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We have studied the dynamics of Lissamine Rhodamine B dye sensitization-induced oxidation of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) giant unilamellar vesicles (GUVs), where the progression of the underlying
chemical processes was followed via vesicle membrane area changes. The surface-area-to-volume ratio of our
spherical GUVs increased after as little as ten seconds of irradiation. The membrane area expansion was coupled
with high amplitude fluctuations not typical of GUVs in isoosmotic conditions. To accurately measure the area of
deformed and fluctuating membranes, we utilized a dual-beam optical trap (DBOT) to stretch GUV membranes
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Lipid oxidation into a geometrically regular shape. Further oxidation led to vesicle contraction, and the GUVs became tense, with
Lipid peroxidation micron-scale pores forming in the bilayer. We analyzed the GUV morphological behaviors as two consecutive

rate-limiting steps. We also considered the effects of altering DOPC and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (RhDPPE) concentrations. The resulting kinetic
model allows us to measure how lipid molecular area changes during oxidation, as well as to determine the
rate constants controlling how quickly oxidation products are formed. Controlled membrane oxidation leading
to permeabilization is also a potential tool for drug delivery based on engineered photosensitizer-containing
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lipid vesicles.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Lipid bilayer membranes are the structural barriers that set bound-
aries of the cell and its compartments. They serve as the platforms on
which membrane proteins are localized and play a central role in a
host of physiological processes. The ability of lipid bilayers to perform
their physiological role depends on the integrity of the membrane struc-
ture [1]. Lipid oxidation causes modification and/or loss of essential
membrane functions [2] and has been identified in pathological con-
ditions such as cancer [3,4] and aging-associated conditions such as
atherosclerosis [5] and Alzheimer's disease [6]. Despite the strong con-
nection of membrane oxidation to human health, the specific molecular
mechanisms connecting lipid oxidation to the membrane's roles in
disease etiology and pathogenesis are not well understood. Here, we
use a light-induced model of lipid oxidation to probe the kinetics of
lipid oxidation by observing oxidation-linked changes to the morpholo-
gy of giant unilamellar lipid vesicles (GUVs).

The key oxidation process that occurs within the lipid bilayer in-
volves oxidative species such as reactive oxygen species (ROS) attacking
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unsaturated lipids. The products of the oxidation reactions depend on
the type of lipids involved (including mono- and polyunsaturated)
and the particular oxidative species mediating the attack [7]. However,
the most commonly observed fundamental process can be viewed as a
series of key chemical events. First, the oxidation of an unsaturated
lipid molecule is initiated by the abstraction of the allylic hydrogen ad-
jacent to the double bond and the reaction with molecular oxygen to
form a carbon-centered peroxyl radical. This in turns initiates the oxida-
tion of neighboring lipid molecules, and the lipid tails are left modified
with a hydroperoxy group [8,9], and further oxidation leads to lipid
tail scission into a truncated lipid molecule and tail fragment [10].

Singlet oxygen ('0.) is an ROS frequently encountered during the vi-
sualization of the lipid membrane by fluorescence microscopy. When ir-
radiated, photosensitive molecules such as porphyrin derivatives and
fluorescent rhodamine dyes can transfer their energy to molecular oxy-
gen (0,) to generate the more reactive !0, [11,12]. Biomedically, single
oxygen production by photosensitization is utilized by photodynamic
therapy (PDT) for targeted destruction of malignant tissues [13]. Singlet
oxygen is also naturally-occurring, resulting when UVA rays photosen-
sitize endogenous porphyrins [14].

Singlet oxygen-induced effects have been noted to alter membrane
phase behavior [15,16]. Other reports have noted more drastic changes
to the lipid membrane morphology induced by singlet oxygen-related
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reactions. For the general case of phospholipid membrane oxidation,
molecular dynamics simulations of a 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) membrane reveal membrane bending and
pore formation within nanoseconds of oxidation, especially with scis-
sion of both acyl tails [17]. Investigations adding photosensitizers to 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and DOPC
GUVs reported changes to the membrane bending modulus [18] and
area expansion modulus [19] with lipid oxidation. Others observed in-
creases in the membrane surface area accompanied by vesicle shape
fluctuations when irradiating porphyrin-labeled pure POPC or POPC-
containing GUVs [16,20]. In addition, a study using DOPC GUVs in dif-
ferent concentrations of methylene blue solution also observed post-
expansion membrane area contraction accompanied by the loss of
optical contrast across the membrane; this was interpreted as the
result of pore formation [21]. Similar effects have also been reported
in polymersomes composed of polyethyleneoxide-b-polybutadiene
(PEO-b-PBD) diblock copolymer with the chromophore chlorin e6,
where the vesicles grew larger over three minutes and also shrunk
afterwards [22]. In this study, the morphological changes previously
observed by others are utilized to constructing a kinetic model of oxida-
tion progress. This modeling approach provides a generalizable frame-
work for quantifying and predicting the results of photosensitization-
induced oxidation processes. Additionally, this work provides the first
visual confirmation of micron-sized pore formation accompanying ves-
icle shrinkage in the latter stage of oxidation. We show that careful ob-
servation of pore dynamics can be used to estimate changes in the line
tension of the membrane.

