. Although the percentage of calcein released was virtually identical across

liposome samples (extruded and non-extruded), the greater entrapment efficiency of the spontaneously

formed liposomes ultimately results in a greater payload delivery.
Introduction

One of the ongoing avenues of research within the pharma-
ceutical industry is the design and development of effective
drug delivery systems.1 Many different modalities for the
delivery of bioactive compounds have been developed including
those based on polysaccharides,2 proteins,3,4 nanoparticles,5,6

and emulsions7–9 to name but a few. In principle, drug delivery
systems offer the capacity to enhance the efficacy of therapeutic
agents by increasing the physiological concentration of these
agents, as well as allowing therapeutic agents to be targeted to
specic subcellular locations. Ideally, a drug candidate would
be delivered for a desired amount of time, while minimizing
deleterious side effects to surrounding healthy tissues.10–12

Liposomes were rst approved as nanoscale vehicles for
clinical use in 1995 and are of particular interest in the area of
drug delivery technology.13–20 Liposomes have been shown to be
excellent candidates for the controlled release of therapeutic
agents, particularly in the ght against cancer, although they
are not without their drawbacks.21,22 The success of liposomes
as delivery systems can be traced to their amphipathic charac-
teristics which allows for the selective encapsulation of drugs
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with varying lipophilicities; hydrophobic drugs can be entrap-
ped within the fatty acid tails of the lipid bilayer while hydro-
philic drugs can be solubilized for encapsulation within the
hydrophilic inner core.17,23 Not only can therapeutics with
differing solubilities be encapsulated, but specic cells or
organs can be targeted to limit or reduce potential harmful side
effects caused by the distribution of the drug to non-targeted
tissues.24 Lipids with long chain (i.e., >10 carbon atoms in
their tails) tend to form multilamellar vesicles (MLVs) rather
than unilamellar vesicles (ULVs). Although MLVs can be used to
entrap and deliver various types of molecules, they tend to have
shorter circulation half-lives.25,26

There have a been number of reports in the literature
examining the addition of silicon-based compounds, most
notably silicones, to liposome structures.27–29 These silicon-
based compounds were not part of the lipids themselves but
were added to stabilize/protect the liposomal structures. In
1987 Thompson and co-workers reported the rst chlorosilane-
modied lipid followed nearly 25 years later by a trialkoxysilane-
modied lipid synthesized by Yasuhara et al.30,31 These silane
moieties were not added to the lipids to change the overall
properties of the lipids but were respectively added to facilitate
binding of the lipid to a solid support and incorporation of the
lipid into a sol–gel reaction.

It was not until 2017 that siloxane moieties were rst graed
onto lipid structures with the express purpose of modifying the
lipids' interfacial behaviour.32–34 Siloxane-phospholipids (SiPCs)
possessing identical lipid tail structures to biologically relevant
lipid species self-assemble in aqueous media to form low dis-
persity, unilamellar vesicles (ULVs) that are on average 120 nm
© 2021 The Author(s). Published by the Royal Society of Chemistry
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in diameter, unlike natural phosphocholines such as 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-
sn-3-glycerophosphocholine (DOPC), or 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), which typically form larger
(>200 nm) multilamellar liposomes. Hybrid SiPCs, possessing
a siloxane fatty acid tail in the sn-2 position and an aliphatic
fatty acid tail in the sn-1 position, self-assembled into ULVs or
multilamellar vesicles (MLVs) depending on the chain length of
the sn-1 fatty acid. Fatty acids with a C8 to C14 chain length
provided ULVs (Fig. 1).34 When palmitic acid (C16), or stearic
acid (C18) were incorporated at the sn-1 position, SAXS analysis
revealed the presence of MLVs as well as ULVs.34 Liposomes
derived from hybrid SiPCs generally do not exhibit any detect-
able thermotropic phase transitions between 5 �C and 60 �C.
The exception to this was the SiPC, which had stearic acid in the
sn-1 position and displayed a phase transition temperature at
17 �C. The absence of phase transitions suggests that SiPC
liposomes are comparable to liposomes composed of phos-
phocholines (PCs) such as POPC, DOPC with unsaturated fatty
acids, or the archaebacterial PC 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhyPC).35–38

