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Single particle imaging studies on liposomes stained with
lipophilic, fluorogenic, peroxyl radical-trapping probes show
oxidation taking place during standard liposome preparation
conditions. A ratiometric assay involving the fluorogenic
probe enables quantifying oxidative events at the single
particle level. The assay provides a general strategy to
monitor reactions on individual liposomes.

Free radical mediated lipid chain autoxidation of polyunsaturated
fatty acids’ (PUFA) is a prevalent chemical process with diverse
ramifications given the widespread distribution of lipids in nature and
in man-made materials. PUFA peroxidation is associated not only with
a range of pathologies®* but also cellular signaling.®® It is further
directly involved in food quality decay,” and has the potential to
impart structural alterations in lipid based products and materials
such as biosensors, medical nano-devices for e.g. imaging, and
liposome formulations for e.g. personal care or drug delivery.

The kinetics of lipid chain autoxidation and the effects of lipophilic
antioxidants within the nano-confined boundaries of lipid membranes
and lipid nanoparticles has attracted enormous attention over the
years." Liposomes have been the system of choice to study PUFA
chain autoxidation and to better understand the antioxidant
properties of various lipophilic compounds,™ in particular o-
tocopherol, the most active naturally occurring lipid soluble
antioxidant.” Liposomes have been additionally sought after as
surrogate models of peroxidation in low density lipoproteins, small ca.
20 nm diameter lipid nanoparticles with a non-polar lipid core and a
polar lipid shell.**

Here we report our ability to visualize the oxidation of single
fluorogenic a-tocopherol analogues (trap-reporter probes that mimic
the peroxyl radical-scavenging activity of a-tocopherol®™®) embedded

within the lipid membrane of surface immobilized liposomes at the
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single molecule level (see Scheme 1). The tremendous sensitivity
provided by our single molecule/particle assay shows that oxidative
chemical events take place in individual liposomes under ambient
conditions in the absence of additives intended as a source of reactive
oxygen species (ROS). Our assay underscores the possible occurrence
of lipid degradation taking place under standard liposome preparation
conditions. It may also provide new approaches to decipher reaction
mechanisms in a lipid membrane given its physical-chemical
heterogeneity as a reaction medium. In general the assay further
provides a simple sensitive way to monitor single chemical reactions™’
** at the level of individual liposomes.

Scheme 1 illustrates the experimental strategy used. The sample
consisted of 100 nm diameter liposomes prepared from 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) (75,000 DOPC lipids/liposome
on average).”” The liposomal membrane contained the fluorogenic o-
tocopherol analogue H,B-PMHC (ca. 100 molecules per liposome, i.e.,
0.13 mol% vs. DOPC). Following scavenging of peroxyl or alkoxyl
radicals with rate constants akin to those of a-tocopherol,™ oxidized
emissive H,B-PMHC (H,B-PMHC,,)* is generated and the emission
intensity undergoes a ca. 30 fold enhancement in liposomes upon
deactivation of an intramolecular photoinduced electron transfer
quenching pathway.®™ The liposomes also contained the red-
emitting lipophilic dye DiD (ca. 200 molecules per liposome, 0.27
mol% vs. DOPC). We utilized DiD as an orthogonal emissive dye to
independently label and identify single surface anchored liposomes®
before ABAP was flowed and H,B-PMHC,, was generated (see Figure
1).> The dual labeling strategy further enabled ratiometric analysis
(see below).

In order to anchor the liposomes on PEG-coated glass coverslips
via biotin-streptavidin interactions, liposome formulations included 1
mol% vs. DOPC of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-

amine-N-(biotinyl) (biotin-DPPE).* Glass coverslips assembled with
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SCHEME 1. EXPERIMENTAL STRATEGY.
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a flow chamber were mounted on a piezoelectric nanopositioner. A
confocal microscope was utilized to image the samples, where the
green (H,B-PMHC) and red (DiD) emissions were simultaneously
collected in two parallel channels with two avalanche photodiode
detectors. This setup provides optimum signal-to-background ratio.
The circularly polarized 514 nm output of a CW Ar" laser was utilized
to simultaneously excite the H,B-PMHC dye near its absorption
maximum and the DiD dye at the blue edge of its absorption spectrum
(see Figure Sa).