A baseline understanding of the dynamics of lipid oxidation is of
broad utility. Rhodamine-based dyes are broadly used in imaging stud-
ies; understanding the precise conditions under which they can be ex-
pected to lead to oxidative damage—and potential artifactual results-is
therefore important. Rhodamine dyes have also been considered as po-
tential photosensitizers in photodynamic therapy (PDT) [11,23]. Under-
standing the kinetics of oxidation produced by the photosensitizer is the
key to designing such therapies, and the framework of our kinetic model
is extensible beyond rhodamine fluorophores to other photosensitizers,
such as porphyrin chromophores [24]. Despite many observations of
light-induced oxidation of the lipid membrane, the dynamics of the
underlying chemical events is largely unexplored, so the main goal of
this study is to provide a kinetic model applicable to the complex pro-
cess of oxidation while retaining simplicity by constraining to rate-
limiting processes. Based on the morphological changes observed by
others [16,20-22] and in this study, the process is apparently a two-
step process involving membrane area expansion followed by contrac-
tion. Bateman and Gee [25] described the rate of light-induced oxida-
tion of non-conjugated olefins to be first-order in which the effective
rate constant varies proportionally with light absorption, which direct-
ed the focus of our study toward the dependence of oxidation dynamics
on the intensity of the excitation light.

2. Materials and methods
2.1. Materials

The lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1,2-diphy-
tanoyl-sn-glycero-3-phosphocholine (DPhPC), and 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfo-
nyl) (RhDPPE) were purchased from Avanti Polar Lipids. Sucrose,
glycerol, 6-hydroxy-2,5,7,8-tetrametylchromane-2-carboxylic acid
(Trolox), and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) were purchased from Sigma-Aldrich. Glucose and Rhodamine
B were purchased from Alfa Aesar, chloroform was from Macron Fine
Chemicals, and sodium azide was from BDH Chemicals. Deuterated
chloroform was from Cambridge Isotope Laboratories, Inc.

2.2. GUV preparations

Our standard GUV composition consisted of 9:1 molar ratios of
DOPC to RhDPPE. In reducing DOPC concentrations to 85 and 75%, the
unsaturated lipid was substituted with DPhPC such that RhDPPE
was maintained at 10% of the total composition; DPhPC was selected
as a substitute that would have a fluidity and phase behavior similar
to that of an unsaturated lipid without susceptibility to oxidation. To in-
vestigate rhodamine content dependence, RhDPPE was substituted
with unlabeled DPPE.

The GUVs were formed using the electroformation method pio-
neered by Angelova and coworkers [26]. A lipid solution (in chloroform)
was deposited on an indium-tin oxide (ITO)-coated side of a glass slide
(Delta Technologies), inside the perimeter enclosed by a silicone o-ring
(13/16” ID, 1”7 OD, Sterling Seal & Supply) attached to the slide by sili-
cone vacuum grease (Dow Corning). After drying under vacuum over-
night, the lipid film was hydrated with a 200 mM sucrose solution
in 10 mM HEPES buffer at pH 7.40 such that the final lipid con-
centration was 30-40 pg/mL. The electroformation apparatus was
completed by attaching another ITO-coated slide to the o-ring with vac-
uum grease, with the conductive side facing toward the lipid film. Elec-
trodes connecting each of the ITO-coated slides to a function generator
(Hewlett-Packard/Agilent Technologies) allowed for the application of
an AC field at 10 Hz and 1.3 V for 1 h at room temperature. Vesicles
were used within a day of electroformation. Lipid mixtures containing
rhodamine dye were always shielded from ambient light to avoid
photobleaching and other unintended oxidation effects.

For dual-beam optical trap (DBOT) experiments, which require a
higher density of GUVs in solution, GUVs were formed by hydrating
the lipid film dried on a layer of agarose hydrogel [27-29]. The GUVs
were formed in 500 mM sucrose solution in 20 mM HEPES buffer at
pH 7.00, a condition used in the previous work with a DBOT [30,31].

2.3. Basic photooxidation experiments

Electroformed RhDPPE-labeled GUVs were observed with epifluo-
rescence microscopy on a Nikon TI-E inverted microscope, using illumi-
nation filtered through a green excitation filter (528-553 nm bandpass,
540 nm cut-on wavelength). Excitation light was provided by a 130 W
mercury lamp (Intensilight, Nikon). The maximum irradiation intensity
through the objective (Apo TIRF 60 x Oil/NA 1.49, Nikon) was measured
by a laser power meter (Thorlabs, Inc.) to be 5.93 mW at 561 nm. Inten-
sity was reduced in binary ratios using neutral density filters. We
utilized asymmetry in aqueous solutions to facilitate microscopy obser-
vations: the GUVs formed in sucrose were transferred to an isoosmotic
glucose solution (200 mM in 10 mM HEPES at pH 7.40). Since sucrose
solutions are denser than glucose solutions at the same concentration,
the GUVs sedimented to rest on the glass coverslip, minimizing their
distances to the objective and their mobility. Figure S1 illustrates the de-
scribed arrangement.

To estimate line tension in the pore-forming regime of DOPC GUV
oxidation, pore closure was delayed by performing the experiments in
ten-fold elevated aqueous viscosity. Both 200 mM glucose and sucrose
solutions were formed in a 1:1 v/v glycerol-water mixture. The viscos-
ity of the resulting sucrose solution was measured with an Ubbelohde
viscometer (Cannon Instrument Company) to be 10.3 mPa-s.

