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Abstract: We recently reported on the physical characteristics of photo-triggerable liposomes
containing dipalmitoylphosphatidylcholine (DPPC), and 1,2-bis (tricosa-10,12-diynoyl)-sn-
glycero-3-phosphocholine (DC,,PC) carrying a photo agent as their payload. When exposed
to a low-intensity 514 nm wavelength (continuous-wave) laser light, these liposomes were
observed to release entrapped calcein green (Cal-G; Ex/Em 490/517 nm) but not calcein blue
(Cal-B; Ex/Em 360/460 nm). In this study, we have investigated the mechanism for the 514 nm
laser-triggered release of the Cal-G payload using several scavengers that are known specifically
to inhibit either type I or type II photoreaction pathways. Liposomes containing DPPC:DC, ,PC:
distearoylphosphatidylethanolamine (DSPE)-polyethylene glycol (PEG)-2000 (86:10:04 mole
ratio) were loaded either with fluorescent (calcein) or nonfluorescent (*H-inulin) aqueous markers.
In addition, a non-photo-triggerable formulation (1-palmitoyl-2-oleoyl phosphatidylcholine
[POPC]:DC, ,PC:DSPE-PEG2000) was also studied with the same payloads. The 514 nm wave-
length laser exposure on photo-triggerable liposomes resulted in the release of Cal-G but not that of
Cal-B or *H-inulin, suggesting an involvement of a photoactivated state of Cal-G due to the 514 nm
laser exposure. Upon 514 nm laser exposures, substantial hydrogen peroxide (H,O,, =100 uM)
levels were detected from only the Cal-G loaded photo-triggerable liposomes but not from Cal-
B-loaded liposomes (=10 uM H,0,). The Cal-G release from photo-triggerable liposomes was
found to be significantly inhibited by ascorbic acid (AA), resulting in a 70%—80% reduction in
Cal-G release. The extent of AA-mediated inhibition of Cal-G release from the liposomes also
correlated with the consumption of AA. No AA consumption was detected in the 514 nm laser-
exposed Cal B-loaded liposomes, thus confirming a role of photoactivation of Cal-G in liposome
destabilization. Inclusion of 100 mM K,Fe(CN), (a blocker of electron transfer) in the liposomes
substantially inhibited Cal-G release, whereas inclusion of 10 mM sodium azide (a blocker of
singlet oxygen of type Il photoreaction) in the liposomes failed to block 514 nm laser-triggered
Cal-G release. Taken together, we conclude that low-intensity 514 nm laser-triggered release of
Cal-G from photo-triggerable liposomes involves the type I photoreaction pathway.
Keywords: visible laser-triggered payload release, photo-agents, photopolymerizable
phospholipids, photodynamic actions, reactive oxygen species

Introduction
In the field of cancer nanomedicine, liposomes have long been sought as nanocarriers
to improve drug delivery and efficacy through an increase in local drug concentration
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within targeted tissue.' Several studies have described
the synthesis and properties of photoreactive molecules
(primarily lipids) designed to enhance localized drug delivery
(triggered release) upon activation by a suitable light source
(photo-triggering).>'? Photo-triggering typically involves
activation of the photosensitive molecules, causing a per-
turbation (destabilization) of the liposome membrane.”!*!
Release mechanisms of liposome-entrapped drugs and
pharmaceuticals are generally based on localized mem-
brane destabilization due to structural changes in fatty acid
chains>"!":13 (for further information on the mechanism([s] of
photo-triggering of the lipid bilayers for enhanced drug deliv-
ery, readers are referred to comprehensive reviews).>!:16-18
However, the mechanistic role of photo-activated liposome-
encapsulated molecules (drugs or fluorescent solutes) in the
release has not been addressed. Upon photo-agent activation
through visible wavelength photon absorption, photo-agents
that possess a quantum metastable state could exert signifi-
cant oxidative stress through extensive generation of singlet
oxygen 'O, (energy-transfer pathway known as type II
mechanistic pathway), as well as through the generation of
O, and H,0, (electron-transfer pathway known as type I
pathway)."

In our previous studies, we have described photo-triggerable
liposome formulations, which contain a saturated lipid as the
matrix component (dipalmitoylphosphatidylcholine [DPPC])
and a photopolymerizable diacetylenic lipid (1,2-bis[tricosa-
10,12-diynoyl]-sn-glycero-3-phosphocholine [DC, ;PC]).
Our liposome design also includes a polyethylene glycolated
(PEGylated) lipid for future localized drug-delivery appli-
cations in cancer treatments.'®!* The aqueous compartment
of our formulated liposomes could be loaded with desired
molecules of choice such as the photo-agent calcein or an
anticancer agent such as doxorubicin." The matrix lipid (such
as DPPC) of choice was found to be important for light-
triggered release of payload content, as other investigated
matrix lipids (such as egg PC or 1-palmitoyl-2-oleoyl phos-
phatidylcholine [POPC]) did not result in a photo-triggerable
release (see Figure 1A). We have analyzed these findings in
detail, and have attributed the influence of the lipid type to
lipid packing.?® In addition we made the observation that the
514 nm wavelength laser-triggered release of the payload con-
tent from our photo-triggerable formulation was dependent
on the optical properties of payload molecules.'*

