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1. Abstract

The overall aim of this 5-year project was to develop autonomic, biosensor materials. Achieving
this goal required a significant level of innovation and invention on several fronts.

Hybrid-lipid synthesis and characterization. Our work involved the synthesis of a large series of
membrane-forming materials inspired from natural Archaea lipids. The unusual structural
features of the lipids found in these extremophile organisms help reduce membrane
permeability under harsh conditions. We explored methods to combine strategies from both
Archaea and Eukaryota to generate hybrid lipid structures to further increase membrane
robustness and reduce membrane leakage compared to our previous generation of lipids. We
found that these hybrid lipids have superior capability to encapsulate and retain small ions and
small molecules compared to commercially available lipid materials. We have also begun to
explore the capability to incorporate functional biomolecules into our synthetic membranes and
have begun to explore the capability to deliver molecules to cells with or without the presence of
an external stimulus.

Chemical modification and characterization of pore-forming peptides. In keeping with our
interest in developing ion channels for sensing and signal amplification, we investigated the
electrophysiological characteristics of the large, stable pores formed by the natural peptide
ceratotoxin A and the synthetic peptide known as MelP5, which we compared to its source
compound, melittin, a component of bee venom. We used planar lipid bilayer recordings to
examine the activity of these compounds on the single-pore level. We plan to use modified
CtxA for targeted cell killing.

Archaea-liposome permeability studies using tethered liposome platform. We have implemented
a platform to tether liposomes to a glass surface and interrogate their internal pH using
fluorescence microscopy. Here we adapt our proton permeability assay to the tethered
liposome platform and show plans to perform temperature-dependent proton permeability
studies on synthetic archaea-inspired lipid membranes.

Hydrogel-based origami-enabled reverse-electrodialytic battery systems based on the electric
organ of Electrophorus Electricus. We sought to develop a means of simultaneously assembling
series of tetrameric hydrogel reverse-electrodialytic battery systems in a geometry that
minimized electrical resistance. The lowest-resistance geometry for such a system is a stack of
thin films, so we investigated the use of folding substrates with a Miura-ori pattern as a means
of simultaneously and scalably stacking thin hydrogel films in a sequence. We were able to use
printing to pattern the gel components of a battery onto substrates with pre-perforated 45-
degree Miura-ori fold lines to develop a system with robust self-registration. We used an 80-
degree fold with through-substrate ionic conduction to assemble uninterrupted stacks of thin
films, improving the power output of the battery by a factor of 40 compared to lateral conduction.
Reducing the thickness of the films resulted in improved power output; the thinnest films
supportable on a Miura-ori substrate had a power density of 30 mW m™ per cell. Finally, we
demonstrate a “contact-lens” morphology: a thin gel trilayer which is soft, transparent, and
generates an open-circuit voltage of 80 mV.
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Biophysical characterization of our cholesterol-hybrid lipid. Our previous year’s report
presented results for a new lipid (GcGTPC-CH), a tetraether lipid with covalently linked
cholesterol molecules. We have now completed molecular simulations of GecGTPC-CH
membranes and they reveal a number of unique biophysical properties, including a high lateral
isothermal compressibility, very slow rate of self-diffusion, and a hydrophobic core that is nearly
inaccessible to water molecules. These unique properties are linked to the low permeability of
these membranes, but the exact relationship is still a subject of ongoing work.

Droplet-Interface Bilayers for Autonomic Sensing of Biomarkers: We have considered droplet-
interface bilayers (DIBs) as a platform to achieve the original aims of the grant proposal: to use
engineered ion channels to autonomically sense biomarkers and other molecules within
samples. We have established a set of conditions for the formation of stable DIBs in well plates
and developed a system that visually reports the gramicidin-mediated equilibration of a pre-
established pH gradient across these bilayers using a pH-sensitive dye. We will soon begin
attempting to detect small molecules using established switchable ion channels in our DIB
setup.
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2. Objectives for the full funding period

The overall goal for the entire funding period of this project is to design bio-inspired,
autonomic, efficient and robust sensor materials that will work in resource-poor environments
and do not require an external power source. Design goals of these sensor materials are:
autonomous operation (inspired by phototrophic, chemotrophic, and lithotrophic organisms),
strong amplification (inspired by electric eels), simple and modular design (basic components
inspired by living organisms), built-in redundancy (both with regard to sensing and readout), and
versatility (can be adapted for a wide range of antigens).