2.4. Chemical analysis of oxidized lipids

In preparation for nuclear magnetic resonance (NMR) spectroscopy,
lipid samples (in chloroform) were dried onto the bottom of a glass vial
under an argon stream and placed under vacuum for at least 1 h. The
samples were irradiated with the green excitation light for 1 h. Samples
were redissolved in ~800 pL of deuterated chloroform and scanned on a
Varian VNMRS-500 2-channel NMR spectrometer at 25 °C. Samples
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were scanned prior to irradiation and after each of four subsequent cy-
cles of green excitation light exposure.

2.5. Oxidation while stretching in a dual-beam optical trap (DBOT)

Rapid GUV fluctuation in early stages of oxidation made it difficult
to accurately measure membrane surface area. For accurate area
measurements, we repeated a set of the oxidation experiments while
GUVs were captured and stretched in a dual-beam optical trap
(DBOT). In a DBOT, counter-propagating laser beams emitted from
two single mode optical fibers form a trap at the geometric center of
the two fiber cores, owing to the Gaussian intensity profile of the
beams [32,33], as illustrated in Fig. 2S. In our apparatus, described in de-
tail elsewhere [31], the optical fibers are placed on grooves etched on
silicon which ensure the fiber core alignment. Perpendicular to the
fiber grooves runs another groove that houses the microfluidic glass
channel. The GUVs were flowed through this glass channel using a peri-
staltic pump and were brought close to the trapping region. The vesicles
were initially lifted to the center of the channel and trapped using a
minimal laser power (50 mW from each fiber operating at a wavelength
of 808 nm). At this point, we started capturing images of a GUV at the
equatorial plane, using a CCD camera, through a 50x (NA 0.55, Nikon)
objective at a frame rate of 62 fps. The rhodamine excitation light was
emitted through the same objective, using the same green excitation
filter described above but with a weaker illumination source (Nikon
TE2-PS100W), in order to initiate the oxidation process. Maintaining
the GUV in the trap, we then increased the laser power to 250 mW
(from each laser) and caused the GUV membrane to stretch. The GUV
was kept stretched for 5 s and the laser power then dropped to zero.
Keeping the rhodamine excitation illumination on, the stretching ex-
periment was repeated 15-20 times in order to capture data at several
points over the course of oxidation.

2.6. Data analysis

The time-lapse image sequence observed by epifluorescence micros-
copy for the oxidation of each GUV was recorded by Nikon NIS Elements
software in the ND2 file format, which was then imported into MATLAB
for data processing using the Bio-Formats m-file package available
through the University of Wisconsin-Madison Laboratory for Optical
and Computational Instrumentation (LOCI). The GUV edge was traced
using built-in MATLAB functions to apply a Gaussian filter and Canny
edge detection. For images in which pores were evident, the portion
of the GUV perimeter occupied by the pore was traced by fitting observ-
able edge coordinates to an ellipse. With the knowledge of the coordi-
nate of the vesicle center and the lengths of the major and minor axes,
the angle of the arc from the dark void in the membrane was then
used to calculate the arc chord corresponding to pore diameter.

At the quasi-static leak-out limit where pore radius and surface
tension are assumed constant with respect to time, Karatekin and co-
workers [34] simplified the hydrodynamic model of pore closure from
a differential equation to the linear relationship

27
—ﬂt-lrc (1)

R Inr =
where R and r are the GUV and pore radii respectively and t denotes
time. The aqueous viscosity is denoted by 1o, and Cis a constant of inte-
gration. By plotting R%In r as a function of time, the measured slope of
the linear region was then used to calculate 7, the line tension. Fig. S4
shows an example of such plot, which reflects a sudden rise at pore
opening, the linear decrease characteristic of the quasi-static leak-out
regime, and a rapid drop toward pore closure.

In order to reproducibly and objectively select the linear region
from the full pore closure data set, an adaptation of a truncation algo-
rithm was used [35]. First, data points preceding the occurrence of

the maximum pore radius as well as those showing total pore closure
(r = 0) were removed. The remaining pore radii comprise data set A.
Another data set consists of points from data set A, minus the end
point. If the difference of the root mean squares (RMS) of the residuals
from linear fittings of the two sets is equal to or exceeds 10% of the
RMS of set A, then the removal of such point was considered to increase
linearity. This step was iterated until the relative RMS change was less
than 10% and/or there were fewer than four data points remaining. An
example of an original and truncated data set is shown in Fig. S4.

In the case of the DBOT experiment, an in-house image-processing
algorithm was applied in order to trace the GUV edge from the
two-dimensional (2D) micrographs. The calculation of the three-
dimensional (3D) vesicle surface area employed a method similar to
one described by Milner and Safran [36]. The micrographs such as in
Fig. S5b represent the equatorial cross-section of a stretched GUV hav-
ing the ellipsoid shape. With data from the first time-point, the volume
of this ellipsoid was approximated from the estimated major and minor
axes of the cross-sectional ellipse, based on traced GUV (Fig. S5¢) edge
coordinates. The radius of the equivalent sphere (R) of the same volume
was then obtained and used in the following equation:

r(0) =R+ E (3 cosZG—l)} Uy 2)

We assumed conserved volume of the GUV throughout the course of
the experiment, so R is constant (note: DBOT experiments were termi-
nated prior to the onset of pore formation). The second term represents
the second-order Legendre polynomial associated with the gross shape
change of the GUV under stretching tension. The 2D contours were
fitted to Eq. (2) to relate the vesicle radius (r) as a function of the azi-
muthal angle (6). Assuming the GUVs to be symmetric about the optical
beam axis, we performed a solid angle of revolution integral on the
fitted contour to obtain the surface area of the GUV.