We have summarized the design and utility of photo-
triggerable liposomes in Figure 1A. The lipid structures
used in these studies are shown in Figure 1B. Liposomes
that were selectively prepared from DPPC and DC, ,PC
(formulation I, Table 1 and Figure 1A) were photo-trig-

gerable.'” Our formulated liposomes were found to release
their payload (either calcein or doxorubicin) upon either
an ultraviolet (UV) (254 nm) or to a green (514 nm) laser
light exposure.* The DPPC matrix lipid properties were
found to play a critical role in the observed release of these
two payloads.?”!® By contrast, formulations that contained
POPC (as the matrix lipid) with DC,,PC (Figure 1A) did
not release the two payloads under identical light-exposure
parameters. Liposomes containing DPPC as matrix lipids
are referred to here as “photo-triggerable formulations,”
whereas liposomes containing POPC as matrix lipids are
referred to as “nonphoto-triggerable formulations.” These
vast differences in the level of release of the payload from
the two differently formulated liposomes were attributed to
phase separation of the DC; ,PC clusters within the DPPC
matrix (as shown in Figure 1A), but not within the POPC
matrix. This deduction is made through our experimental
findings using lipid monolayers and molecular dynamic-
simulation studies.?’ Interestingly, the UV-mediated release
of'the payload in formulations containing DPPC as the matrix
lipid (Figure 1A) was not dependent on the properties of the
payload molecules. In contrast, the green laser light-mediated
release was found to occur only from DPPC:DC, PC lipo-
somes (formulation I, Table 1 and Figure 1 A) that contained
either calcein green (Cal-G) or doxorubicin as the entrapped
photo-agent. Photo-triggerable formulation with calcein blue
(Cal-B) as the payload failed to promote solute release upon
treatment with 514 nm green laser (Figure 1A).

In this communication, we investigate the mechanistic
pathways for the 514 nm laser-mediated Cal-G release
mechanism(s). Based on our findings of substantial measured
levels of H O, and selective inhibition of Cal-G release by
ascorbic acid (AA) and K,Fe(CN),, but not that by NaN,,
we conclude that the 514 nm laser-triggered release of
entrapped Cal-G from our formulated liposomes depends
on a photoactivated state of Cal-G, which utilizes the
type I photoactivation-reaction pathway. Understanding of
the light-triggered release mechanisms is highly advanta-
geous for the suitable design of future nanodelivery systems
in biology and medical applications.

Materials and methods

Materials

Phospholipids were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). Calcein and nonradioactive
inulin was purchased from Sigma-Aldrich (St Louis,
MO, USA). Sepharose CL-6B was purchased from GE
Healthcare (Pittsburgh, PA, USA). *H-inulin (inulin-methoxy
[methoxy-*H, specific activity: 322 mCi/g]) was bought from
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Figure | (A) Criteria of light-triggered solute release from 1,2-bis (tricosa-10,12-diynoyl)-sn-glycero-3-phosphocholine (DC,,PC) liposome formulations. Light sensitivity
of liposomes containing the DC; PC (red) with either dipalmitoylphosphatidylcholine (DPPC; purple) or |-palmitoyl-2-oleoyl phosphatidylcholine (POPC; green) are shown.
DC, PC is clustered in DPPC matrix but relatively homogeneously dispersed in POPC (as shown). Entrapped molecules are either calcein green (Cal-G) or calcein blue
(Cal-B). The formulations containing DPPC as the matrix lipid are sensitive to light treatments resulting in release of entrapped solutes (shown by V). Formulations containing
POPC are not sensitive to light treatments and hence do not release entrapped solutes (indicated by X). Treatments with 254 nm (ultraviolet [UV]) promote solute release
independent of the properties of entrapped solute. Treatments with 514 nm laser, however, require Cal-G as the entrapped solute. (B) The lipids used in this study.
Abbreviation: DSPE-PEG2000, |,2-distearoyl-sn-glycero-3 phosphoethanolamine-N-(methoxy[PEG]-2000 [ammonium salt]).
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Table | Liposome formulation reference table

Liposome Lipid Ratio Entrapped Reference
formulations marker to figure
number

| DPPC:DCBV‘,PC 86:10 Calcein Figures 2,
green 4A,Band 5

I DPPC.DC,,PC  86:10  Calcein Figures 4A
blue and 5

1l DPPC.DC,,PC  86:10  Inulin Figure 3

v DPPC.DC,,PC  86:10  Inulin and Figure 3
calcein

Note: *All formulations contain 4 mol% DSPE-PEG2000.