Below is the timeline provided in the initial proposal. Several of the objectives were completed
ahead of schedule and this allowed us to expand the scope of parts of our research.

[2012] 2013 2016
Qa1

4.2.A Synthesis of Robust Lipids

4.2.B Formation of Capsules

4.2.C Synthesis of lon Channel-based Sensors
4.2,0 Characterization of Sensors in Phopholipids
4.2.E Characterization of Sensors in Novel Capsules
4.2.F Integration on Disposible Test Strips

4.2.G Fabrication of Electrodes

4.2.H Integration on Miniature Electrodes

4.2.1 Integration into Autonomous Materials

DISTRIBUTION A: Distribution approved for public release.



3. Design and synthesis of Archaea-inspired lipids for the development of leak-
proof capsules

Tetraether lipids, unique membrane lipids of several archaea species, are characterized by a
number of features that make them interesting candidates for preparing stable and leak-proof
capsules. Compare to bilayer forming lipids, tetraether lipids span the entire membrane
structure (Figure 1). The resulting monolayer membrane is more stable and less leaky for small
molecules than a common bilayer membrane.' Furthermore, tetraether lipids contain ether
bonds (instead of ester bonds) rendering them less prone to hydrolytic attacks.2 A particularly
attractive point concerns the increasing proportion of cyclopentane rings in thermoacidophilic
lipids with increasing environmental temperature.'® The presence of cyclopentane rings
presumably can be used to fine-tune the rigidity of the membrane in direct response to the
growth temperature of the organisms. The role of the cyclopentane residues in membrane
properties was previously modeled in silico by Chong et al., predicting that increasing the
number of rings significantly changes the packing arrangement of lipids leading to improved
maintenance of proton gradients between extracellular and intracellular compartments over a
wide range of growth temperatures.* It has also been revealed that Archaea have adjusted their
membrane lipids to cope with cold conditions in the ocean by the formation of an internal
cyclohexane ring mixed with four cyclopentane rings (Figure 1).°
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For the design of robust membranes with low permeability for ions or small molecules, our main
objective was to understand the effects of Archaea-inspired lipid structures on membrane
thermal stability and permeability. Thus, we designed and synthesized series of synthetic
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tetraether lipids incorporating different hydrophobic cores (length, type and number of rings) and
head groups.

3.1. Effects of tethering of lipid tails on membrane leakage at elevated temperatures

One interesting feature of membranes from thermophilic archaea is their increased fraction of
tethered lipids—that is, fully membrane spanning lipids containing two polar head groups with
covalently linked lipid tails—as a function of increasing temperature (Figure 1).° This adaptation
has led to speculation that molecular tethering of lipids plays a role in regulating flexibility and
fluidity of archaea membranes at elevated temperatures However, due to the complexity of
mixtures from natural lipids present in membrane extracts and the lack of available synthetic
tethered lipids, there are few reported studies that examine the effect of lipid tethering on
membrane function at elevated temperatures. For instance, previous studies show that tethering
of synthetic lipids decreases membrane leakage of small molecules and ions at high
temperatures compared to untethered lipids.” Most of these reports, however, examine leakage
from lipid mixtures or do not report information on lipid characteristics (such as phase transition
temperatures, distribution of size of liposomes, or lamellarity), making it difficult to provide an
evidence-based mechanistic understanding of the relationship between the structure of tethered
lipids and membrane leakage profiles at different temperatures. We obtained results from the
temperature-dependent liposome leakage experiments of three synthetic lipids (Figure 2a)
together with molecular dynamics simulations to provide insight into the effect of tethering on
membrane leakage at temperatures ranging from 22-70 °C.
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Figure 2. Chemical structures of lipids (a) and kinetic release of encapsulated carboxyfluorescein (CF)
leakage from liposomes (b-d). Temperature dependent CF-release profile from liposomes prepared from
T32 (b), T36 (c) and U16 (d).
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Fig. 2b-d shows the efflux of CF from small liposomes comprised of each of the 3 pure lipids as
a function of temperature. While liposomes from all 3 lipids exhibited increasing rates of CF
leakage as a function of increasing temperature, liposomes comprised of T32 and T36 showed
a reduced dependence of temperature on leakage compared to U16. The only difference
between any of these leakage experiments was the structure of the lipids, demonstrating that
the presence of the tether in the lipid influences the temperature dependence of CF leakage.
The experimental data and MD simulations showed that lipid tethering significantly increases
the entropic barrier for permeation, which is a result of increased ordering of lipid tails and
increased packing of the lipids in tethered versus untethered lipid membranes. While MD
simulations did not support a correlation between lipid tail tethering and membrane flexibility (as
estimated by bending stiffness) as proposed by others, both experimental results from FRAP
experiments and from MD simulations of long range diffusion of lipid membranes support a
significant effect of lipid tethering on fluidity of the membrane.