3. Results and discussion
3.1. Time course of GUV deformation

The light-induced oxidation of DOPC GUVs is apparently a two-stage
process: a typical example is shown in Fig. 1. GUVs are initially spherical
and relaxed, with low-amplitude fluctuations observed (Fig. 1a). Within
the first 3 min of irradiation, the vesicle flatten and expand out on the
coverslip surface, resulting in an apparently greatly increased radius,
and high-amplitude fluctuations are seen (Figs. 1b and 3b-e). As irradi-
ation continues, the GUV returns to a rigid spherical shape (Fig. 1c), and
micron-scale pores begin to regularly form (Fig. 1d-f). The two phases
of decreased tension and flattening, followed by increased vesicle rigid-
ity and membrane pore formation, can be seen clearly by plotting the
apparent average radius of the GUV as a function of time (Fig. 1g). The
radius plotted here represents the average radius of the traced vesicle
contour (i.e. distance of the contour from the center point averaged
across all angles) obtained by image analysis of epifluorescent micro-
graphs. Note the initial rapid apparent vesicle size increase (flattening
and fluctuations) to a peak radius followed by a decrease that is initially
smooth but at long times becomes stepwise. Each step here corresponds
to a single pore formation event releasing a fraction of the enclosed
liquid and reducing the GUV volume. The time-course radius changes
for other experimental conditions (varying excitation light intensity,
DOPC concentration, and RhDPPE concentration) are available in Fig. S6.

Prior to membrane pore formation, the volume of the aqueous solu-
tion enclosed by the GUV membrane is assumed to be constant. There-
fore, vesicle flattening leading to increased apparent vesicle radius is
attributed to total membrane area expansion due to increased lateral
molecular area from oxidation. Conversely, increased vesicle rigidity
and pore formation are regarded as resulting from chemical changes
to the lipid molecules with further oxidation, which led to decreased
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Fig. 1. Vesicle morphologies and radius profile during GUV oxidation at 0.72 mW rhodamine excitation intensity and 90 mol% DOPC-10 mol% RhDPPE. The epifluorescence micrographs
in (a)-(f) show the same GUV (a) at the beginning of irradiation at 0 s, (b) during area expansion at 63 s, and with increased rigidity with (c) continuous membrane at 216 s and with
pores at (d) 217 s, (e) 243 s, and (f) 289 s. Scale bars = 10 pm. The radius values normalized to initial GUV radius over 900 s for another GUV from the same electroformation batch is

shown in (g).

membrane area. Membrane pore opening in such isoosmotic condition
and aqueous-viscosity environment are not typically resolvable, so
those formed were likely due to decreased pore closure-promoting
line tension. The complex and multistep reactions that took place are
simplified into these two observable stages to be used to build a kinetic
model for the progression of lipid oxidation.

As introduced earlier, the oxidation of unsaturated phospholipids
results in the addition of the hydroperoxy group adjacent to the double
bond on the acyl tail, following allylic hydrogen abstraction and carbon-
centered radical formation [37]. The presence of this newly added func-
tional group increases the lateral area in the membrane that the lipid
molecule occupies. Collectively, this leads to membrane area increase
that we observed and is represented by the data in the 0 to 175 s interval
of Fig. 1g. Further oxidation results in acyl chain scission and loss of lipid
material from the membrane [38,39], resulting in lipid area and mem-
brane area contraction. The described oxidation steps are briefly sum-
marized in Fig. 2a.

We analyzed the chemical transformation of DOPC upon photooxi-
dation. A 10 mol% mixture of Rhodamine B and DOPC was probed by
'H NMR and successively oxidized as a thin film. The Rhodamine B
signal did not interfere with the DOPC signal. We observed the evolu-
tion of three non-native DOPC peaks that are attributed to hydroperoxy,
alcohol, and aldehyde groups (Fig. 2b). Singlet oxygen reacts with the
olefin in the DOPC tail according to standard “ene” chemistry. In a con-
certed reaction, singlet oxygen reacts with an allylic hydrogen (with
respect to the double bond) and a hydroperoxy group adds to the tail,
shifting the double bond [40-42]. The hydroperoxy peak appears in
the spectra after the first round of oxidation at around 4.4 ppm. Subse-
quent reduction of the hydroperoxide results in the formation of an al-
cohol. Finally the allylic alcohol undergoes a Hock rearrangement and
the tail cleaves, resulting in an alcohol (4.25 ppm) and an aldehyde
(9.75 ppm). In the end, the alcohol is converted to an aldehyde [10,43,
44). These aldehydes are present after the third round of oxidation.
The head group was chemically stable as indicated in the consistency
of spectra for all rounds of photooxidation in the 0.7-3.45 ppm range
(Fig. S14). The control sample, which underwent the same drying and
scanning protocol, did not exhibit any of the oxidation products.