The suitability of articial liposomes for drug delivery
purposes is largely dependent on the specic release kinetics of
Fig. 1 SiPCs and their capacities to spontaneously form ULVs or MLVs.3

© 2021 The Author(s). Published by the Royal Society of Chemistry
the bilayer. Transport across the bilayer is controlled by the
polarity of the encapsulant, as well as the permeability and
uidity of the liposomal bilayer, bilayer thickness, and the
number of bilayers through which the drug must migrate.39

Drug delivery systems typically rely on diffusion-controlled
processes that are dependent on the solubility of the drug and
the diffusion coefficient within the release medium.39

Calcein, a commonly employed uorophore used as a model
drug in release studies involving liposomal structures, is
a negatively charged, water soluble uorescent probe that self-
quenches at concentrations above 70 mM. Calcein has been
used in examining release kinetics from phosphocholine-
derived liposomes to characterize the effects of membrane
uidity, liposome size, the inuence of membrane lipids, and
peptide induced membrane destabilization.40,44

These SiPCs represent unique lipid structures that have the
capacity to spontaneously self-assemble into unilamellar
structures that are �100 nm in diameter by simple and
economic agitation. These lipids have the potential to overcome
some of the negative aspects of commercially available biolog-
ically relevant lipids when it comes to the delivery of bioactive
agents, namely the need for extrusion processes and the asso-
ciated loss of both lipid and bioactive material.
2,34

RSC Adv., 2021, 11, 13014–13023 | 13015
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In this study, we examined the release of calcein from lipo-
somes composed of hybrid siloxane-phosphocholines to ascer-
tain the suitability of siloxane-phosphocholines as components
in drug delivery systems; POPC, DPPC, and DPhPC were
included as commercially available comparators. The release of
calcein was carried out at pH 4.5, 7.5 and 10.5 to mimic the
different physiological environments within the human body.
Experimental
Materials

Calcein, Novozyme-435 (lipase B acrylic resin from Candida
antarctica ($5000 U g�1)), palmitic acid ($95% purity), 4-pen-
tenoic acid ($98% purity), Sepharose 4B, N,N0-dicyclohex-
ylcarbodiimide (DCC, 99% purity), 4-dimethylaminopyridine
(DMAP, 99% purity), platinum(0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane complex solution in xylenes (Karstedt's
catalyst), activated carbon, hexanes, ethyl acetate, Celite® 545,
and hydrochloric acid were acquired from Sigma-Aldrich
(Oakville, Ontario, Canada). 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phospcocholine (POPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), and 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhyPC) were acquired from Avanti Polar
Lipids Inc. (Alabaster, Alabama, USA). Glycerophosphocholine
(GPC) was acquired from Toronto Research Chemicals (Toronto,
Ontario, Canada). 1,1,3,3,3-Pentamethyldisiloxane was acquired
from Gelest, Inc. (Morristown, PA, USA). Chloroform-d (99.8%
deuterated) and methanol-d4 (MeOH-d4) were obtained from
Cambridge Isotope Laboratories, Inc. (Landover, MD, USA).
Triton® X-100 was obtained from Alfa Aesar (Ward Hill, MA, USA).
Tris-(hydroxymethyl)aminomethane (Tris) was supplied by ACP
Chemicals (Montréal, QC, Canada). Bacteria were maintained as
stock cultures on Difco Nutrient Agar (NA; Becton-Dickson). Test
samples were grown in Difco Nutrient Broth (NB). All materials
were used as received unless otherwise stated.
Table 1 Maximum emission wavelengths for calcein at experimentally
relevant pH values following excitation at 405 nm

pH lem

4.5 526
7.5 523
10.5 535
Synthesis of lipids

Hybrid SiPCs Cap-ValDS-PC 1, Cpc-ValDS-PC 2, Lau-ValDS-PC 3,
Myr-ValDS-PC 4, Pal-ValDS-PC 6, and Ste-ValDS-PC 7 were
synthesized as previously described.34 The general procedures
for the synthesis of lyso-PCs and hybrid SiPCs are included
below. More detailed syntheses and complete spectroscopic
characterization can be found in the ESI.†

