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Abstract
An exciting new direction in responsive liposome research is endogenous triggering of liposomal
payload release by overexpressed enzyme activity in affected tissues and offers the unique possibility
of active and site-specific release. Bringing to fruition the fully expected capabilities of this new
class of triggered liposomal delivery system requires a collection of liposome systems that respond
to different upregulated enzymes; however, a relatively small number currently exist. Here we show
that stable, ~100 nm diameter liposomes can be made from previously unreported quinone-dioleoyl
phosphatidylethanolamine (Q-DOPE) lipids, and complete payload release (quenched fluorescent
dye) from Q-DOPE liposomes occurs upon their redox activation when the quinone headgroup
possesses specific substituents. The key component of the triggerable, contents-releasing Q-DOPE
liposomes is a “trimethyl-locked” quinone redox switch attached to the N-terminus of DOPE lipids
that undergoes a cleavage event upon two-electron reduction. Payload release by aggregation and
leakage of “uncapped” Q-DOPE liposomes is supported by results from liposomes wherein deliberate
alteration of the “trimethyl-locked” switch completely deactivates the redox-destructible phenomena
(liposome opening). We expect that Q-DOPE liposomes and their variants will be important in
treatment of diseases with associated tissues that overexpress quinone reductases, such as cancers
and inflammatory diseases, because the quinone redox switch is a known substrate for this group of
reductases.

Introduction
Stimuli-responsive macromolecules and self-assembled architectures have piqued the interest
of the basic science and biomedical arenas due to the possibility of attaining nanometer-level
control over the construction and destruction of covalent and noncovalent interactions.1-15
Systems that allow for manipulation of these molecular-scale interactions may lead to the
unprecedented fabrication of complicated nanoscopic and mesoscopic structures with unique
physical and chemical properties and unreported biological function. Precise control of stimuli-
responsive systems that unravel or self-destruct upon application of a trigger (stimulus) has
captured the interest of the biomedical community because of the temporal and spatial
specificity it would afford the delivery of therapeutics.16,17 Recently, such self-immolative
modalities have been engineered into polymeric and dendritic constructs.18-21

Stimuli-responsive liposomes are highly attractive because local control over payload release
should be possible through the use of either an exogenous or endogenous stimulus.22 The lipids
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in these liposomes generally contain a triggerable subunit that is responsible for gating the
stability and/or permeability of the lipid bilayer. These liposomes are sometimes referred to as
“smart” delivery systems, because unloading of the encapsulated payload requires stimuli
activation.23-25 Ideally, a stimulus triggers the onset of cargo unloading, thereby allowing the
carrier—cargo ensemble to be constructed without prematurely sacrificing or exposing the
encapsulated cargo to the external environment. Various physiological environments—such
as low endosomal pH26,27 and elevated enzymatic activity28-31 or biomarker presence32-34
—and external sources, including radiation35-38and hyperthermia,39,40 supply the necessary
stimuli that induce the unloading of the liposomal cargo; this occurs either by perturbing the
permeability or by completely disrupting the noncovalent stability of the bilayer assembly. For
instance, it has been shown that the permeability of pH- and radiation-sensitive liposomes can
be perturbed by the acid-triggered depegylation of PEG-conjugated lipids41 and photo-
chemical “uncorking” of o-benzyl-protected lipids,35 respectively, leading to the release of
the encapsulated dyes.

One of our long-term goals associated with the construction of redox-sensitive liposomes is
responsive liposomal carriers that can deliver anticancer agents to tumor tissues. It is our
hypothesis that carefully designed redox-sensitive liposomes are structurally optimized to
preferentially accumulate (preconcentration via enhanced permeability and retention (EPR)
effect)42 and specifically respond to the high quinone reductase activities43 (localized release
facilitated by complementary redox potentials) in cancer tissues.