We initially explored highly oxidative conditions in order to
establish whether H,B-PMHC can report oxidation events in individual
liposomes. Aqueous solution of the azo initiator 2,2'-azobis(2-
amidinopropane) (ABAP, o.25 M) in aerated phosphate buffered
saline (PBS) were flowed over surface immobilized liposomes. ABAP
thermally decomposes into 2 positively charged carbon centered
radicals that upon reaction with oxygen yield 2 peroxyl radicals (see
Scheme S1). The rate of generation of these peroxyl radicals is
estimated to be 3 x 10°® Ms™ at 23°C under our conditions.*

Figure 1 displays images of the green channel recorded before (A)
and during (C) flowing of ABAP. A 6-fold emission enhancement was
recorded when comparing the total fluorescence intensity of all
liposomes (n = 159) in the H,B-PMHC emission channel from images
acquired before and during flow of ABAP solution (see also Figures S2
to S4). A 1.4 fold increase in the red channel was also recorded as
ABAP was introduced, that we assign to energy transfer from
emissive H,B-PMHC,, to DID. An increase in energy transfer was also
observed in ensemble experiments upon oxidation of H,B-PMHC. A
ca. 3-fold increase in the background of the green channel was also
observed throughout the image arising from impurities introduced
with ABAP. Comparison of Figures 1A and 1C reveals that not all
liposomes were observable in the H,B-PMHC channel before oxidative
conditions. Thus, on a per liposome basis, a large range of
enhancements was detected.

The dual labeling scheme incorporating DiD as an internal
in  H,B-PMHC
fluorescence intensity in a ratiometric analysis that minimizes the

standard enabled us to quantify the change

. . e,
influence of liposomal size distribution.” *

* DiD incorporation further
enable us to account for all liposomes in the sample, even those not

showing initial H,B-PMHC intensity. Figures 1E and 1F display the
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observed linear correlation of the green (H,B-PMHC) vs. the red (DiD)
fluorescence intensity, recorded for each liposome before and after
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Figure 1. Fluorescence intensity images (top and middle rows) and intensity
ratios of H,B-PMHC/DiD channels (bottom row) before and during oxidation
initiated by ABAP. Panels A (C) show images corresponding to the H,B-PMHC
channel and panels B (D) show those from the DiD channel, acquired before
(during) oxidation, upon excitation with the 514 nm, 300 W/cm? output of an Ar*
laser. Scale bars are 6 um. Panels E (before oxidation) and F (during oxidation)
illustrate the correlation of H,B-PMHC vs. DiD fluorescence intensity; also shown
are linear fits as a guideline. Mean values of fluorescence intensity ratios
obtained by Gaussian analyses are further listed.

ABAP addition, respectively. The larger slope for the latter illustrates
the fluorescence enhancement caused upon peroxyl radical reactions
with H,B-PMHC on individual liposomes.

For a quantitative treatment we resorted to the distribution of the
H,B-PMHC/DiD fluorescence intensity ratios. This treatment is less
sensitive to outliers in comparison to a linear fit of the correlation of

green to red intensity (Figures S5 and $6).7 **

Histograms of intensity
ratios were compiled for all liposomes in a 30 x 30 um” area and fit to a
Gaussian distribution. The mean value of the distribution was taken as
the representative H,B-PMHC/DiD fluorescence intensity ratio of the
sample (see Figure S4). We observed a maximal 4.9-fold fluorescence
enhancement during oxidation. After longer exposure to oxidative
conditions, fluorescence intensities in both H,B-PMHC and DiD
channels decreased, consistent with oxidative degradation of the
sample.™

Fluorescence enhancements of ca. 30-fold are typically recorded

under thermal ABAP-initiated oxidation conditions executed in
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ensemble experiments.” Presumably, under our imaging conditions
the adduct of H,B-PMHC,, and a positively charged peroxyl radical
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resulting from ABAP decomposition may readily escape the liposome
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Figure 2. Panels A and B show fluorescence intensity images corresponding respectively to the H,B-PMHC channel and the DiD channel, obtained for a sample
prepared without Trolox and PMHC antioxidants (- PT). Images were simultaneously acquired using the 514 nm output of an Ar” laser (6,400 W/cmz). Linescan profiles
are shown at the sides of the images. Scale bars are 2 um. Panels C (-PT) and D (+PT) illustrate the correlation of H,B-PMHC vs. DiD fluorescence intensity in the
absence and presence of antioxidants; also shown are linear fits as a guideline. Mean values of fluorescence intensity ratios, obtained by Gaussian analyses of data

from 30 x 30 umz images, are further listed.