To better understand the kinetics of these chemical transforma-
tions, we analyzed data produced by photooxidation experiments
with GUVs: time series of images showing changing morphology (com-
pare Fig. 1a-f). The molecular parameter that changes with the progress
of oxidation is the area per lipid, so we needed to first measure vesicle
surface area from each of these images in order to model the kinetics.
In measuring surface area from these two-dimensional micrographs,

we utilized image processing in MATLAB for membrane edge detection.
The coordinates of the pixels comprising the vesicle edge were averaged
to approximate the coordinates of the vesicle center, and the distances
from the center to all edge points were then averaged to yield vesicle ra-
dius. We assumed that the GUVs were always spherical in calculating
vesicle surface area from this radius.

In observation of GUVs resting on the coverslip surface, several ex-
perimental artifacts persisted and increased the uncertainty of the
time course data during the membrane area expansion phase of oxida-
tion when the vesicle morphology significantly deviated from a spheri-
cal shape. With flattened GUVs, as seen in Fig. 1b, the measured vesicle
dimensions were overestimated, and adding high amplitude fluctua-
tions (Fig. 3b) meant that the average radius data could not be used to
accurately estimate changes in the membrane area that resulted in de-
creased tension. Furthermore, the GUVs mitigated increased surface
area-to-volume ratios by storing excess membrane as tubules and
buds, and these were later stretched out as further oxidation resulted
in products with decreased surface area.

While the morphological transitions of GUVs are more accurately
represented by Fig. 1, a few which formed tubules and buds to mitigate
increased surface area (Fig. 3) experienced several brief interruptions
during the membrane area-decrease phase. First, the surface tension
of the flattened GUVs increased, as indicated by the return of the spher-
ical shape (Fig. 3f). Excess membrane stored away as tubules was pulled
back to the main GUV body and the sudden increase of membrane area
was accompanied by more fluctuations (Fig. 3g). The time course radius
data reflect this competition between the increasing membrane tension
above the threshold necessary for spontaneous pore formation and the
returning of excess membrane with cyclic rapid increase and step-
decreases around 200 s in Fig. 1g. It should also be noted that the flatten-
ing and swelling of GUVs occurred rapidly and were not always accu-
rately followed during epifluorescence microscopy so images were
sometimes out of focus during these transitions. For the purpose of
fitting the kinetic model, the data points representing these behaviors
were not considered.

3.2. DBOT stretching results

Since the surface area of GUVs flattened on the glass surface cannot
be accurately measured, oxidation experiments were repeated in
a DBOT, which stretches the vesicles to allow accurate surface area
measurements. We observed both the time at which peak area was
achieved and the maximum area increase at this peak. The distributions
of peak time and maximum area strain, confirmed to be normal by the



S. Sankhagowit et al. / Biochimica et Biophysica Acta 1838 (2014) 2615-2624 2619

NS G S g

(b) 0 o) o
eSS -p- e oA -P-
0 y 07X o-F-0 i
. — /8"{\0 ) D\/\hl“\ . HO’=\/\./\/\T|/O H w*
OOH 0 o]

?

T T T T I I T T T I I I T T

45 4.0 45 4.0
Rhodamine and DOPC: Oxidized Rhodamine and DOPC: Control

o 0
® ~ = 0/\‘(\0";”0 .
3 or . oHn o TN
o] (o]
L]
L]

Oxidation

99 98 97 96 99 98 97 96
Fig. 2. (a) The mechanism of photo-induced oxidation. (i) The allylic hydrogen is abstracted by '0, and with the addition of molecular oxygen, the peroxyl radical is added in its place.
(ii) The peroxyl radical can initiate the oxidation of neighboring lipid molecules to result in a hydroperoxy (- OOH) group adjacent to the double bond. (iii) Oxidation of the - OOH
group results in lipid tail scission into a shortened acyl chain capped with a hydroxyl (— OH) group and a tail fragment capped with the aldehyde (— CHO) group. (iv) Further oxidation
of — OH on the shortened lipid molecule results in its replacement with — CHO. (b) "H NMR spectra of oxidized (left) and non-oxidized (right) samples of 90%DOPC-10%Rhodamine B. The
colored dots indicate the oxidation products: (blue) hydroperoxy, (green) alcohol, and (red) aldehyde. The bottom spectra are of stock samples and each successive spectrum was taken
after a cycle of evaporating chloroform (both oxidized and control), irradiating to excite Rhodamine B for 1 h (oxidized batch only), and redissolving in deuterated chloroform for '"H NMR
spectroscopy (both oxidized and control).

Kolmogorov-Smirnov test, are summarized in Fig. 4. The formation of The GUV membrane area increased by 7.81 4+ 2.75% on the DBOT
membrane tubules led to multiple peaks in the time-course measure- apparatus. Note that the light source used was significantly weaker
ment of vesicle size (Fig. S9); the vesicles that exhibit such behavior than that used in the main setup, as shown by the lengthened time to
were excluded from the distribution of the maximum percent area in- maximum area increase (Fig. 4a). Mertins and coworkers reported

crease (Fig. 4b). that the maximum area increase depends on the rate of singlet oxygen
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Fig. 3. Area storing morphologies during oxidation of a 90 mol% DOPC-10 mol% RhDPPE GUV irradiated at 0.72 mW rhodamine excitation intensity from (a) the beginning of irradiation at
0. The GUV underwent the area expansion phase of oxidation and formed tubules and connected buds from (b) 51 s, (¢) 55, (d) 61 s,and (e) 71 s. During the transition phase, the GUV
membrane area was reduced and rigidity increased at (f) 169 s before increased surface tension stretched a tubule and returned excess membrane area at (g) 177 s. The GUV became fully

rigid by (h) 207 s. Scale bars = 10 pm.

formation [21], which can be controlled by changing photosensitizer
concentration and irradiation intensity. The time-course surface area
calculations based on data collected with the DBOT apparatus were
also used for fitting to the dynamical model described next.