In order to gain an understanding of how to create a new class of redox-responsive liposomal
carriers that are structurally and electrochemically optimized for the delivery and triggered
release of anticancer drugs to cancer tissues, we herein report on liposomes comprised of
trimethyl-locked quinone lipids that require a two-electron reductive activation to liberate the
liposomal payload. The integration of a trimethyl-lock quinone switch within the liposome is
critical, because such a quinone switch has measurable activities toward several quinone
reductases44,45 that are upregulated in numerous types of cancer tissues.43 In addition, due
to the fact that liposome-encapsulated drugs retain the pharmacokinetic properties of the
carriers—meaning that the drugs are not pharmacologically active until released from the
liposomes—it is widely perceived that triggered release of the active ingredients is necessary
for the rapid delivery of anticancer drugs.46,47 Thus, the development of new methods for the
specific, stimuli-triggered release of liposomal payloads is extremely important. Herein, we
demonstrate that liposomes comprised of dioleoyl phosphatidylethanolamine (DOPE) lipids
having a trimethyl-locked quinone (Q3) headgroup (1-Q3 in Figure 1) liberate their contents
(encapsulated dyes) upon reduction of Q3.

Results and Discussion
Quinone phospholipids 1-Q1 and 1-Q3 and the model derivatives 2-Q1 and 2-Q3 in Figure 1
were successfully synthesized by condensing the appropriate amines with the N-
hydroxysuccinimide esters of the quinone acids, NHS-Qx, x = 1 or 3.48 The precursors of
NHS-Q1 were synthesized using strategies that paralleled the preparation of NHS-Q3.49 All
compounds yielded the expected outcomes from 1H and 13C NMR spectroscopies and ESI-
TOF or GC mass spectrometries. Liposomes of 1-Q1 and 1-Q3 were prepared in pH 7.1/0.1
M phosphate buffer/0.1 M KCl using the technique of hydrated lipid film extrusion.50

Cryogenic transmission electron microscopy (cryo-TEM) and dynamic light scattering (DLS)
experiments reveal that 1-Q1 and 1-Q3 liposomes possess diameters in the 80-200 nm range
(representative data in Figure 2). When the liposomes were preloaded with calcein dyes (5 ×
10-2 M), the resulting DLS intensity distributions were indistinguishable from those of the
calcein-free liposomes, a result which indicates that the presence of dyes does not lead to
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significant changes in aggregate morphology. The unchanged, quenched emission from
quiescent, aerobic solutions of calcein-loaded liposomes over a 2 day period at room
temperature reflects the stability of the liposomes under ambient conditions; in addition, DLS-
determined sizes of calcein-free and loaded liposomes did not vary over a period of a week.
As expected, addition of excess Triton X-100 detergent to solutions of calcein-loaded
liposomes caused release of the encapsulated dye, as evidenced by the rapid increase in
emission intensity resulting from the dilution of calcein (Figure 3, trace B for 1-Q3 and trace
D for 1-Q1).

We51,52 and others53,54 previously reported that the two-electron reduction of various
quinone trimethyl-lock (Q3) systems by chemical agents (Na2S2O4 or NaBH4) or electrolysis
produces the corresponding hydroquinone, HQ3, possessing a sterically congested
configuration, and HQ3 spontaneously dissociates from the parent structure as the lactone 3-
HQ3. On the basis of time-course data that exhibit an immediate increase in fluorescence
intensity of calcein following the addition of the reducing agent Na2S2O4 to the calcein-loaded
1-Q3 liposomes (Figure 3, Curve A), chemical reduction of liposomal 1-Q3 to 1-HQ3 resulted
in the liberation of encapsulated calcein from the carrier! Addition of simple salts, such as
Na2SO4, at equivalent concentrations does not lead to contents release. This outcome is
consistent with the dissociation of in situ generated 1-HQ3-containing liposomes into lactone
3-HQ3 and DOPE inverted micelles (Scheme 1).