Synthesis of lyso-PCs. A Teon ask was charged with a-
glycerophosphocholine and 20 equivalents of a chosen fatty
acid and melted together at 65 �C. N435 was added and stirred
for 5 min at 1000 mbar, aer which time the pressure was
reduced to 150 mbar for 72 h with stirring. The reaction was
quenched by cooling to room temperature and diluting with
10 mL of 9 : 1 CHCl3 : MeOH. The immobilized lipase beads
were removed by ltering the mixture through a medium
porosity, glass-fritted Büchner funnel. The solvents were
removed in vacuo to give viscous oils. The crude product was
puried by column chromatography using 400 mesh silica gel,
applied as a silica gel-chloroform slurry. Each column was
preconditioned with 10 mL of 9 : 1 CHCl3 : MeOH before
13016 | RSC Adv., 2021, 11, 13014–13023
loading the crude mixture and eluting with an isocratic elution
solvent of 65 : 25 : 4 CHCl3 : MeOH : H2O.

General synthesis of hybrid SiPCs. An oven-dried ask was
cooled under a nitrogen atmosphere and charged with 1-(4-
carboxybutyl)-1,1,3,3,3-pentamethyldisiloxane and dissolved
into 1 mL of CHCl3. To this solution were added 1.1 equivalents
of DCC and 5 mol% of DMAP and the mixture was stirred at
room temperature for 5min. A solution of each lyso-PC (2 eq.) in
2 mL of CHCl3 was added and the reaction mixture was stirred
for 24 h. A white precipitate was ltered from the reaction
mixture and the solvent was removed under reduced pressure.
The crude residue was puried by column chromatography
using 200–400 mesh silica gel (20 g) aer being suspended in
CHCl3. The column was preconditioned with 10 mL of 9 : 1
CHCl3 : MeOH and the eluted with 65 : 25 : 4 CHCl3-
: MeOH : H2O to give hybrid SiPCs as opaque gels. Detailed
synthetic information can be found in the ESI.†
Ultraviolet/visible (UV/vis) and uorescence spectroscopy

UV-vis spectra were recorded using a SpectroVis Plus
spectrometer/uorimeter. Wavelength (lmax) selection depended
on the nature of the sample (i.e., the pH of the buffer solution). The
wavelength of maximum absorbance (lmax) for calcein is typically
reported as 490 nm, however, the emission intensity has been
shown to vary with pH.39 Since we were interested in examining the
release of calcein at various pH values, the emission wavelengths
(lem) values were experimentally determined for calcein at pH 4.5,
7.5, and 10.5 (Table 1) and used as appropriate in the subsequent
experiments – for all pH values the samples were excited at
405 nm. Absorption and emission spectra were analyzed using the
Logger Pro v3.10.2 soware platform.
General method for liposome preparation

Commercially available phospholipids (100 mg) were dissolved
into 1.0 mL of chloroform, aliquoted into 10 mg portions in
glass ampules and dried under vacuum in a desiccator con-
taining Drierite® for 24 h to produce lipid thin lms. A similar
methodology was used to prepare thin lms of SiPCs – the
volume of chloroform was adjusted based on the available mass
of the particular SiPC. Ampules were heat-sealed and subse-
quently stored at �20 �C. Lipid lms were rehydrated with
0.7 mL of a 100 mM calcein solution (5 mL of the pH 7.5 Tris
buffer to which calcein was added) to make a 20 mM solution of
the lipid. The sample was then vortexed at 1500 rpm for 10 min
at room temperature to initiate liposome formation (non-
extruded liposomes). Samples of liposomes were additionally
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Naming convention for fatty acid tail components of SiPCs