3.3. Modeling oxidation kinetics

Based on the two distinct stages of oxidation observed, we modeled
DOPC oxidation as having two rate-limiting steps in series; each step
was simplified to an irreversible reaction with one collective species
each for reactant and product. The product of the first reaction is an ox-
idized species (called OX1) that occupies more membrane area than
non-oxidized DOPC does. The product of the second reaction is called
0X2, which occupies less area than DOPC. Bateman and Gee [25] ob-
served that the kinetics of photochemical oxidation of non-conjugated
olefins have first-order dependence on the concentration of the species
to be oxidized. We therefore assume first-order kinetics for both steps.
The dependence of reaction rate on illumination intensity will be
taken into account via modifications of the effective rate constant of
both reactions, which are

k
DOPC —> OX1, 1, = K, Cpopc

(3a)
k
0X1 —>0X2, 1, = kyCoxs (3b)
15(@)
§1o ] \\
3
5] \
0 80 160 240 320 400

Peak Time (s)

where k; and k; are the rate constants for the first and second steps, re-
spectively, and r; and r; are the reaction rates. The material balances for
the three species are

dC

g? P€ = —K; Cporc (4a)
dcd(;m = k1 Cpopc —koCox1 (4b)
dC

dc;xz = kyCoxq (40)

Using the initial conditions

Cpopc(t=0) =1 (5a)
Cox1(t=0) = Coxp(t =0) = 0. (5b)

This system can be analytically solved in order to obtain expressions
for the relative concentrations as a function of time (t), which are

Cpopc(t) =" (6a)

5128;(b) /\
S . ,/

0 3 6 9 12 15
Maximum Strain (%)

Fig. 4. Distribution of (a) time of irradiation (237.57 & 79.80 s) at 0.313 mW (561 nm) to arrive at and (b) the percent increase (7.81 4 2.75%) at the maximum membrane area increased

due to lipid oxidation on the DBOT setup.
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Coxi () =

k1 =kt —kst
ky—k, (e € ) (6b)

_ k, —kqt ky —kyt

Coa(O) =1-p e "+ e (60)
We also assumed that the GUV surface area (S) is a simple linear

combination of the surface areas of the three species (DOPC, OX1, and

0X2)

S5(t) = AporcCoorc (t) + Aoxi Coxi (t) + AoxaCoxa (1) (7)

where Apx; and Aoy, are the areas per lipid of 0X1 and OX2, respective-
ly, relative to that of DOPC, Apopc (le Aporc = 1, Aoxi > 1, Aoxz < ])

The rate constants (k; and k,) and area parameters (Aox; and Aoxz)
were obtained through fitting the above model (Eq. (7)) to normalized
area data averaged from approximately twenty GUVs for each experi-
mental condition. Fig. 5 shows model results for 90%DOPC-10%RhDPPE
GUVs irradiated at 2.85 mW over 15 min using epiflorescent microscopy
during photooxidation without optical trapping. Note that the area ex-
pansion regime only spanned an interval of 80 s, and more time points
were considered during this interval in which surface area changed
rapidly.

Again using epifluorescent microscopy without optical trapping, we
studied the same GUV composition (90 mol% DOPC-10 mol% RhDPPE)
excited by five different power levels measured to be 2.85, 1.40, 0.72,
0.38, and 0.19 mW. Each condition was represented by time-course
data averaged from approximately 20 GUVs. The four parameters in
our kinetic model were obtained through least-squares minimization
(described in the Supplementary information). The results of four fitting
parameters are summarized below in Fig. 6. The kinetic expression
given by Bateman and Gee [25] shows oxidation rate scales as the
square root of light absorption. Since the rate of light absorption linearly
varies with the incidental light intensity, we plotted the rate constants
as a function of the square root of intensity and observed approximately
linear behavior.

The area parameter Agy; represents the relative area of the oxidized
species resulting from the first rate-limiting step of DOPC oxidation,
compared to the lateral area that a DOPC molecule occupies: 0.68 nm?
[17]. To estimate this parameter, we averaged the best-fit value from ex-
periments at various illumination intensities. Our estimate of the molec-
ular area increase of oxidized DOPC at 16.9% is within the ranges
reported by Weber (15-20%) [19] and predicted by molecular dynamics
simulation [2].

Normalized Surface Area

T
0 200 400 600 800
Time /s

Fig. 5. Kinetic model (blue, solid line) fitted to data (black, dots) averaged from 20 GUVs
0f 90 mol% DOPC-10 mol% RhDPPE composition, irradiated at 2.85 mW for 15 min. Param-
eters obtained from this fit are Aox; = 1.1165 4+ 0.0148, Aox, = 0.4867 + 0.0021, k; =
0.0977 + 0.0037 s~ !, and k, = 0.0061 & 0.0001 s~ .