Unmodified DOPE is known to exist as hexagonal columnar (HII) inverted micelles at pH 7
due to the head/tail volume ratio of this lipid.55 On the other hand, N-acylated DOPE lipids,
such as 1-Q3 and 1-Q1, have larger head/tail volume ratios than DOPE and can be made to
readily form liposomes at pH 7. Therefore, as depicted in Scheme 1, the structural transition
of lamellar (Lα)/liposomal 1-Q3 to inverted micellar (HII) DOPE (i.e., 1-Q3 (Lα) → DOPE
(HII) + 3-HQ3) was accompanied by the release of calcein dyes. It is reasonable to assume that
the HII inverted micelles are incapable of encapsulating calcein as efficiently as the lamellar
liposomes. Thus, the inevitable expulsion of the entrapped dyes during the Lα → HII structural
transition is expected.

The results described herein are the first demonstration of cargo unloading from a non-
disulfide-based liposome that is triggered by electron transfer. These outcomes will add to the
repertoire of methods for masking non-liposome-forming phospholipids, including DOPE,
with a liposome-forming, stimulisensitive N-substituent to induce liposome formation, such
as those based on light,38 thiolysis,34 and pH41 stimuli. Furthermore, the potential for this
system to be responsive to reductase enzymes is high.43-45

To assess the role of the Lα → HII structural transition in the liberation of the dyes, liposomal
1-Q1 was employed as a control lipid because it lacks the geminal methyl (-CH3) groups that
are required to satisfy the trimethyl-lock configuration.56 Such a geometric requirement is a
prerequisite for fast lactonization (t1/2 ≤ few hours), and as a result, 1-HQ1 should not lactonize
within the time scale of the dye-liberation experiments (vide infra). Thus, when the calcein-
loaded liposomes of control lipid 1-Q1 were reduced, the dyes remained encapsulated inside
the liposomes (fluctuation of trace C in Figure 3 at 120 min), and addition of Triton X-100 was
required to release the dyes (trace C at 1150 min). This observation is in sharp contrast with
liposomal 1-Q3, where the dyes were immediately liberated following the addition of
Na2S2O4 (compare traces A and C at 120 min in Figure 3). The inability of Na2S2O4 to liberate
the dyes from liposomal 1-Q1 remarkably suggests that the lamellar structure was maintained
after reduction and that the permeability of the lipid barrier was unaffected by the redox
conversion of 1-Q1 to 1-HQ1. These phenomena would be perhaps somewhat unexpected,
considering that previous accounts have demonstrated the dramatic effect of redox conversion
on the stability of some vesicles and micelles,57-60 but the collapse mechanism of reduced 1-
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Q3 liposomes is different than that of these redox-vesicle systems, vide infra. The ability of
liposomal 1-HQ1 to retain calcein further suggests that the release of calcein from liposomal
1-HQ3 was not merely caused by the redox conversion of the Q3 headgroup to HQ3 but was,
rather, imparted by the covalent disconnection of HQ3 from DOPE. The observation that the
emission intensities of the liberated dyes remained similar, regardless of the lysing agent used
(compare traces A with B and C with D61 in Figure 3), indicates that the release of dyes was
effectively quantitative in all cases.62

The dormancy of 1-HQ1 toward lactonization was verified by employing compounds 2-Q1
and 2-Q3 in aqueous milieu to model the relative reactivity, or lack thereof, of 1-HQ1 and 1-
HQ3, respectively. Kinetic data from 1H NMR spectroscopy experiments revealed that 2-
HQ3, generated in situ by the reduction of 2-Q3 using Na2S2O4, dissociated into lactone 3-
HQ3 and 2-[2-(2-methoxy-ethoxy)-ethoxy]-ethylamine following first-order kinetics (k ~ 0.02
min-1, t1/2 ~ 30 min; Supporting Information Figure S1). On the contrary, reduced 2-HQ1, also
generated in situ by the reduction of 2-Q1, remained stable over a 48 h period. In other words,
within the detection limits of 1H NMR spectroscopy, release of lactone 3-HQ1 from 2-HQ1
was not observed. Therefore, it is indeed reasonable to assume that liposomal 1-HQ1 did not
lactonize within the 1500-min window of the dye-liberation experiments in Figure 3.