Total carbon
number Trivial name

Three-letter
abbreviation

C1 Formic acid For
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extruded through a 100 nm Nanosizer MINI Sterile Extruder
(T&T Scientic Corporation, Knoxville, TN, USA) (extruded
liposomes). The extruder was conditioned with 10 mL of Tris
buffer (pH 7.5, 50 mM Tris, 100 mM NaCl). Extrusion was per-
formed with 31 passages through the membrane.
C2 Acetic acid Ace
C3 Propionic acid Pro
C4 Butyric acid But
C5 Valeric acid Val
C6 Caproic acid Cpr
C7 Enanthic acid Ena
C8 Caprylic acid Cap
C9 Pelargonic acid Pel
C10 Capric acid Cpc
C11 Hendecanoic acid Hen
C12 Lauric acid Lau
C13 Tridecylic acid Try
C14 Myristic acid Myr
C15 Pentadecylic acid Pen
C16 Palmitic acid Pal
C17 Margaric acid Mar
General method for liposome purication

Liposomes were isolated from free calcein using size exclusion
chromatography (SEC) on Sepaharose 4B. A slurry of Sepharose
4B was prepared applying 5 mL of Sepharose into a poly-
propylene column. The column was then conditioned with
10 mL of Tris buffer (pH 7.5, 50 mM Tris, 100 mMNaCl) prior to
loading the liposome suspension. The calcein-containing lipo-
somes were eluted with Tris buffer to remove unincorporated
calcein from liposomes. Unincorporated calcein eluted from
the column rst, as evidenced by a bright green coloured
solution, followed by calcein-containing liposomes, deep red in
colour.
C18 Stearic acid Ste
Dynamic light scattering (DLS)

Siloxane phosphocholines were diluted to a concentration of
approximately 30 mg mL�1 in an ultrapure H2O suspension and
vortexed for 15 minutes. The DLS (Protein Solutions Dyna Pro
Light Scattering System and Temperature Controlled Micro-
sampler) was calibrated using silver nanoparticles in a 70%
solution of ethanol from Cytodiagnostics that are 100 nm in
diameter with a concentration of 0.02 mg mL�1 and have
a refractive index of 0.135. All siloxane phosphocholine
measurements were obtained using a quartz cuvette with a 1 cm
pathlength. The refractive index was set to 0.16 and the radius
was calculated using a globular protein model.
Liposome release studies

The liposomes formulated with calcein were analyzed for cal-
cein release immediately aer SEC. Liposome suspensions (30
mL) were combined with 3 mL of Tris buffer (50 mM Tris,
100 mM NaCl) at three different pH values (pH 4.5, 7.5, and
10.5) in 5 mL polystyrene uorescence cuvettes (Spectrecology,
Dunedin, FL, USA) using a SpectroVis Plus Fluorimeter with an
excitation wavelength of 405 nmwith the appropriate maximum
emission wavelength for the pH value (Table 2) being recorded.
The release prole was then calculated using eqn (1):

RF% ¼ 100

�
It � I0

Imax � I0

�
(1)

where I0, It and Imax are the uorescence intensities of calcein at
time 0, time t, and aer the application of 1.3 mL of 3% Triton
X-100. The actual Imax intensity was corrected using the dilution
factor of each cuvette aer Triton X-100 application. The Imax

values were utilized to calculate the total concentration of cal-
cein within each sample.
Fig. 2 The foundational components for hybrid SiPC nomenclature.
SiPC lipid stability

The lipid (POPC or Myr-ValDS-PC, 10 mg) was added to 1 mL of
buffer (pH 4.5, 7.5, or 10.5). Once suspended the lipid was
© 2021 The Author(s). Published by the Royal Society of Chemistry
extruded 31 times and allowed to sit at room temperature for
24 h aer which time the buffer was removed in vacuo.
Following removal of the buffer the lipid was suspended in
either CDCl3 (POPC) or MeOD-d4 (Myr-ValDS-PC) and the cor-
responding 1H NMR spectra were acquired and compared with
the virgin lipids.
General methods for microbial toxicity studies