Abbreviations: DPPC, dipalmitoylphosphatidylcholine; DC,,PC, 1,2-bis (tricosa-
10,12-diynoyl)-sn-glycero-3-phosphocholine; DSPE-PEG2000, |,2-distearoyl-sn-glycero-3
phosphoethanolamine-N-(methoxy[PEG]-2000 [ammonium salt]).

PerkinElmer (Santa Clara, CA, USA). All materials and buf-
fers were of reagent grade.

Formation of liposomes

The following lipids were used at various ratios and/
or combinations to prepare liposomes: DPPC, DC, ,PC,
and 1,2-distearoyl-sn-glycero-3 phosphoethanolamine-/N-
(methoxy[PEG]-2000 [ammonium salt]) (DSPE-PEG2000).
The formulations used in this study are shown in Table 1.
Liposomes were prepared using probe sonication essentially
as described.!?

Encapsulation of calcein and *H-inulin

in liposomes

Encapsulation of Cal-G or Cal-B

To encapsulate calcein, the lipid film was reconstituted in
HEPES (4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid)
buffer (pH 7.5) containing a self-quenched concentration of
calcein (0.1 M). Sonicated vesicles were formed by sonication
at 4°C for 5-10 minutes (1-minute pulses and 1-minute rest)
using a Probe Sonicator (W-375; Heat Systems Ultrasonics,
New York, NY, USA). The samples were centrifuged to remove
any titanium particles and larger aggregates. Solute-loaded
liposomes were separated from unentrapped Cal-G or Cal-B
using a size-exclusion gel chromatography column (Sephar-
ose CL-6B, 1 x 40 cm, 40 mL bed volume; GE Healthcare).
Eluted liposomes were collected, liposome-rich fractions were
pooled, and total lipid levels were determined by measuring
inorganic phosphorus (Pi) as described.”! Liposomes were
filtered through a 0.45 um filter (Millex-HV 0.45 um filter
unit; Millipore, Billerica, MA, USA). Calcein loading into
liposomes was determined by examining fluorescence before
and after addition of Triton X-100 (0.02% final concentration).
Fluorescence was measured using a fluorescent microplate

reader (SpectraMax M2; Molecular Devices, Sunnyvale, CA,
USA). Filter settings (Ex/Em) 0f490/517 nm and 360/460 nm
were used for Cal-G and Cal-B, respectively.

Inulin encapsulation

Cold inulin was solubilized in phosphate-buffered saline
(PBS; pH 6.6) at a concentration of 1% weight by volume.
Inulin was incubated for 2 hours at 55°C, and subsequently
the solution was kept at room temperature to allow sedimen-
tation of any insoluble material. The clear supernatant was
used further. *H-inulin was reconstituted in MilliQ water
(Millipore) at a concentration of 1 uCi/uL.

The lipid film (10 mg, Table 1, formulation III) was
hydrated with 50 uCi of *H-inulin and 0.5 mL of cold inulin.
The lipid suspension was kept at 50°C, above the phase-
transition temperatures of DPPC and DC, ,PC (41°C and
44°C, respectively) for 10 minutes in a water bath, vortexed
intermittently, and allowed to cool at room temperature
for 10-20 minutes. This procedure was repeated twice to
ensure homogeneous lipid dispersion, and the samples were
sonicated as described above. The sonicated liposomes were
eluted through the Sepharose CL-6B column preequilibrated
with PBS (pH 6.6) to separate unentrapped inulin from
inulin-loaded liposomes. Fractions of 1.0 mL were collected,
and 0.1 mL from each fraction was analyzed for *H-inulin
using 10 mL of scintillation fluid (Ecoscint A; National
Diagnostics, Atlanta, GA, USA) in a scintillation counter
(LS6500; Beckman Coulter, Brea, CA, USA). Liposomes
typically eluted in fraction 10—12 and were pooled for further
experiments. Encapsulation efficiency of *H-inulin was =5%
under the experimental conditions used here. Inulin was also
coencapsulated with calcein (25 mM) for some experiments
(Table 1, formulation IV).

Photo-triggering

Release of entrapped fluorescent molecules from liposomes
(typically containing =1.5 nmol Pi/mL) after exposure
to 254 nm (UV) or 514 nm (visible light) treatments was
evaluated.!®! Light exposures were performed as described
below.

Light treatment

For 254 nm UV treatment, liposomes were placed in a 96-well
plate and irradiated using a UV lamp (short-wave assembly
115V, 60 Hz; UVP, Upland, CA, USA) at a distance of 1 inch
at room temperature for 0—45 minutes. For inulin release,
samples were treated in quadruplicate and pooled together
for monitoring the *H-inulin release (see below).
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Visible-light treatment of liposomes was done using a
multiline-mode argon laser (488/514 nm; Lexel Laser, Free-
mont, CA, USA). The liposomes were placed in a precooled
Eppendorf tube and irradiated horizontally with a focused
beam intensity of 166 mW/cm? with 0- to 10-minute laser-
exposure durations.? For inulin release, samples were treated
in quadruplicate and pooled together for monitoring the
SH-inulin release (see *H-inulin release section below).