Fig. 6a also depicts diminishing values of Agx», the relative area of
the final oxidized species 0X2, with higher irradiation intensity. During
this second area-contracting regime, the GUVs assumed rigid spherical
geometry and the area measurement artifacts associated with the first
oxidation phase were eliminated. Smith and coworkers [39] demon-
strated that lipid tail scission from oxidation resulted in the loss of
lipid materials as fragments from the membrane into the aqueous envi-
ronment. Additionally, the molecular dynamics simulation work of
Cwiklik and Jungwirth [17] predicted micellization of the shortened
oxidation products. These results support our finding, shown by the be-
havior of Agx,, that increased irradiation intensity (and thus increasing
singlet oxygen formation and lipid oxidation rates) causes a collective
decrease in the membrane area resulting from the loss of lipid mass
from the membrane.

The rate constants k; and k, were expected to vary directly with the
square root of irradiation intensity, following the model by Bateman
and Gee [25]. At the highest irradiation intensity, k; appears to not con-
form to this model. Note that k; is related to the shape of the area-
expansion peak. The rapid onset of this peak at high irradiation intensi-
ties presents an observational challenge that may have yielded an inac-
curate result. Extrapolating the value of k; at 2.85 mW based on the
linear fit of the other four points yielded k; = 0.0490 s~ !, which also re-
sulted in a reasonable fit to the surface area time course data (Fig. S10).
With accurate area measurement in the area-contraction regime, the re-
sults of k, more clearly display its linear dependence on 1'%,

Despite maintaining constant irradiation intensity throughout the
span of each 15-minute experiment, the first oxidation step (to 0X1)
took place more rapidly than when oxidizing from OX1 to OX2. This
could be visualized in Fig. 1g and quantitatively confirmed by the differ-
ence between k; and k. The fact that k; is one order of magnitude
higher than k; is largely due to the autocatalytic nature of the first
phase, where the allylic hydrogen abstraction of one lipid molecule re-
sulted in a radical that can initiate oxidation of neighboring lipid mole-
cules in the membrane.

With increased accuracy in membrane area measurements, we
were able to use the data collected with the DBOT apparatus for fitting
to the dynamical model. However, the GUV surface area could only be
calculated until the maximum surface area increase was reached.
Without certainty on whether membrane pores formed any time
afterwards, we could neither assume constant volume for surface area
calculation nor maintain the optical contrast required for vesicle
stretching. Thus, time-lapse data collection from the DBOT experiment
was concluded once vesicle shrinkage was observed, and any analyzed
data point beyond the time at maximum strain was disregarded.
The model described in the first part of this section requires data span-
ning over both membrane expansion and contraction phases, so there
were not enough data points collected with the DBOT apparatus to
constrain a four-parameter fit. With the parameters shown in Fig. 6
for 0.19, 0.39, 0.73, and 1.4 mW intensities, we assumed linear depen-
dence of Agy, on the irradiation intensity and of k; and k; on the square
root of the intensity to extrapolate these three parameters for the
irradiation intensity used in the DBOT experiments. Due to differences
in light sources and microscope objective specifications between
the basic setup shown in Fig. S1 and in the DBOT setup, this irradia-
tion intensity (0.02 mW) was estimated by extrapolation from the line-
ar fit as a function of the natural logarithm of time at the maximum
area increase on the basic experimental setup, shown in Fig. S11.
Aside from fixing the parameters Aox2, ki, and kj, the data fitting
protocol was identical to that for the basic oxidation experiment
data. The resulting one-parameter fit of the kinetic model to the DBOT
data yielded Apx; of 1.1076 + 0.0272; the distribution of Agy; is
shown in Fig. 7. We have acknowledged that the data from the basic ex-
perimental apparatus resulted in overestimated values of GUV surface
area, so it is reasonable that the DBOT data would suggest a 10.7% in-
crease in lipid area, which is less than the value obtained from the
basic experiment data of 16.9%. However, this value is less than the
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Fig. 6. (a) Area parameters Apy; (green, filled circles) and Aox, (orange, opened circles) as functions of the irradiation intensity (I) and (b) rate constants k; (blue, opened squares) and k;
(red, filled squares) as functions of I/, obtained through fitting the kinetic model to vesicle area time-course data averaged from ~20 90 mol% DOPC-10 mol% RhDPPE GUVs. Note that

some error bars are smaller than the markers and are not visible.

lower limit of the ranges reported by Weber and predicted by Wong-
Ekkabut [2,19].

34. Line tension of oxidized membrane pores

In addition to vesicle surface area changes, the excitation of the
fluorescent dye labeling the phospholipid bilayer also resulted in ex-
perimentally observed pores in the membrane (Fig. 1d-f), such as
those seen by Sandre and coworkers [45]. Pores often form at tensions
beyond a certain threshold; above this threshold, vesicle membrane
stress is mitigated by the ejection of liquid through pores. Energetically,
pore opening competes with the line tension that arises from the ener-
getic cost to arrange lipid molecules at the pore edge, that is why lipid
pores are often small and short-lived and are not typically visible in
standard microscopy experiments [45].