This study reveals a fundamental design principle for maintaining membrane integrity at
elevated temperatures. Namely, in order to render membranes resistant to leakage at elevated
temperatures, it is important for the energetic barrier for molecular leakage to be strongly
dependent on entropy of activation. Tethering is one strategy towards achieving this goal. A
manuscript regarding this work is currently in preparation.

3.2. Effects of tethering of lipid tails on membrane leakage at room temperature

As the extremophiles that express tethered lipids often live in acidic environments, it has
commonly been hypothesized that tethered lipids slow passive proton permeation in these
microbes, allowing them to maintain a near-neutral internal pH using active proton efflux
mechanisms."? In order to tease out relationships between lipid structure and proton/hydroxide
permeability, we adapted a ratiometric fluorescence-based assay previously reported by Paula
and coworkers to monitor the equilibration of pH gradients across homogeneous liposome
membranes.® We tested lipids from Figure 2a as well as the commercially-available lipids
shown in Figure 3a by measuring the fluorescence signal over time emitted by a pH-sensitive
dye encapsulated in liposomes after a pH “jump” of 0.5 pH units was imposed on the exterior
solution. We fit the resulting traces (Figure 3b) with an equation derived from Fick’s law in order
to extract values for the proton/hydroxide permeability of the membranes (Figure 3c).
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Figure 3. Chemical structures of lipids (a), Example trace of fluorescence ratio over time during pH
equilibration followed by internal calibration (b), and proton/hydroxyl permeability values obtained from
fitting fluorescence ratio traces (c).

We found that lipids containing two tails with repeating isoprenoid methyl branches (DiPhyPC
and Di-O-PhyPC, Figure 2a) formed membranes that were less permeable to protons than a
lipid containing only one isoprenoid tail (U16, Figure 3c). The lipid in the T series with the
longest transmembrane tether (T36, Figure 2a) formed membranes that were the most
permeable to protons, while the lipid with the shortest tether (T28) formed the least permeable
membranes of the series. The presence of a transmembrane tether (T32 vs. U16) did not
impact the proton permeability.

The latter two results are initially counterintuitive. In particular, thick lipid membranes are
typically less permeable to any species than thin ones, and T32 membranes were found to be
thicker than T28 membranes by atomic force microscopy and molecular dynamics simulations.
However, molecular dynamics simulations of large (20 x 20 nm) patch of membrane in water
over 50 ns revealed that water molecules spontaneously penetrate into the hydrophobic region
of lipid membranes in a manner consistent with this trend between lipids. As most current
models of proton/hydroxide permeation across lipid membranes involve the formation of short-
lived clusters of water molecules within the membrane,*’ we examined trends in the frequency
of such simulated penetration events. We found that the number of times that at least three
molecules were observed in the membrane’s hydrophobic region correlated strongly with the
measured average proton/hydroxide permeability values (Figure 4a, r = 0.99), as did the
number of times that two or more water molecules were observed within 5 A of each other,
defined as a “cluster” (Figure 4b, 4c, r = 0.88).

10
DISTRIBUTION A: Distribution approved for public release.



The finding that transmembrane tethering
did not impact proton permeability ran
counter to our initial hypothesis but was
also indicated by the simulation results,
indicating that these metrics may be
useful for as an in silico test for designing
membrane compositions. Additionally, the
experiments in this study were carried out
at room temperature. Prior literature®
indicates that liposome membranes
composed of lipid extracts from
extremophile membranes containing
tethered lipids are less permeable than
“normal” eukaryotic lipid extracts at high
temperatures, but not at room
temperature; the results from Section 1.1
suggest that this effect may also be at
play in this series of synthetic lipids, as
well.