Measurements of release of contents

Calcein release

Calcein release was measured using a fluorescent microplate
reader. Calcein release of 100% was obtained after addition
of Triton X-100 (0.02%, final concentration).

3H-inulin release

After treatments with UV or laser, the samples were pooled
and then fractionated on the Sepharose CL-6B column pre-
equilibrated with PBS. Untreated (control) liposomes were also
fractionated in identical fashion. Fractions of 1.0 mL were col-
lected and analyzed for *H-inulin, as previously mentioned. The
liposomes coencapsulated with calcein and inulin were analyzed
for radioactivity and fluorescence, as previously mentioned.

Effect of inhibitors on photo-triggering
AA was added to the liposomes, and the samples were
incubated at room temperature for 24 hours. The samples
were exposed to 514 nm laser, and release of contents was
measured, as previously mentioned.

To examine the effect of NaN, or K,Fe(CN), on light-
triggered calcein release from liposomes, these agents (NaN,
[10 mM] or K,Fe[CN], [100 mM]) were coencapsulated with
calcein during the preparation of liposomes. For K Fe(CN),
coencapsulation, we used DPPC:DC ,PC:DSPE-PEG2000
(88:10:02 mol ratio). Control liposomes were prepared
without the inhibitors. Unincorporated solutes were removed
and calcein release upon photo-triggering was conducted,
as previously mentioned. The percentage solute release was
monitored. To rule out any direct effect of K,Fe(CN), on Cal-G
fluorescence, we assayed Cal-G fluorescence (5 UM) in the
absence or presence of K Fe(CN), at concentrations ranging
from 0 uM to 1 mM. We did not observe any effect on Cal-G
fluorescence upon addition of K,Fe(CN), (data not shown).

Measurement of H202 content

in laser-treated samples
The activation of the photo-agent calcein upon laser treat-
ment was evaluated by monitoring the production of H,O,

in the samples. Liposomes were laser-irradiated (514 nm,
5 minutes) and filtered to separate liposomes from the filtra-
tion (released calcein in the solution), followed by measure-
ment of H,O, concentration in the pellets. We used an assay
based on the ability of H,O, to convert Amplex red to reso-
rufin (Ex/Em 535/590 nm) using the Amplex Red Enzyme
Assay kit (Life Technologies, Carlsbad, CA, USA).

The Amplex red reagent in the presence of horseradish
peroxidase was utilized in order to quantify the levels of H,0,.
The basis of this assay is straightforward. The Amplex red
by itself has no absorption at 535 nm; however, its oxidation
product, resorufin, is highly absorbent at 535 nm. Amplex red
by itself does not become oxidized into resorufin; however,
in the presence of a peroxidase such as horseradish peroxi-
dase, Amplex red reacts with H,O, in a 1:1 stoichiometry
to yield resorufin. The final resorufin product has minimal
absorption below 500 nm and no absorption beyond 625 nm.
It has a single absorption peak at 571 nm. H,O, quantitation
was done through the absorbance of resorufin at 535 nm in
transparent 96-well PerkinElmer ViewPlate 96F within a
PerkinElmer Victor® 1420 multilabel counter plate reader.
The H,0, calibration curve from known concentrations of
H,O, was measured in the same 96-well plate, which also
contained the laser-treated samples for H,O, analyses. The
Amplex red assay can spectroscopically resolve down to an
H,0O, concentration of 100 nM.

To monitor the effect of addition of H,O, (in the absence
of laser treatment), liposomes (160 puL) were placed in a
96-well microplate, and H,O, was added at various concentra-
tions (0—5 mM). Incubations were continued either at room
temperature (25°C) or 37°C for 0—18 hours. Volumes were
adjusted with HEPES-buffered saline in order to maintain
consistent dilutions across all samples. Calcein release was
determined as previously described.

Results and discussion

It is well established that UV exposures lead to intermolecular
photo-cross-linking between DC, ,PC monomers, resulting in
the formation of DC, , PC polymers.'***" The photo-cross-
linking of DC, ,PC results in change in chromogenic proper-
ties of the polymer, often judged by appearance of red/blue
color in the samples. UV-triggered payload release from our
photo-triggerable formulation is a consequence of DC, ,PC
polymerization,'®* based on detection of photo- cross-linked
DC, ,PC monomers'*** (accompanied by appearance of red
and spectral shifts) and significant changes in the morphol-
ogy of UV-treated liposomes (cryo-electron microscopy,
unpublished observations). Surprisingly, we did not see any
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evidence of photo-cross-linking in 514 nm green laser-treated
liposomes (formulation I), though Cal-G release was clearly
evident (Figure 2). Therefore, the mechanism(s) by which
the green laser-light exposure promoted payload release
from formulation I are not known and became the focus of
this investigation, and motivated us to further undertake this
study in understanding the mechanism(s) responsible in the
Cal-G release from our formulation I.