Bacteria were grown overnight in NB in a shaking water bath at
28 �C. Hybrid siloxane-phosphocholine lipids (50 mg mL�1, 25
mg mL�1, 12.5 mg mL�1, 6.25 mg mL�1, 3.125 mg mL�1, and 0 mg
mL�1) were added to microtitre plate wells containing sufficient
bacteria (Erwinia amylovora, Pantoea agglomerans, Bacillus sub-
tilus, Streptococcus saprophyticus) in NB to give an optical density
(OD595) of approximately 0.1 (between 5� 106 and 1� 107 cells
per mL depending upon the species). Each test was repeated
eight times. Test plates were incubated at 28 �C with gentle
agitation to prevent cell settling. The optical density of bacterial
samples was measured at 595 nm in an iMark Microplate
Absorbance Reader (Bio-Rad, Mississauga ON) at 0, 2, 4, 6, and
24 h.
RSC Adv., 2021, 11, 13014–13023 | 13017
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Results and discussion
Siloxane-containing lipid structures

We have been studying siloxane phosphocholines which feature
at least one fatty acid tail that has been modied to contain
a pentamethyldisiloxane moiety. We previously reported the
synthesis of double tailed siloxane-phosphocholines which
featured the enzymatic esterication of siloxane-containing
carboxylic acids with glycerol, to generate 1,2- and 1,3-
substituted diacylglycerides, which was followed by installation
of the phosphocholine head group.31 Both 1,2-SiPC and 1,3-SiPC
were found to self-assemble into ULVs with low size dispersity.30

Employing a lipase-mediated esterication to produce lyso-PCs
(C8 to C18) substituted in the sn-1 position, we then installed the
second fatty acid into the sn-2 position using a modication of
the Steglich esterication to provide access to a library of SiPCs
(Fig. 1).

To aid in the identication of these unique species,
a nomenclature system based on a general A–BC–D system
(Fig. 2) was developed where “A” represents the trivial name of
the carboxylic acid in the sn-1 position, “B” represents the trivial
name for the carboxylic acid portion at the sn-2 position, “C”
represents the silicon-containing portion at the sn-2 position,
and “D” represents the head group at the sn-3 position.

The conventional two-letter abbreviation (e.g., PC, PE, PG,
etc.) for the phosphate head groups of biologically relevant
phospholipids is employed for “D”. The silicon-containing
portion of the lipid is abbreviated “XS”, where “X” represents
the rst letter of the quantier (i.e., di-, tri-, etc.) indicating the
extent of the siloxane unit, “S”. The trivial name for the
carboxylic acid moieties is abbreviated as outlined in Table 2.

We synthesized six hybrid SiPCs (Fig. 1) to examine the
release of calcein from 100 nm extruded vesicles and non-
extruded liposomes at three different pH values (4.5, 7.5, and
Fig. 3 Commercially available lipids used as comparators for the
calcein entrapment and release experiments.

13018 | RSC Adv., 2021, 11, 13014–13023
10.5). POPC, DPPC, and DPhPC (Fig. 3), three commercially
available phospholipids that have been utilized in release
studies and to mimic biological membranes, were included for
comparison.45–53 It was of particular interest to include DPhPC
in this study given the similarities that had been observed
between this lipid and siloxane-containing lipids.31
Bacterial toxicity

Four bacterial species (Erwinia amylovora, Pantoea agglomerans,
Bacillus subtilis, Streptococcus saprophyticus) were used to
examine the microbial toxicity of the hybrid siloxane-
Fig. 4 Growth of bacterial cultures on hybrid SiPC lipids. OD595
readings of time 0 and time 24 h cultures grown in 50 mg mL�1 lipid.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 DLS determined diameters of liposomes based on hybrid
siloxane lipids