This work has been published in Biophys. J.,
2016, 110 (11), 2430-2440.
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Number of times at least 3 water molecules ™,

were observed anywhere in the membrane {
s

5.
16 18 20 22 24 26 28 30
Number of observed water clusters

Figure 4. Correlation plots of the logarithm of
the proton/hydroxide permeabilty as a
function of the number of times at least three
water molecules were observed in the
hydrophobic region anywhere in the lipid
membrane (a) and as a function of the number
of observed water clusters, defined as two
water molecules observed within 5 A of one
another (b). A snapshot from a simulation of a
T28 membrane showing the penetration of
water molecules into the hydrophobic region

(c).
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3.3. Effect of rings on membrane permeability of Archaea-inspired lipid membranes

We designed the series of synthetic lipids shown in Figure 5 to evaluate the effects of two
important structural elements found in many Archaea lipids on membrane permeability for small
ions: 1) the effect of tethering of alkyl tails to create bolaform amphiphiles capable of spanning
the length of the membranes, and 2) the effect of incorporation of cyclopentane or cyclohexane
rings within the tethered lipid chain.
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In order to evaluate the relative permeability of membranes formed from these different lipids,
we developed a modified pH equilibration assay that was previously reported by Kakinuma and
coworkers.® In this assay, we encapsulated CF within the liposomes with an initial internal
liposomal pH of 7.2. The liposomes were then incubated in a buffered solution with an external
pH of 5.8, and the change in fluorescence intensity of CF was monitored over time as the
internal liposome pH equilibrated to pH 5.8.
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indicate a p-value <0.01.
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We found that membranes formed from pure tetraether lipids leaked small ions at a rate that
was ~2 orders of magnitude slower than common, bilayer-forming lipids (Figure 6a-c).
Interestingly, incorporation of cyclopentane rings into the tetraether lipids did not affect
membrane leakage, whereas a cyclohexane ring reduced leakage by an additional 40%. These
results show that mimicking certain structural features of natural Archaea lipids results in
improve membrane integrity, which may help overcome limitations of many current lipid-based
technologies. This work has been published in Angew. Chem. Int. Ed. 2016, 55, 1890.

3.4. Effect of headgroups on membrane permeability across Archaea-inspired tetraether
lipid membranes

The mixtures of polar lipid headgroups in Archaea membranes are dependent on specific
growth conditions.® For instance, under acidic conditions, the lipid composition of Archaea will
include a higher fraction of headgroups that can facilitate hydrogen bonding between the
headgroups on adjacent lipids.®'° Figure 1 shows the structures of common polar lipid
headgroups that are found naturally in Archaea.>'" The delicate balance in generating a precise
mixture of lipids comprised of these different polar headgroups is thought to be essential in
maintaining a viable membrane under harsh conditions.'? previous computational® and
experimental studies' suggest that lipid headgroups affect membrane permeation of water, but
have little effect on permeability of small organic molecules across membranes.' However, to
our knowledge no systematic study on effects of headgroups on small ion permeability has been
reported. Thus, we designed and synthesized Archaea-inspired GMGT lipid analogs containing
4 different headgroups found in nature (phosphocholine, PC; phosphoethanolamine, PE;
phosphatic acid, PA; phosphoglycerol, PG; Figure 7a) and investigated the effect of
headgroups on small ion membrane permeability across membranes comprised of these lipids.
In order to examine how these results compared to the effect of headgroups on standard
bilayer-forming diacylphospholipids, we also examined leakage of small ions from 1-palmitoyl-2-
oleoyl-sn-glycerol (PO) lipids.
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Figure 7. a) Structures of synthesized tetraether GMGT lipids incorporating different headgroups
(phosphocholine, PC; phosphoethanolamine, PE; phosphatic acid, PA; phosphoglycerol); b) Observed
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initial rate of pH equilibration from liposomes formed from GMGT or PO series of lipids. Comparison of
the observed initial rates of decreased CF fluorescence intensity from CF-encapsulated liposomes
comprised of pure GMGTPC lipid or 1:1 mixtures of GMGTPC with GMGTPG, GMGTPE, or GMGTPA
(the inset represents a zoomed in graph of the observed initial rates of leakage from the GMGT lipids);
and pure POPC lipid or 1:1 mixtures of POPC with POPG, POPE, or POPA. Statistical significance was
determined using a paired Student t-test. *, **, *** indicate a p-value of < 0.1, 0.01, 0.001, respectively,
relative to the kobsa Of the analogous PC lipid.