Two possible pathways were hypothesized: direct photo-
damage to the lipid molecules by green laser, causing a
perturbation in the lipid bilayer or interactions of green light
activated photo-agents, and/or resulting reactive oxygen
species (ROS) with the lipid bilayer leading to liposome
destabilization. We reasoned that if direct light-induced
lipid damage occurred due to the green laser exposure, then
formulation II (loaded with Cal-B)" and III (loaded with
inulin) would also exhibit payload release (Figure 3). Our
results revealed that the green laser is incapable of releasing
the payloads from our formulated II (previous studies') and
IIT liposomes. The green laser-triggered release of payload
was only observed from formulation I or IV, which were
loaded with Cal-G. Therefore, we endeavored to examine
the photoactivated state of liposome-encapsulated Cal-G

.
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for the observed content release from our photo-triggerable
formulation I. We examined the effects of various free radical
scavengers specific for photoreaction type I and II pathways
in order to gain insight into the potential ROS involved in
the processes leading to the release of the payload content.
The results obtained from these studies are presented and
discussed here.

Calcein green as entrapped photo-agent
is essential for 514 nm laser-induced
release from DPPC:DC, PC liposomes

Liposome formulations containiflg DPPC:DC, ,PC were
prepared with entrapped photo-agent Cal-G. The liposomes
were treated with either a 514 nm laser (up to 10 minutes)
or with a 254 nm UV light source (40 minutes). Control
samples were not treated with light (Figure 2). It is clear from
the images that a shift in chromogenic properties occurred
upon UV but not laser treatment. However, the Cal-G release
occurred upon 254 or 514 nm treatment (Figure 2, bar graph),
consistent with our previous findings.'* These data allude to
the fact that properties of entrapped molecules play a role in
514 nm laser but not in the 254 nm (UV) mediated release of
contents from our photo-triggerable formulations.
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Figure 2 Effect of light treatment on calcein green (Cal-G)-loaded dipalmitoylphosphatidylcholine (DPPC):1,2-bis (tricosa-10, |2-diynoyl)-sn-glycero-3-phosphocholine
(DC,4PC) liposomes. Liposomes (100 (L, formulation |, Table 1) were placed in wells of a 96-well plate for polymerization assay. The samples were either treated with
254 nm ultraviolet (UV; 40 minutes) or 514 nm laser (10 minutes) as indicated. Untreated liposomes served as a control. Following treatments, the wells were photographed
using a color camera and images are shown as indicated. For Cal-G release, liposomes were treated with either 254 nm UV or 514 nm laser at indicated times. Fluorescence
was measured at Ex/Em 490/517 nm and percentage release was calculated (Materials and methods section).
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Figure 3 Effect of light treatment on release of inulin from liposomes. Liposomes were prepared either with encapsulated *H-inulin only (formulation Ill, Table 1) or
coencapsulated with calcein green (Cal-G) and *H-inulin (formulation IV, Table I) and treated with either 514 nm laser (10 minutes, B, Eand H) or 254 nm (45 minutes, C, Fand ).
Untreated liposomes were used as controls (A, D and G). Released solutes were separated from liposome-encapsulated solutes by fractionation of the samples on Sepharose
CL-6B column collecting 1.0 mL fractions (x30). The fractions were analyzed for radioactivity and fluorescence (Materials and methods section). The values are expressed as
percent solute present in each fraction taking the total radioactivity or fluorescence in all 30 fractions as 100%.

Notes: Peak |, liposomal solutes; peak Il, free solutes. The data are reproducible from two independent experiments.

To deepen our understanding of the mechanistic role
of photo-agents resulting in the observed release from
DPPC:DC ,PC liposomes, we prepared DPPC:DC, ,PC
liposomes containing a nonfluorescent entrapped payload:
inulin (formulation IIT) or inulin/Cal-G coencapsulated lipo-
somes (formulation IV). Trace amounts of radioactive inulin
(*H-inulin) were also included to monitor the payload release
in these formulations (Table 1 and Figure 3).2%3° Details of
inulin encapsulation and release are provided in the Materi-
als and methods section. In our first series of experiments,
we examined release of entrapped inulin from formulation
IIT that contained only nonfluorescent marker, inulin fol-
lowing treatments with either 254 or 514 nm wavelength
light. Results are presented in Figure 3A—C. Light-treatment
conditions are shown on the far right of the figure. Values are
presented as percentage *H-inulin associated with liposomes
(peak I) and free inulin (peak II). A near-complete release
of inulin was observed in 254 nm-exposed DPPC:DC ,PC
liposomes (Figure 3C). In contrast, we did not observe inulin
release from the DPPC:DC ,PC liposomes exposed to the
514 nm laser light (Figure 3B) compared to the unexposed

condition (Figure 3A). Evidently, the presence of Cal-G in the
payload of the DPPC:DC; PC liposomes appears essential
for the 514 nm-mediated release.