Lipid Diameter (nm) %Polydispersity

Cap-ValDS-PC 97.1 0.1
Cpc-ValDS-PC 168.3 0.1
Lau-ValDS-PC 364.3 11.8
Myr-ValDS-PC 106.3 0.1
Pal-ValDS-PC 94.7 0.1
Ste-ValDS-PC 99.6 0.1

Table 4 The amount of calcein entrapped in and released from liposom

Liposome pH
Avg. calcein
entrapped (mg mL

Cap-ValDS-PC (non-extruded) 4.5 0.029
7.5

10.5
Cap-ValDS-PC (extruded) 4.5 0.009

7.5
10.5

Cpc-ValDS-PC (non-extruded) 4.5 0.029
7.5

10.5
Cpc-ValDS-PC (extruded) 4.5 0.011

7.5
10.5

Lau-ValDS-PC (non-extruded) 4.5 0.026
7.5

10.5
Lau-ValDS-PC (extruded) 4.5 0.009

7.5
10.5

Myr-ValDS-PC (non-extruded) 4.5 0.032
7.5

10.5
Myr-ValDS-PC (extruded) 4.5 0.017

7.5
10.5

Pal-ValDS-PC (non-extruded) 4.5 0.037
7.5

10.5
Pal-ValDS-PC (non-extruded) 4.5 0.013

7.5
10.5

Ste-ValDS-PC (non-extruded) 4.5 0.022
7.5

10.5
Ste-ValDS-PC (extruded) 4.5 0.012

7.5
10.5

POPC (extruded) 4.5 0.013
7.5

10.5
DPPC (extruded) 4.5 0.016

7.5
10.5

DPhPC (extruded) 4.5 0.011
7.5

10.5

© 2021 The Author(s). Published by the Royal Society of Chemistry
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phosphocholine molecules at concentrations of 50.00 mg mL�1,
25.00 mg mL�1, 12.50 mg mL�1, 6.250 mg mL�1, and 3.125 mg
mL�1. Toxicity trials were replicated eight-fold and some of the
average values are reported in Fig. 4 for example. All of the species
tolerated all of the hybrid siloxane-phosphocholine compounds
indicating that, for these bacteria at the very least, the lipid
compounds were not antimicrobial. At this point it is not clear
whether the lipids are being incorporated into the membrane
structure or if the lipids are simply being used as a nutrient source
by the bacteria. The tolerance of bacteria for the lipids suggested
that liposomes based on the hybrid siloxane-phosphocholine
molecules have the potential to behave as drug delivery vehicles.
es at various pH values

�1)
Avg. calcein released aer
6.5 h (%)

Avg. calcein released
aer 6.5 h (mg mL�1)

58 0.017
48 0.014
66 0.019
74 0.007
93 0.009
63 0.006
45 0.019
66 0.019
69 0.020
78 0.008
93 0.010
73 0.008
62 0.016
64 0.016
71 0.018
81 0.007
97 0.008
70 0.006
68 0.022
64 0.20
68 0.022
72 0.012
78 0.014
63 0.011
62 0.023
59 0.022
60 0.022
68 0.009
87 0.012
60 0.008
56 0.012
56 0.012
58 0.013
74 0.009
93 0.011
63 0.007
70 0.009
77 0.010
51 0.006
64 0.010
75 0.012
49 0.008
65 0.007
86 0.009
58 0.006
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Dynamic light scattering

Symmetrical, double-tailed SiPCs have been shown to sponta-
neously self-assemble into ULVs of approximately 120–200 nm
diameters upon hydration with ultra-pure water.32 Furthermore,
we have shown that these hybrid SiPCs also self-assemble into
ULVs.34 The sizes of vesicles formed from hybrid SiPCs were
analyzed by DLS and the results are summarized in Table 3.
Hybrid SiPCs were found to self-assemble into vesicles of
�100 nm in diameter, with the exception of Cpc-ValDSPC (2),
which was determined to be 168 nm in diameter and Lau-
ValDSPC (3), which had a diameter of 364 nm.
Calcein entrapment/release studies

The tendency of calcein to self-quench at concentrations over
70 mM makes it a convenient compound for probing the release
capacity of liposomal systems.39–43 When entrapped within the
liposomes the calcein should produce little to no uorescence.
However, upon exiting the liposomes the calcein will becomemore
dilute and will uoresce.38–41 The increase in uorescence intensity
serves as an indicator for the rate of release from the liposomes.