Our results showed that membrane leakage rate across GMGT lipid membranes varied by a
factor of < 1.6 as a function of headgroup structure (Figure 7b). However, the leakage rates of
small ions across membranes comprised of commercial bilayer-forming 1-palmitoyl-2-oleoyl-sn-
glycerol (PO) lipids varied by as much as 32-fold within the same series of headgroups. These
findings suggest that GMGT lipids may offer greater flexibility for tailoring the functionality
presented in the lipid headgroups, without significantly compromising membrane permeability.
Such versatility in the design of lipid headgroups may open up opportunities to use GMGT lipids
in a range of applications including the incorporation of receptor targeting molecules on lipids for
development of liposomal cargo'® or the incorporation of ligands as well as charged headgroups
to attract specific analytes or binding partners to the membrane surface for biophysical
studies."” This work has been published in Chem. Eur. J. 2016, 22, 8074.

3.5. Encapsulation and leakage of small organic molecules from liposomes comprised of
tetraether lipids

After showing that membranes formed from pure synthetic tetraether lipids leaked small ions at
a rate that was about two orders of magnitude slower than common bilayer-forming lipids, our
next goal was to assess whether or not our previous results with small ions could translate to
the encapsulation and retention of small hydrophilic molecules in tetraether-based liposomes.

3.5.1. Effect of the electrical properties of small molecules on their encapsulation and
retention from liposomes comprised of tetraether lipids

We encapsulated three small hydrophilic molecules displaying different electronic charges at pH
7.4, in GMGTPC liposomes: neutrally charged cytarabine (Ara-C), positively charged vincristine
(VCR) and negatively charged methotrexate (MTX) (Figure 8A). Passive loading of Ara-C and
MTX afforded low but similar small molecule-to-lipid molar ratio for both GMGTPC and EPC. In
contrast, the tetraether GMGTPC lipid was superior to the diacyl lipid for active loading of VCR.
While both lipids formed liposomes with similar size (and, thus, internal volume), the difference
in encapsulation efficiency could be explained by the difference of proton permeability between
membranes comprised of pure GMGTPC or EPC." We hypothesize that the reduced
permeability of GMGTPC membrane for small ions (e.g. H) should help to maintain a pH-
gradient across liposome membrane, allowing higher encapsulation efficiency compared to
highly proton permeable membranes formed from EPC.
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Figure 8. Structures and retention profiles of cytarabine (B), vincristine (C) and methotrexate (D)
encapsulated in GMGTPC liposomes (red lines) or EPC liposomes (blue lines). Liposome suspensions
were dialyzed in 20 kDa cutoff Slide-A-Lyzer mini dialysis units (at 37 °C in HBS) and the remaining
encapsulated molecule was measured by HPLC at different time points. Dashed lines represent the
transport of the free molecule across the dialysis membrane. (E) Average observed rates of molecule
leakage in liposomes made of EPC or GMGTPC. All measurements were recorded in triplicate and are
represented as a mean + SEM (n = 3).

All three molecules presented important differences for liposomal retention based on their
physicochemical properties. For instance, neutrally charged Ara-C (pKa of the anilinium group is
4.2)" was more rapidly released from liposomes compared to negatively charged MTX (pKas of
the two carboxylate groups are 4.8 and 5.6).2° The results from small molecule leakage studies
shown in Figure 8b are in agreement to reports claiming that the membrane permeability of
neutral molecules is expected to be orders of magnitude faster than the membrane permeability
of charged species.?! The observed leakage profile of Ara-C from GMGTPC liposomes, in
particular, highlights a potential advantage of using GMGTPC liposomes over liposomal
formulations comprised of conventional diacyl lipids such as EPC for the encapsulation and
retention of neutrally charged molecules. The rate of release of VCR (which has been shown to
contain two protonated amine groups in water with pKas of 5.0-5.5 and 7.4)?* from liposomes is
dependent on the ability of the membrane to maintain a transmembrane pH gradient, since only
the neutral form of VCR can cross the liposomal. Using folic acid-targeted liposomes, we also
demonstrated that GMGTPC liposomes have the potential to deliver and release small organic
molecules (calcein, cytarabine and vincristine) to specific cells. This work has been published in
Org. Biomol. Chem. 2017, 15, 2157-2162.
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3.5.2. Effect of structural elements of small molecules on their encapsulation and
retention from liposomes comprised of tetraether lipids