In the next series of experiments, we coencapsulated
Cal-G and inulin in the DPPC:DC ,PC liposomes (Table 1,
formulation IV), and treated with either 254 or 514 nm green
laser. The results are shown in Figure 3D-1. Upon 254 nm
treatment, both inulin (Figure 3F) and Cal-G (Figure 31) were
released, as expected. In contrast, when formulation IV was
treated with the 514 nm green laser, only Cal-G was released
(Figure 3H). We did not see any free *H-inulin associated
with peak II (Figure 3E). The selective release of Cal-G from
Cal-G/inulin-loaded liposomes in response to 514 nm laser is
probably due to the limited diffusion of inulin in comparison
to Cal-G (molecular weight of Cal-G ~623 g/mol and that of
inulin ~5000 g/mol) through the presumed photo-induced
membrane perturbations. Continued incubations of 514 nm
green laser light-treated formulation IV (16 hours at 37°C) did
not result in any significant leakage of inulin (data not shown),
indicating that the nature and characteristics of 514 nm laser-
induced membrane perturbations are very distinct from the
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254 nm-treated samples. This area of research is subject to
further investigations. Taken together, the data presented in
Figure 3 confirm that 514 nm wavelength laser-triggered
release of contents from our formulations requires a matching
wavelength-specific photoactivator.

Effect of photoactivation inhibitors

on 514 nm laser-triggered release of Cal-G
Light-mediated biochemical effect from activated photo-
agents typically occurs via type I or type II pathways,' and
agents that block these pathways have been reported in the
literature. In this study, we used three scavengers: AA, NaN,,
and K,Fe(CN),. NaN, is known in the literature to inhibit
singlet oxygen (type II) reactions, AA is known to inhibit
both type I and type II pathways, and K ,Fe(CN), is known
to inhibit electron-transfer reactions (type I). Results from
these scavenger studies are presented below.

Ascorbic acid, an oxygen radical scavenger, inhibits
514 nm laser-triggered Cal-G release

Unsaturated lipids are known to undergo lipid peroxidation,
which can lead to significant effects (mostly detrimental) in
various biological processes.*! 3 Typically, lipid peroxidation
is a consequence of generation of ROS, including free radi-
cals, hydroxyl ions, and hydrogen peroxide, as well as poten-
tial electron transfer to/from the unsaturated bonds (such
as olefins).*** Our nontriggerable liposomes (Figure 1)
contain POPC that contains unsaturated bonds (Figure 1B)
in addition to DC, ,PC, which contains diacetylene groups
(Figure 1B). These formulations, as demonstrated earlier,
are not susceptible to 514 nm laser treatments, and hence a
direct role of lipid oxidation in our systems seems an unlikely
explanation. Therefore, we next considered the requirement
of photoactivated Cal-G for observed release. The findings
described below support our hypothesis.

First, we used AA, a naturally occurring molecule with
antioxidant properties that affect both type I and type II pho-
toactivation pathways.’® Liposomes were treated with the
514 nm laser in the presence or absence of AA (0—1 mM).
Incubation of AA (0.5-1.0 mM, 24 hours at 25°C) with
Cal-G-loaded DPPC:DC ,PC liposomes (formulation I,
containing =1.5 nmol Pi/mL in 0.1-0.2 mL) resulted in
a dramatic reduction of 514 nm laser-triggered Cal-G
release from 35%-40% to less than 15% (Figure 4A). In
contrast, the extent of Cal-G release remained unaffected
even in the presence of AA when samples were exposed
to UV (254 nm) light for 30 minutes at room temperature

(data not shown). To further substantiate these inhibitory
effects, the AA consumption in the 514 nm laser-treated
samples was determined by measuring the absorbance of
AA at 265 nm (Figure 4A). It is clear that AA concentra-
tion was only reduced upon 514 nm laser treatment when
Cal-G-loaded liposomes were used (Figure 4A). A decrease
in AA concentration was not observed when either Cal-
B-loaded or empty liposomes were tested (Figure 4A).
A direct analysis of the effect of 514 nm laser treatment
on AA consumption in the presence of free photo-agents
is also shown in Figure 4A. AA was added to free Cal-G or
Cal-B (as equivalent concentrations of liposome-entrapped
Cal-G or Cal-B), and absorbance was measured. Therefore,
the 514 nm/Cal-G combination but not the 514 nm/Cal-B
combination resulted in decrease of AA consumption, sug-
gesting photo-agent-specific effects. The data presented
here suggest that oxygen radicals play a role in 514 nm
laser-triggered release mechanisms from Cal-G-loaded
liposomes (formulations I or IV).