We conducted voltammetric experiments on the model compounds 2-Q1 and 2-Q3 to provide
support for the argument that Na2S2O4 is capable of reducing lipid 1-Q1 as effectively as 1-
Q3. Voltammetric data (Supporting Information Figure S2) reveal that two-electron reduction
of 2-Q1 is more positive than that of 2-Q3 by +0.12 V (i.e., ΔEp = Ered (2-Q1) - Ered (2-Q3 =
+0.12 V). Therefore, assuming that the ΔEp value of the model compounds is similar to the
ΔEp gap between lipids 1-Q1 and 1-Q363 (i.e., Ered (1-Q3) - Ered (2-Q3) ~ Ered (1-Q1) -
Ered (2-Q1)), it is reasonable to conclude that Na2S2O4 reduces lipid 1-Q1 to the same extent
as lipid 1-Q3. If anything, the aforementioned potential gap suggests that reduction of 1-Q1 is
thermodynamically easier than 1-Q3.

In Scheme 2 is outlined a proposed mechanism describing the sequence of lipid reduction—
headgroup cyclization/elimination and liposome destabilization events leading to the release
of calcein dyes from liposomal 1-Q3. The addition of Na2S2O4 reduces the 1-Q3 lipids that
are located in the outer layer of the liposome to 1-HQ3 (step A).64 On the basis of the results
gathered from control experiments that demonstrate the unperturbed fluorescence intensity of
calcein following the reduction of 1-Q1 to 1-HQ1 (trace C in Figure 3 at 120 min), it is evident
that the calcein dyes remained encapsulated even though the outer lipid layer of the liposomes
was already reduced to 1-HQ3. Following reduction, and as described in Scheme 1, 1-HQ3 is
removed (cleaved) from the external lipids of the liposome to yield lactone 3-HQ3 and DOPE
(step B). As the 1-HQ3 → DOPE + 3-HQ3 dissociation process—caused by intramolecular
cyclization—continues, the liposomal surface concentration of DOPE eventually becomes high
enough (HII-phase competent)65to allow for DOPE layer-DOPE layer contact between
individual66 liposomes (aggregation);65,67 light scattering data support aggregation of
reduced 1-HQ3 liposomes (not shown), as the average particle size increases almost 5-fold
(~500 nm) after addition of the reducing agent. Liposome collapse ensues to yield DOPE
micelles (HII) and released calcein dye; during the collapse process, the remaining 1-Q3 lipids
are quantitatively reduced by dithionite via steps A and B to afford the lactone 3-HQ3 and
micellar DOPE.

Conclusions
We have shown that lysis of liposomal 1-Q3 occurs upon reduction of the Q3 head groups by
Na2S2O4 to yield an intermediate which rapidly forms 3-HQ3 and DOPE, the latter being
unable to support stable liposomes at pH 7, thereby allowing release of liposome contents. The
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system presented here has great potential in drug delivery systems that employ bioreductive
activation of liposomal anticancer drugs, as most cancer tissues contain overexpressed quinone
reductases that are known to activate the Q3 headgroup.43,68 In addition, these redox-triggered
lipids and their variants may permit the study of lipid dynamics in bilayers, either in free
solution (liposomes) or on surfaces (supported bilayers). Efforts to those ends are currently
underway.