We have previously reported that Cap-ValDS-PC 1, Cpc-
ValDS-PC 2, Lau-ValDS-PC 3, and Myr-ValDS-PC 4 spontane-
ously form ULVs when dispersed in aqueousmedia and it was of
interest to examine the release of calcein from both extruded
and non-extruded liposomal systems. Since the benchmark
lipids (POPC, DPPC, and DPhPC) are known to spontaneously
form MLVs,32,54 these lipids were all extruded to form ULVs.
Fig. 5 Calcein entrapment efficiency in the liposomal systems using a p

13020 | RSC Adv., 2021, 11, 13014–13023
Calcein release proles were very similar in overall appear-
ance across the lipids that were studied (see ESI†), with the vast
majority of the liposomes displaying a burst release period
followed by a plateau or slower release rate; linear release
proles were typically observed over the rst 60–90 min. In
these liposomal systems, the release of calcein is best described
by the migration of the molecule through the lipid bilayer
into the surrounding medium. The movement of calcein
across the bilayer does not require the input of energy and
relies on the concentration gradient across the lipid
membrane.39 Previous work has suggested that calcein
migrates through the hydrocarbons portion of the lipid
bilayer rather than through pores found in the lipid
membrane.42 The observed differences in the rate of release,
monitored as an increase in uorescence can be attributed to
the overall ionization state of calcein, the differences in the
physical characteristics of the lipid bilayer, the area per lipid,
and the electrochemical gradient across the lipid
membrane.38 Unsaturated lipids generally possess a larger
mean molecular area compared to saturated lipids of the
same chain length, and tend to release more of their
entrapped cargo.39 SiPCs more closely resemble unsaturated
lipids, than saturated lipids, architecturally, and typically
have larger molecular volumes than either saturated or
unsaturated lipids of comparable chain length.32,34

Not only was it of interest to examine the release proles of
the various liposomal systems, but it was also of interest to
H 7.5 buffer.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 31P NMR spectra of virgin POPC (purple), POPC exposed to pH
4.5 buffer (green), pH 7.5 buffer (red), and pH 10.5 buffer (blue).
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correlate these release proles with the amount of material that
was actually released from the liposomes (Table 4). For all of the
hybrid SiPC liposomal systems, save for those based on Myr-
ValDS-PC, the non-extruded liposomes entrapped a greater
amount of calcein than the extruded liposomes (Fig. 5 and
Table 4).

In all instances the SiPC liposomes that had been extruded
released a greater percentage of their cargo than the non-
extruded liposomes (Table 4). Extruded vesicles tend to be
smaller than unextruded vesicles, leading to decreased
packing between lipid molecules. Shimanouchi et al. sug-
gested that liposome size contributes to the permeability of
a lipid bilayer.42

In spite of the propensity for Pal-ValDS-PC 6 and Ste-ValDS-
PC 7 to spontaneously form MLVs (i.e., larger vesicles) in
addition to ULVs. Presumably the majority of the entrapped
calcein in these liposomes is found in the central aqueous core
of the MLVs and the overall release of calcein would be retarded
by the increasing number of lipid bilayers standing between the
calcein and the external aqueous environment. In some
instances, the number of bilayers present is larger owing to
smaller vesicles nested inside of larger vesicles, potentially even
aer extrusion.55

However, in spite of releasing a lower percentage of the
entrapped calcein, the non-extruded liposomes, in all cases,
both entrapped and subsequently released a greater overall
amount of calcein than the liposomes that had not been
subjected to extrusion (Table 4). This suggests that calcein is
lost during the extrusion process and is therefore not incor-
porated into the liposomes. Extrusion of liposomes through
a 100 nm lter reduces not only the size of the resulting
liposomes, but as a result, the packing of the lipid molecules
is reduced. Reduced lipid packing would account for the
higher percentage of calcein that was released for the
extruded liposomes.39
Degradation of the lipid membrane