After finding that liposomes made of a pure tetraether lipid exhibited a 9-fold decrease in the
rate of leakage of the neutral and hydrophilic molecule Cytarabine compared to liposomes
formed from a commercial diacy! lipid,?® we probed the effects of neutral molecule structure on
leakage from liposomes. We restricted this study to seven hydrophilic molecules which are
neutrally charged at physiological pH and are pyrimidone-based nucleoside analogues with
different sugar derivatives bonded to the base via 3-N1-glycosidic bonds (Figure 9A). We
hypothesized that their incremental differences in structure could help identify chemical
elements that are important for good liposomal retention in this class of compounds. To
examine how encapsulation and retention of neutral molecules in liposomes made of tetraether
lipids differ from liposomes comprised of standard bilayer-forming diacylphospholipids, we also
examined leakage of the same molecules from liposomes made of 1-palmitoyl-2-oleoyl-sn-
glycerol (POPC) lipids.

Both lipid systems exhibited different leakage profiles according to the structure of the
molecules, but liposomes made of tetraether lipids generally showed better retention (up to 4-
fold improvement) for the molecules compared with liposomes made from standard bilayer-
forming POPC lipids (Figure 9B-C). The results suggest that chemical groups on position C2’ of
the sugar moiety are clearly a driving force for leakage. Removal (as in Deoxycytidine, blue
lines) or change of stereochemistry (as in Cytidine, red lines) of the hydroxyl group at this
position resulted in faster leakage rates compared to Cytarabine. Even faster leakage of 2’-
Fluoro-2’-deoxycytidine and Gemcitabine further supported the importance of a hydroxyl group
on position C2’ for retention in liposomes. Introduction of one atom (as in 2’-Fluoro-2’-
deoxycytidine, pink lines) or two atoms (as in Gemcitabine, green lines) of fluorine on position
C2’ led in both cases to higher membrane permeability of these compounds compared to
Cytarabine, with complete leakage reached within 24 hours. Finally, changes in the pyrimidone
moiety or changing the methylene to a sulfur atom at position C3’ of the sugar also had
significant effects on leakage. In the case of Lamivudine (orange lines), liposomal encapsulated
molecules showed only slight slower leakage in the dialysis assay as the free molecules,
indicating rapid release of this molecule from the liposomes. Removal of the amino group in the
pyrimidone moiety (as in Zebularine) also resulted in nearly complete leakage of the molecule
during liposome preparation, suggesting that the structure of both the sugar and the nucleobase
are important for retention of this class of molecule in liposomes.
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Further kinetic studies revealed that molecular parameters typically used to assess lipophilicity
(tPSA, SASA, and SA) were not sufficient to predict the relative membrane permeability of the
nucleoside-based molecules.? This work, thus, reveals that certain chemical features of
pyrimidone-based molecules such as fluorine atoms and hydrogen bond donor groups can
strongly influence membrane permeability. It remains to be seen whether liposomal retention of
other classes of molecules will also be heavily influenced by specific chemical features that can
override general lipophilic properties. This work has been published in Bioorg. Med. Chem. Lett,
2017, 27 (18), 4319-4322.

3.6. Cholesterol integrated chimeric Archaea-inspired tetraether lipid

Traditionally, cholesterol have been added to lipid mixtures to improve permeability properties
towards small molecules/ion.?® The addition of cholesterol is believed to increase packing by
integrating in between adjacent lipid neighbors (Figure 10a).?° However, cholesterol that is
added during formulation has been observed to leak out of membranes resulting in leakage of
cargo.”” To solve the problem of membrane destabilization caused by cholesterol leakage, while
maintaining the lower permeability properties, researchers have covalently connected
cholesterol to the glycerol backbone?. Inspired by these previous work, we sought to improve
our GMGT lipid scaffold by synthetically introducing a covalently attached cholesterol to the
glycerol backbone of the GMGT lipid hamely, cyclohexane integrated glycerol cholesterol
glycerol tetraether phosphocholine lipid (GcGTPC-CH) (Figure 10a).
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Figure 10. a) Comparison of strategies to improve membrane integrity used by eukaryotes or archaea
with the novel strategy that combines both strategies in the synthetic hybrid lipid cyclohexane integrated
glycerol cholesterol glycerol tetraether phosphocholine lipid (GcGTPC-CH); b) Membrane leakage results
of small ions from liposomes formed from synthetic or POPC lipids with/without added free cholesterol.
Comparison of the observed initial rates of decreased carboxyfluorescein (CF) fluorescence intensity from
CF-encapsulated liposomes comprised of GMGTPC-CH, GcGTPC-CH, or POPC lipid with/without added
40 mol% cholesterol during liposome formation with averaged observed initial rates of membrane leakage
noted over each box (unit=h"'; N=9); c) Results from molecular dynamics (MD) simulations of a
membrane comprised of pure POPC, GMGTPC-CH, or GcGTPC-CH lipids. Overlay of 10 snapshots of
individual lipids (taken in 5 ns intervals from MD simulations of pure lipid membranes) highlighting the
increased ordering of the lipid tails from POPC to GMGTPC-CH to GcGTPC-CH (top panel). Graph of the
area occupied by individual lipids (within membranes comprised of pure lipids) over a 50 ns membrane
simulation highlighting the variance in area per lipid (represented quantitatively as standard deviation sd)
(bottom panel).