Experimental Section
Synthesis

Compounds used here were made according to Scheme 3. 3-HQ3, 4-Q3, and 5-Q3 were
synthesized as reported.49 Their Q1 analogues (3-HQ1, 4-Q1, and 5-Q1) were prepared using
identical procedures, except as noted. 3-HQ1: reaction time was extended to 14 h. For
purification, the concentrated solution of the crude product in ethyl acetate was diluted with
n-hexanes, then refrigerated overnight to produce the purified product as a brown precipitate.
Yield = 46%; 1H NMR (CDCl3, 300 MHz) δ 4.53 (bs, 1H), 2.92 (t, 2H), 2.72 (t, 2H), 2.22 (s,
3H), 2.19 (s, 3H), 2.18 (s, 3H); 13C NMR (CDCl3, 75 MHz) δ 169.58, 148.43, 144.45, 123.12,
121.99, 119.47, 118.24, 29.27, 21.51, 12.34, 12.21, 11.90; HRMS (ESI) m/z (M + H)+, calcd
= 207.1021, obsd = 207.1011, 4.8 ppm error. 4-Q1: reaction time was shortened to 5 min and
temperature was 0 °C. The crude product was recrystallized in CH2Cl2/Et2O/n-hexanes to
produce the product as dark-yellow crystals. Yield = 88%; 1H NMR (CDCl3, 300 MHz) δ 2.82
(t, 2H), 2.51 (t, 2H), 2.07 (s, 3H), 2.02 (s, 6H); 13C NMR (CDCl3,75 MHz) δ 187.59, 187.00,
178.81, 141.93, 141.67, 140.87, 140.71, 32.77, 22.21, 12.54, 12.43, 12.37; HRMS (ESI) m/z
(M + H)+, calcd = 223.0970, obsd = 223.0955, 6.7 ppm error. 5-Q1: Yield = 84%; 1H NMR
(CDCl3, 300 MHz) δ 2.89 (m, 2H), 2.83 (m, 6H), 2.07 (s, 3H), 2.02 (s, 6H); 13C NMR
(CDCl3, 75 MHz) δ 187.38, 186.86, 169.17, 167.87, 142.39, 140.98, 140.66, 29.74, 25.69,
22.18, 12.54, 12.51, 12.40; HRMS (ESI) m/z (M + H)+ calcd = 320.1134, obsd = 320.1145,
3.4 ppm error.

2-Q1 and 2-Q3
2-[2-(2-Methoxy-ethoxy)-ethoxy]-ethylamine was synthesized as reported.69 To a cooled
solution (0 °C) of this amine (1.31 mmol) in dry CH2Cl2 (20 mL) was added triethylamine (3.9
mmol), then 5Qx (x = 1 or 3, 1.31 mmol), and the reaction was allowed to reach to completion
(1 h) while being maintained under Ar atmosphere. The crude reaction mixture was
concentrated, loaded onto a SiO2 column, and eluted using 7:1 ethyl acetate/ methanol. Rf
values of 2-Q1 and 2-Q3 in SiO2 plate are ca. 0.75-0.80. The combined fractions were
evaporated to dryness and dried under vacuum to yield the products as yellow, viscous oils.
2-Q1: Yield = 98%; 1H NMR (CDCl3, 300 MHz) δ 6.24 (bs, 1H), 3.65 (m, 6H), 3.56 (m, 4H),
3.43 (t, 2H), 3.38 (s, 3H), 2.81 (t, 2H), 2.31 (t, 2H), 2.07 (s, 3H), 2.01 (s, 6H); 13C NMR
(CDCl3, 75 MHz) δ 187.65, 187.21, 171.76, 142.74, 141.41, 140.75, 140.53, 71.99, 70.58,
70.53, 70.26, 69.91, 59.09, 39.36, 35.08, 23.17, 12.52, 12.41, 12.31; HRMS (ESI) m/z ((M +
H)+), calcd = 368.2073, obsd = 368.2076, 0.8 ppm error. 2-Q3: Yield = 98%; 1H NMR
(CDCl3, 300 MHz) δ 6.07 (bs, 1H), 3.66-3.57 (m, 8H), 3.49 (t, 2H), 3.40 (s, 3H), 3.35 (m, 2H),
2.82 (s, 2H), 2.12 (s, 3H), 1.98 (s, 3H), 1.95 (s, 3H), 1.42 (s, 6H); 13C NMR (CDCl3, 75 MHz)
δ 191.35, 187.74, 172.06, 153.93, 143.92, 137.84, 137.40, 72.09, 70.61, 70.33, 70.04, 59.18,
49.16, 39.10, 38.37, 28.89, 14.23, 12.91, 12.26; HRMS (ESI) m/z ((M + H)+), calcd = 396.2386,
obsd = 396.2388, 0.5 ppm error.