Sodium azide, a singlet oxygen scavenger, does not
block 514 nm laser-mediated Cal-G release from
liposomes

The results presented in the previous section demonstrated
that (1) our payload release from the photo-triggerable for-
mulations involves ROS, and (2) that the ROS production is
dependent on the light-induced activation of the entrapped
solute in a wavelength-specific manner, in agreement with
the characteristic of the photo-agent. To further identify the
dominant ROS species, we used NaN,, a singlet oxygen scav-
enger that would block the type II pathway.*”* Thus, NaN,
at 10 mM concentration was coencapsulated with Cal-G in
the interior of the DPPC:DC; ,PC liposomes (formulation I),
and Cal-G release was monitored. The results presented in
Figure 4B show that inclusion of NaN; in formulation I failed
to mitigate/block 514 nm laser-mediated Cal-G release.
Based on these observations, we conclude that solute-release
mechanisms from our photo-triggerable formulations primar-
ily involve a type I photoactivation reaction.

Laser treatment of 514 nm of liposomes

results in production of H,O,

Typically, the type I photo-activated pathway is associated
with the production of H,O, as one of the end products.
Therefore, we determined the production levels of H,O,
in 514 nm laser-treated liposomes. Liposomes contain-
ing encapsulated Cal-G (formulation I, Table 1) or Cal-B
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Figure 4 (A) Effect of ascorbic acid (AA) on 514 nm laser-triggered calcein green (Cal-G) release from formulation I. (i): AA inhibits 514 nm laser-triggered Cal-G release
from liposomes. AA (0, 0.5, or | mM) was added to the Cal-G loaded liposomes (formulation |, Table 1) for 24 hours at room temperature and then exposed to 514 nm
laser, and Cal-G release from liposomes was measured (Materials and methods section). The values are expressed as percentage of Cal-G release from liposomes taking
triton X (TX)-100 fluorescence as 100% leakage. (ii): AA consumption in 514 nm laser-treated liposomes. AA (0.625 mM) was added to Cal-G (formulation |, squares) or
calcein blue (Cal-B; formulation I, triangles). Subsequently, liposomes were treated by 514 nm laser for 0—8 minutes and degradation of AA was detected by absorbance
measurement (265 nm). Empty liposomes (without encapsulation of calcein, diamonds) were used as controls. (iii): Effect of free dyes on AA consumption. AA (0.625 mM)
was added to Cal-G (diamonds) or Cal-B (squares). After treatment by 514 nm laser for 0-3 minutes, AA degradation was detected by absorbance measurement at 265 nm.
(B) Effect of NaN, on 514 nm laser-triggered calcein release from liposomes. NaN, was encapsulated within liposomes (formulation I) during sonication at a concentration
of 10 mM. The percentage of calcein released in NaN, coencapsulated and control liposomes before (dotted bar) and after treatment (diagonal bars) with a 514 nm laser
(5 minutes) was detected by fluorescence measurement.
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(formulation II, Table 1) were treated with the 514 nm laser
for 5 minutes, and H,O, levels were measured in the samples
using the Amplex red assay. Untreated samples were used
as controls as indicated, and the findings are presented in
Figure 5A. The 514 nm laser treatment of formulation I
(containing Cal-G) resulted in a significantly high produc-
tion of H,O, concentration levels (=100 uM), well above the
background levels (<10 uM; Figure 5A, formulation I); lipo-
somes that were not treated with 514 nm laser did not yield
any measurable H,O, above the background levels under
identical conditions (Figure 5A). Moreover, the 514 nm
laser-exposed Cal B-loaded liposomes (formulation II) did
not result in production of H,O, under identical experimental
conditions. The results are reproducible from two indepen-
dent experiments. These data support our hypothesis that
laser-triggered release occurs primarily via a type I photo-
activation mechanism.

We also conducted separate experiments to elucidate
the consequence of direct H,O, interactions (in the absence
of laser treatments) with our DPPC:DC ,PC liposomes
(formulation I) and potential effects on Cal-G release. These
studies entailed direct addition of H,O, to our Cal-G loaded
liposomes. We utilized concentrations of H,O, that did not
cause photo-bleaching of Cal-G, and performed the studies
with final concentrations of H,O, ranging from 0 to 1 mM
without any green laser-light exposure. Liposomes were
incubated with H,0O, at room temperature for up to 40 minutes
and Cal-G release was monitored. The results following
40 minutes incubation with H O, are shown in Figure 5B.
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It is clear that H,O, addition had no effect on the release of
Cal-G above the background levels (Figure 5B). Since high
levels of H,O, alone (up to 1 mM) did not cause release of
Cal-G, photoactivation of Cal-G is required for its release
from the photo-triggerable liposomes (formulation I).