during the image acquisition and diffuse away from the confocal
observation volume. This is supported by confocal microscopy
experiments that reveal that oxidation of H,B-PMHC by lipophilic
alkoxyl radicals (generated from dicumyl peroxide) yield a more
lipophilic product (5-fold larger H,B-PMHC/DiD intensity ratio) than
the one formed upon ABAP-initiated oxidation. FRET from H,B-
PMHC,, to DiD and photobleaching of H,B-PMHC, during imaging
(albeit low excitation powers of 300 W/cm® were used) may also
explain the smaller enhancement. Probe degradation upon oxidation
of the BODIPY core is additionally expected from the high ABAP
concentrations used. These conditions are needed in order to observe
the H,B-PMHC fluorescence intensity enhancement under short (5-10
minutes) monitoring periods.ﬂ

We were initially surprised to see bright emission from single
molecules in some of the “pristine” liposomes prior to ABAP addition,
arguably the result of oxidative events during sample preparation.
This prompted us to investigate the extent of ambient oxidation
during standard liposome preparation in the absence of additives
intended as a source of ROS (Figure 2). Four different sample
preparations with different antioxidant loads were monitored utilizing
the H,B-PMHC/DIiD fluorescence intensity ratio as a marker of
ambient oxidation. Two samples contained either the lipophilic
antioxidant 2,2,5,7,8-pentamethyl-6-hydroxy-chromanol (PMHC) (+P)
or the hydrophilic antioxidant 6-hydroxy-2,5,7,8-tetramethyl-
chromane-2-carboxylic acid (Trolox) (+T). Two more samples were
also studied with no antioxidant (-PT), and with both antioxidants
(+PT) included in the preparation. Given the stronger laser powers
used (6,400 W/cm?) to facilitate the acquisition of intensity-time
trajectories (see below) DOPC liposomes were prepared with a
reduced load of DiD molecules (50, 0.07 mol%). Imaging was always
performed under HEPES buffer flow with no added Trolox in order to
isolate sample preparation effects.

Based on the images we obtained with the above samples, we
concluded that there is significant, quantifiable fluorogenic probe
oxidation occurring during typical liposome sample preparation in

This journal is © The Royal Society of Chemistry 2012

ambient conditions. This is reflected by the 3.5-fold higher H,B-
PMHC/DiD fluorescence intensity ratio in the sample lacking any
antioxidant (-PT) compared to the sample with both PMHC and Trolox
(+PT) (Figure 2, panels C and D). The observed intensity ratio for our
samples in increasing order was +PT < +T << +P < -PT (Figures S7, S8
and Table S1). Under our conditions, Trolox clearly has a more potent
protective antioxidant effect than PMHC. This could indicate that
species responsible for ambient oxidation in liposomes originate
within the water phase.

The alternative to probe oxidation occurring during liposome
preparation (described in the above paragraph) is that preoxidized
H,B-PMHC existing as a trace contaminant in e.g. the dye batch was
incorporated during the liposome preparation. Our experiments with
antioxidants rule out this possibility, as neither Trolox nor PMHC may
reduce preoxidized H,B-PMHC,, (Figure Sg). The activity of these
antioxidants is thus preventive, arising from trapping ROS in solution,
rather than “curative” or healing.

Importantly, a control experiment described in Figure S10 shows
that the potential photosensitization of ROS by DiD is not a prevalent
phenomenon under our imaging conditions but may be observed
under exhaustive irradiation conditions (Figure Si11). Accordingly, the
contribution of photogenerated ROS to the observed intensity
enhancement of H,B-PMHC is negligible.