1-Q1 and 1-Q3
The reaction conditions and reagent ratios were identical to the preparation of 2-Qx (x = 1 or
3), except that the reaction times were extended to 4-6 h. For purification, the reaction mixture
was diluted with CH2Cl2 to 50 mL, then extracted with 5% NaHCO3 (1 × 50 mL). The organic
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layer was dried with Na2SO4, concentrated, and loaded to a SiO2 column, then eluted via a
gradient of 1:1 CH2Cl2/EtOAc (to elute any unreacted 2-Qx, if any) followed by 3:1:2
CH2Cl2/MeOH/n-hexanes. The combined fractions were evaporated to dryness and dried
under vacuum to yield the products as yellow waxes. 1-Q1: Yield: 75%; 1H NMR (CDCl3,
400 MHz) δ 7.38 (bs, 1H), 5.33 (m, 4H), 5.22 (m, 1H), 4.36 (m, 1H), 4.14 (m, 1H), 3.95 (m,
4H), 3.49 (m, 2H), 2.76 (t, 2H), 2.33 (t, 2H), 2.26 (m, 4H), 2.03-1.96 (m, 17H), 1.54 (m, 4H),
1.26 (m, 40H), 0.88 (t, 6H); 13C NMR (CDCl3, 75 MHz) δ 187.50, 187.33, 173.93, 173.68,
142.84, 141.54, 140.91, 140.53, 130.19, 129.80, 70.77, 64.94, 64.06, 63.17, 40.49, 34.78,
34.41, 34.24, 32.10, 29.98, 29.74, 29.52, 27.42, 25.13, 25.03, 22.88, 14.31, 12.57, 12.46, 12.31;
HRMS (ESI) m/z (M - Na)-, calcd = 946.6173, obsd = 946.5756, 44 ppm error. 1-Q3: Yield:
96%; 1H NMR (CDCl3, 400 MHz) δ 7.65 (bs, 1H), 5.34 (m, 5H), 4.42 (m, 1H), 4.16 (m, 1H),
3.93 (m, 2H), 3.85 (m, 2H), 3.38 (m, 2H), 2.84 (s, 2H), 2.29 (m, 4H), 2.10 (s, 3H), 1.99 (m,
8H), 1.94 (s, 6H), 1.57 (m, 4H), 1.37 (s, 6H), 1.28 (m, 40H), 0.88 (t, 6H); 13C NMR (CDCl3,
75 MHz) δ 191.49, 187.60, 174.15, 173.93, 172.86, 154.02, 143.73, 138.04, 137.54, 130.25,
129.75, 70.74, 65.21, 63.83, 63.07, 48.67, 39.84, 38.10, 34.50, 34.31, 32.10, 29.97, 29.74,
29.53, 28.84, 27.42, 25.08, 22.88, 14.32, 12.92, 12.29; HRMS (ESI) m/z (M - Na)-, calcd =
974.6486, obsd = 974.6485, 0.1 ppm error.

Liposome Preparation
1-Q1 or 1-Q3 (5-7 mg) was dissolved in CHCl3 (10 mL) in a 25 mL round-bottom flask, and
the lipid solution was evaporated to a thin lipid film using a rotary evaporator. The films were
dried under vacuum for 1 h and redissolved in pH 7.1 0.1 M phosphate buffer/0.1 M KCl at a
concentration of 1 mg/mL. The solution was aged (1 h) with occasional vortexing (ca. 10-15
s at 20 min intervals), after which it was freeze-thawed in a dry ice/acetone bath (7 times),
followed by extrusion (12 times) at ambient temperature through two stacked, 100-nm pore
Whatman Nuclepore polycarbonate track-etched membranes using a Lipex lipid extruder
(Northern Lipids, Vancouver, BC, Canada). The buffer solutions used to prepare liposomes
subjected to DLS measurements were filtered through a Whatman Anotop 20 nm membrane.
For the preparation of calcein-loaded liposomes, the entire “extrusion” procedure described
above was used, except that the buffered solvent also contained dissolved calcein (5 × 10-2 M,
Sigma-Aldrich, Milwaukee, WI). Following extrusion, the nonencapsulated dyes were
separated from the liposome-encapsulated dyes by gel filtration (two times) of the extruded
solution through a column of Sephadex G-50 resin (GE Healthcare BioSciences, Piscataway,
NJ).