Our results showed that membranes formed from pure GcGTPC-CH lipids exhibit a 50-fold
reduction in membrane permeability to small ions when compared with membranes comprised
of a typical diacyl lipid, POPC, and a five-fold reduction in membrane permeability compared to
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a previously reported archaea-inspired tetraether lipid, GMGTPC-CH, that lacks a covalently
attached cholesterol group (Figure 10b)."® We also demonstrated that pure GcGTPC-CH
liposomes exhibited a ~30-fold reduction in leakage of a neutrally charged molecule,
gemcitabine, compared to POPC liposomes with 40 mol% added cholesterol, and a ~10-fold
reduction in leakage of the small molecule compared to GMGTPC-CH/chol liposomes. MD
simulations provided some mechanistic insights that both tethering of lipid tails and
incorporation of covalently attached cholesterol significantly increases the order of the lipid tails,
which decreases the variance in area per lipid and tightens lipid packing (Figure 10c). These
MD simulations also predict that the GcGTPC-CH lipids would exhibit the lowest penetration of
water molecules of all 3 lipids examined, which is in agreement with the experimental results of
reduced permeability of small ion and molecules across GcGTPC-CH lipid membranes.
Although GecGTPC-CH lipid membranes exhibit remarkably low permeability and exceptional
stability in solution (with or without serum), we also showed that these synthetic membranes
retain properties that are typically found in natural membranes, such as the capability to
incorporate functional biomolecules (here, ion channels formed from gramicidin A) and act as
substrates for membrane-active enzymes (here, phospholipase-D). We also presented initial
results on the cellular uptake of GeGTPC-CH liposomes containing encapsulated small
molecule cargo. Our results support the concept that integrating covalently attached cholesterol
groups to a tethered tetraether lipid, which combines lipid design strategies exploited by
eukaryotes and archaea, leads to membranes with significantly improved stability and reduced
permeability compared membranes formed from common bilayer-forming lipid formulations.
This work has been published in Chem. Eur. J., 2017, 23, 6757-6762.

3.7. Stimuli-responsive hybrid tetraether liposomes

By incorporating design elements inspired from two different strategies used by nature to
improve membrane robustness through modifications of membrane composition and lipid
structure, we developed a unique lipid GecGTPC-CH, that showed ~50 times reduction of small
ion membrane permeability and ~35 times increased retention of a neutral small molecule
(gemcitabine) after 48 hours when compared with liposomes made from commercial diacyl
lipids.?® However, despite the enhanced stability and reduced permeability of GcGTPC-CH
liposomes, the liposomes lacked the capability for accelerated release of intraliposomal content
in response to an external stimulus, which could be advantageous for material-based
technologies.

In order to incorporate stimuli-responsive functionality into GcGTPC-CH lipids, here we chose to
integrate a disulfide linker near the polar headgroups of the lipid (Figure 11a) with the
hypothesis that the relatively small addition of the disulfide outside of the hydrophobic core
would not perturb membrane packing of the lipid,*® whereas cleavable linkers that typically
involve an addition of bulky aromatic groups or heteroatoms could affect lipid organization within
the membrane.*~* Incorporation of the disulfides near the polar lipid headgroups, rather than
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within the hydrophobic portion of the lipid, would also presumably facilitate access of free thiols
to the disulfide bond for triggered response of the lipid.
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