The effect of pH on the calcein release was examined.
Previous work had shown that in the simulated gastric and
duodenal digestion of POPC, lowered pH values resulted in
a rapid release of calcein.39 The physical integrity of the
liposome remained the same over the two-hour experimental
time frame. Upon the addition of bile salts and increasing the
Fig. 6 1H NMR spectra of virgin POPC (purple), POPC exposed to pH
4.5 buffer (green), pH 7.5 buffer (red), and pH 10.5 buffer (blue).
Samples possess some entrained water.

© 2021 The Author(s). Published by the Royal Society of Chemistry
pH to 6.5 to mimic duodenal digestion, liposome disruption
and the subsequent burst release of calcein was observed.
Contrasting these results, we have found that extruded
hybrid SiPC liposomes, as well as extruded liposomes of
POPC, DPPC, and DPhyPC, released a lower percentage of
their calcein at pH 4.5 and 10.5 than at 7.5, suggesting that
there is no liposomal degradation at these pH values (see
ESI†). Non-extruded liposomes did not generally indicate
such differences across pH values.

In an effort to gain insights into the release mechanism(s)
from the SiPC liposomes, the structural stability of the lipids
in acid media were determined; POPC and Myr-ValDS-PC
were utilized as models for the commercially available
lipids and for the hybrid SiPCs explored in this paper,
respectively. The lipid was exposed to buffer (pH 4.5, 7.5, or
10.5) for a period of 24 h. Aer this time the buffer was
removed via freeze drying to yield the isolated lipid species.
1H and 31P NMR analysis of the isolated lipid material
(without any purication) produced virtually identical
spectra to the pure, virgin, lipid compounds (Fig. 6–9);
residual water can be observed in the 1H NMR spectra of both
lipids. This data indicated that there was no signicant
degradation of the lipid structures upon exposure to the
buffers used as the release media in these experiments. This
lack of observable degradation supports the assertion that
lipid degradation does not play a role in calcein being
released from liposomes and that release of the entrapped
material occurred via simple diffusion through the
membrane.
Fig. 8 1H NMR spectra of virgin Myr-ValDSPC (purple), Myr-ValDSPC
exposed to pH 4.5 buffer (green), pH 7.5 buffer (red), and pH 10.5
buffer (blue). Samples possess some entrained water.
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Fig. 9 31P NMR spectra for virgin Myr-ValDSPC (purple), Myr-ValDSPC
exposed to pH 4.5 buffer (green), pH 7.5 buffer (red), and pH 10.5
buffer (blue).
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Conclusions

Hybrid siloxane-phosphocholine liposome structures did not
inhibit the growth of Erwinia amylovora, Pantoea agglomerans,
Bacilis subtilis, or Streptococcus saprophyticus. A model
compound, calcein, was efficiently entrapped within both
extruded and non-extruded liposomes based on hybrid SiPC
systems, even in comparison with the control systems. Not
surprisingly, the non-extruded liposomes ultimately possessed
greater entrapment efficiency than their extruded counterparts,
presumably because material was lost on the membrane and in
the syringes during the extrusion process. Both the extruded
and non-extruded hybrid SiPC liposomes demonstrated
moderate to high (>60%) absolute releases of their entrapped
cargo; for many of the hybrid SiPC systems this release rate was
somewhat greater than the release observed for the model,
extruded, biologically relevant, liposomes based on POPC,
DPPC, and DPhyPC. Given the propensity for the majority of the
hybrid SiPC compounds to spontaneously form ULVs that are
�100 nm in diameter, these compounds represent a useful tool
for not only delivering biologically active compounds, but also
for the efficient entrapment of said compounds when compared
to commercially available biologically relevant lipids currently
being explored for the delivery of active compounds.
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