Sandre and coworkers [45] were able to observe pores by prolonging
their durations. They formed GUVs in a mixture of water and glycerol,
increasing the viscosity to 32.1 4+ 0.4 mPa-s and slowing down the leak-
age process to delay pore closure. The pores formed could be resolved
by optical microscopy and remained opened for seconds. Another way
pore duration can be modified is altering membrane line tension by
adding molecules with non-zero spontaneous curvatures. Surfactants
and phospholipids with relatively large head groups can more easily
be organized at the pore edge than those cylindrical lipids can. Treat-
ment of DOPC GUVs with the surfactant triton X-100 resulted in pores
that could last tens of seconds [46]. The opposite effect is observed for
cholesterol, which has an inverse-cone shape [47].

Using glycerol to raise the viscosity of the aqueous phase ten-fold to
10.3 mPa-s, we increased the duration of pore opening from less than a
second to 3-4 s, giving us 20-40 frames of epifluorescent micrographs

12
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Fig. 7. The distribution of Aox; obtained through fitting the kinetic model to the DBOT data
of 19 90 mol% DOPC-10 mol% RhDPPE GUVs irradiated at an estimated intensity of
0.02 mW (561 nm); the Kolmogorov-Smirnov test confirmed normal distribution of the
values averaged at 1.1076 + 0.0272.

for each pore occurrence. We observed pore formation for three differ-
ent compositions of decreasing DOPC concentration. As DOPC concen-
tration decreased from 90% to 68%, membrane line tension increased
from ~6 pN to ~10 pN and pore occurrence became less frequent with
shorter duration. Karatekin and coworkers [34] also observed pores
during prolonged illumination of fluorescently labeled DOPC GUVs,
with measured line tension of 8.1 pN; the connection to lipid oxidation
had not been made in this earlier work. In comparison, the line tension
of non-oxidized DOPC membranes was estimated with electropora-
tion experiments to be between 25 and 27 pN [48,49]. This indicates
that a DOPC oxidation product resulting from lipid tail scission during
the membrane-contracting phase decreases membrane line tension.
This result suggests that these lipid products have edge-stabilizing
inverse-cone geometry. The distributions, confirmed to be normal by
the Kolmogorov-Smirnov test, of the line tension values for all three
conditions are summarized in Fig. 8.

Smith and coworkers [39] studied lipid tail scission with oxidation
and demonstrated that some tail fragments were lost to the aqueous
environment. This is depicted in our study by shrinking GUV size fol-
lowing initial membrane-expansion. The contribution of lipid oxidation
toward pore formation is two-fold. First, the decreasing vesicle mem-
brane area encompassing an incompressible fluid accumulates surface
tension required to drive pore opening. Second, the shortened lipid ox-
idation products were shown by us to reduce line tension with a pore
edge-stabilizing geometry. Surface tension promotes pore formation
while line tension acts against it, and lipid membrane oxidation alters
both properties in favor of pore opening. In cells, increased membrane
permeability due to pores then leads to solute imbalances triggering
cell death [50].

3.5. Controlling for oxidation with sodium azide and Trolox

To demonstrate that oxidation was due to singlet oxygen, we per-
formed the basic photooxidation experiment described in Section 2.3
in the presence of sodium azide, a specific quencher for singlet oxygen
[51], and of Trolox, which scavenges free radicals [52]. With 1 mM
Trolox present in the glucose solution outside the 90 mol% DOPC-
10 mol% RhDPPE GUV, irradiation with green excitation light at
0.72 mW resulted in the same vesicle morphologies as in the condition
without Trolox (Fig. S12).

The addition of 20 mM sodium azide yielded more interesting
results. The presence of sodium azide induced vesicle adhesions, as
shown in Fig. S13a. During the course of irradiation for photosensitiza-
tion of the rhodamine dye, the GUV membrane area did not increase
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Fig. 8. Distribution of measured line tension values (pN) for (a) pure DOPC (6.10 & 2.08 pN, n = 93), (b) 7:1 DOPC/DPhPC (8.89 4 2.66 pN, n = 54), and (c) 3:1 DOPC/DPhPC (9.95 4 2.56 pN,
n = 42) GUVs, all with 10 mol% RhDPPE, in 1:1 v/v 200 mM sucrose solution/glycerol i = 10.3 mPa-s).

but the vesicles eventually became smaller, as seen in the comparison
between six GUVs in Fig. S13. We speculated that azide ions were grad-
ually depleted during the 15 min of irradiation, as seen by restored ves-
icle mobility and separation (Fig. S13b), so milder lipid oxidation did
occur. Nevertheless, as sodium azide specifically quenches singlet oxy-
gen, this control experiment demonstrated that this ROS, formed
through photosensitization, was in fact responsible for the oxidation
of DOPC lipid molecules.

4. Conclusion

We demonstrated that the complex and multistep chemical process-
es of lipid oxidation could be simplified to rate-limiting steps in the
formation of quasi-stable oxidation products, in order to follow the de-
pletion of the original unsaturated lipid species without taking any
chemical measurements. This kinetic model can be used as a tool for es-
timating the lateral molecular area of the resulting oxidation products,
as well as the rate constants of the steps to form them. Applications be-
yond the fundamental studies may extend to fine-tuning the designs of
photodynamic therapy treatments and controlled drug delivery vehi-
cles through controlled lipid membrane deterioration with oxidation.
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