Calcein-Release Experiments
The purified calcein-encapsulated liposomes were diluted with buffer to achieve an arbitrary
concentration in the 10 μg/mL range (based on lipid). This concentration was determined
spectrophotometrically using ε495,free = ε495,encapsulated = 7.0 × 104 M-1 cm-1 for calcein24 and
an estimated bilayer thickness = 4 nm, cross-sectional area of lipids = 0.7 nm2 and
[encapsulated calcein] = 5 × 10-2 M. Solid Na2S2O4 (85%, Sigma-Aldrich) or/and an
appropriate aliquot of 7% (w/v) Triton X-100 (Sigma-Aldrich) were added to the cuvettes to
attain the concentrations described in Figure 3. Fluorescence intensities were recorded using
a Perkin-Elmer LS 50 luminescence spectrophotometer.

Liposome Characterization
Dynamic light scattering measurements were obtained from backscatter intensities (173°, 633
nm red laser) obtained at 25 °C on calcein-free and calcein-loaded liposomes using a Zetasizer
Nano ZS (Malvern Instruments, Worcestershire, U.K.) particle size analyzer. Cryo-TEM
images were obtained using the method of vitrification of frozen hydrated samples.25 Buffered
liposomal solution (2.5 μL) was deposited on a 400 mesh Cu grid covered with holey carbon
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film (Quantifoil Micro Tools EmbH, Jena, Germany) and suspended in a Vitrobot (FEI,
Hillsboro, OR). The grid was blotted for 2 s with filter paper, then the sample was vitrified
using liquified ethane. A JEOL 2010F TEM (Tokyo, Japan) was used to image the specimens
at 200 kV using a low-dose method, with the Gatan model 626 cryostage (Gatan, Pleasanton,
CA) maintained at 92 K during the whole experiment. Images were recorded with a Gatan 4k
× 4k CCD camera (Gatan, Pleasanton, CA) and processed with custom-built EMAN software.
26

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of DOPE-quinones 1-Q1 and 1-Q3, the corresponding model compounds 2-Q1 and
2-Q3, and lactones 3-HQ3 and 3-HQ1 (ref 48).
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Figure 2.
Characterization of calcein-free liposomes: (A) cryo-TEM image of 1-Q1 and (B) size
distribution by DLS intensity of 1-Q3 at 25 °C.
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Figure 3.
Time-course dependence of the emission intensities of calcein-loaded liposomes at 515 nm
(λex = 495 nm) under ambient conditions. Traces A and B are for liposomes of 1-Q3, and traces
C and D are for liposomes of 1-Q1, respectively. Addition of 100 equiv of Na2S2O4 for traces
A and C occurred at 125 min.
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Scheme 1.
Reductive Lactonization of 1-Q3 Produces 3-HQ3 and DOPE
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Scheme 2.
Proposed Mechanism for the Conversion of Liposomal 1-Q3 from Lamellar (Lα) Liposomes
to Inverted Hexagonal (H∥) DOPE Micellesa. a Step A: Na2S2O4 reduces the 1-Q3 lipids that
are located in the outer layer of the liposome to 1-HQ3. Step B: 1-HQ3 dissociates into lactone
3-HQ3 and DOPE, as described in Scheme 1. Step C: release of encapsulated calcein dye
occurs as a result of liposome collapse caused by DOPE layer-DOPE layer contact.
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Scheme 3.
Synthesis of DOPE Quinones 1-Q1 and 1-Q3, and the Corresponding Model Compounds 2-
Q1 and 2-Q3
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