We note that the unrivalled sensitivity of single molecule
spectroscopy plays a major factor in enabling us to measure the small
differences in fluorescence intensities under different antioxidant
loading. Importantly, given the similar antioxidant activity of H,B-
PMHC and a-tocopherol,™ * our observations would imply that there
is a significant degradation of antioxidant during sample preparation.
This would have detrimental effects in the lifetime of lipid based
products and materials enriched with a-tocopherol as a protective
The lipid
formulations in turn underscores the potential lipid degradation under

agent. degradation of protective a-tocopherol in

ambient conditions.
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Close inspection of confocal images recorded under ambient
condition showed fluctuations in the liposome intensity over time in
the green channel, manifested as pixelated rather than smooth
profiles as observed in the DiD channel. The difference in intensity
profiles between both channels may be better appreciated from the
image linescans for 10 x 10 um® regions in Figure 2 (see also Figure
Sg). The highly dynamic green emission profile arises from
fluctuations in the amount of emissive H,B-PMHC,, with time in an
individual liposome as the sample is raster scanned resulting in a
distorted Gaussian shape. Overlaid in Figure 3 are the fluorescence
intensity-time trajectories recorded on individual liposomes, without
(-PT, Figure 3A) and with (+PT, Figure 3B) PMHC and Trolox. The
fluorescence time trajectories highlight the on-off “blinking” of the
H,B-PMHC probe (ca. 100 molecules/liposome). Conversely, the
DiD

exponential

emission intensity arising upon illumination (ca. 50

molecules/liposome) follows an decay due to
photobleaching, with a lifetime of approx. 10 s under our aerated
imaging conditions. In the former case, the measured intensity counts
per second recorded for H,B-PMHC,, are those expected to arise from
zero to a few dyes simultaneously emitting. In the case of DiD, the low
excitation probability due to its small cross section at 514 nm results in

a comparable intensity when all dyes in a liposome are emissive.
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Figure 3. Intensity-time trajectories recorded for individual liposomes prepared
(A) without (-PT) and (B) with PMHC and Trolox (+PT). The black and red traces
correspond to the emission from the H,B-PMHC channel and the DiD channel.
The data is binned at 5 ms. DiD traces are plotted every 10" point for clarity.

While tempting to postulate that the emission dynamics are the
result of the generation of H,B-PMHC, and
photobleaching, we

its subsequent

may not currently preclude reversible
photobleaching/blinking also operating on individual H,B-PMHC
molecules within the liposomes. A few hundreds of fluorescent bursts
are observed within 3 minutes when focusing on liposomes, which is
much greater than the average of 100 H,B-PMHC dyes per liposome.
In contrast, typically less than 15 events are seen when looking at a
region with no liposomes (see also Figure Si2 and Table Sai).
Regardless of whether the dynamic emission profile results solely
from reaction upon oxidation of the trap segment in H,B-PMHC or
further involves photochemical/photophysical processes intrinsic to
H,B-PMHC,,, it may prove uniquely powerful towards super resolution

imaging of lipid substrates relying on stochastic processes.****

Conclusions

4| J. Name., 2012, 00, 1-3

In summary, we have successfully detected reactions with peroxyl
radicals within individual liposomes
antioxidant probe H,B-PMHC. The
developed has the sensitivity to observe oxidation events in individual

utilizing the fluorogenic
ratiometric assay we have

liposomes under ambient conditions (typical laboratory temperature
and lighting). These results stress the potential prominence of lipid
degradation during their formulations. The new assay further provides
a simple sensitive way to monitor chemical reactions at the level of
individual liposomes. Our assay may become a powerful methodology
towards studying oxidative phenomena taking place in nanoreactors
such as liposomes and low density lipoproteins, as well as other
systems of biological importance. We further believe that the
emission dynamics may prove uniquely powerful towards super
resolution imaging of lipid substrates.
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§ The spectroscopic properties of the dyes used combined with the

emission filters employed in our setup (SI) gave rise to 7% H,B-PMHC to

DiD channel crosstalk and negligible DiD to H,B-PMHC crosstalk.

t Calculated from its activation energy (124 kJ » mol™) and 10 hour

half-life temperature (56°C).

I We note that by working with a single lipid rather than a mixture of

lipids in the liposome formulation, the heterogeneities in dye

concentration reported to occur with lipid mixtures, are expected to be

minimal. The number of fluorescent dyes are a true marker of individual

liposome size, and inhomogeneities in dye distribution, if any, will not

introduce a systematic bias in liposome size determination. See reference

27.

9 These conditions were chosen to limit the number of confocal images

needed to observe the maximal fluorescence intensity to 1 or 2 images, in

an effort to minimize photobleaching of H,B-PMHC,.
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