K,Fe(CN),, an electron-transfer agent,
inhibits Cal-G release from photo-

triggerable formulation |

The data presented and the lack of DC,,PC photo-cross-
linking upon 514 nm laser treatment (Figure 2) led us to
consider the possibility of indirect photo-induced reversible
modifications in DC, ,PC (within the DPPC matrix), which
could be mediated through the photoactivated state of Cal-G.
As in other known type I photoreactions with a photo-agent,
photoactivated Cal-G is hypothesized to donate an electron
to the DC, ,PC lipids, resulting in reversible kink forma-
tions of the DC, ,PC fatty acyl chains, leading to liposome-
membrane perturbations. Although a detailed analysis of
structural modifications in the lipid molecules (and possibly
photoactivated Cal-G) upon light treatments is desirable, such
analyses are subject to future investigations. In order to gain
insight into the involvement of this mechanistic possibility of
Cal-G release from formulation I, we utilized K,Fe(CN),, a
known electron acceptor.***’ Liposomes were prepared in the
presence or absence of K,Fe(CN), (100 mM). The liposomes
were treated with the green (514 nm) laser light, and the
efflux of Cal-G release was monitored. The data presented
in Figure 6 show substantial reduction in the levels of Cal-G

100 -
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H,0, concentration
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Figure 5 (A) Production of H,0, in 514 nm laser-treated liposomes. Calcein-loaded liposomes (formulations | and Il) were treated by 514 nm laser (5 minutes) and filtered,
and H,O, concentration was measured, as described in the Materials and methods section. Standard deviation values were as follows: calcein green (Cal-G), 0.177 and
0.13 uM before and after laser treatment, respectively; calcein blue (Cal-B), 0.425 and 0.016 1M before and after laser treatment, respectively. (B) Direct addition of H,O,
does not rupture liposomes in the absence of light. H,O, (0~ mM) was added directly to Cal-G-loaded liposomes (formulation I), and samples were allowed to incubate
at room temperature (25°C) for 0—40 minutes. Cal-G release was measured (Materials and methods section). Fluorescence was then measured to determine if liposomes
had released calcein. Triton X-100 (10 pL) was then added to each sample, and fluorescence was measured again to serve as a comparison of total release. Solid-gray bars,
time zero; diagonal bars, liposomes incubated for 40 minutes. Standard deviation values at various concentrations of HZO2 were as follows: time zero, 0.35 (0 mM), 0.005
(0.25 mM), 0.026 (0.5 mM), and 0.098 (I mM); 40-minute incubations, 0.18 (0 mM), 0.055 (0.25 mM), 0.054 (0.5 mM), and 0.031 (I mM).
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Figure 6 (A and B) Effect of potassium ferricyanide on calcein green (Cal-G) release from liposomes. Liposomes were prepared using the lipid composition
dipalmitoylphosphatidylcholine (DPPC):1,2-bis (tricosa-10,12-diynoyl)-sn-glycero-3-phosphocholine (DC,,PC): distearoylphosphatidylethanolamine (DSPE)-polyethylene
glycol (PEG)-2000 (88:10:02 mol%) and were loaded with Cal-G alone or Cal-G and K,Fe(CN), (see Materials and methods section for details). Liposomes were treated with
514 nm laser for 0-3 minutes, and Cal-G release was monitored (expressed as percentage of total, A). Solid grey, 0-minute; diagonal bars, |-minute; solid black bars 3-minute
laser treatments. Fluorescence of free Cal-G was also tested in the presence of various concentrations of K,Fe(CN), (B).

release when formulation I coencapsulated with K Fe(CN),
was tested.(Figure 6A). Free K ,Fe(CN), has no direct influ-
ence on Cal-G fluorescence, thus enabling accurate Cal-G-
release measurements (Figure 6B).

Proposed mechanisms for 514 nm
laser-enhanced DPPC:DC, ;PC liposome

permeabilization

Some photo-agents possess a metastable state in which the
excited photo-agent is “long-lived” (10~ to 1 seconds, in con-
trast to the excited- to ground-state lifetime transition through

hv + P —— 3P

Figure 7 Schematic presentation of the photoactivation reactions.

the process of fluorescence of ~1078 seconds). Due to the fact
that the spin of the photon is zero, the spin of the electron is
conserved during the quantum transition. Consequently, upon
photon absorption, the photo-agent Cal-G makes a transition
from its singlet ground state, 'P, to its excited singlet state, 'P*
(see Figure 7). If during the time course of the photo-agent’s
excited state lifespan, the excited electron flips its spin, the
photo-agent makes a transition from the singlet excited
state into its triplet excited state, *P*. Since the transition of
the excited electron from its triplet excited state back to the
molecule’s singlet ground state is forbidden through Pauli’s

Type |

P*+S — > P~+S°

SP*+30, —> P*+ 0,

Type ll

IP*+30, ——P+10,

'0,+S ——> 5 (0)
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exclusion principle, the photo-agent molecule remains excited
for a long duration in which opportunistic interactions can
occur between the excited photo-agent and its surrounding
environment.

Two mechanistic pathways of interactions are plausible.
In the type I pathway, the excited photo-agent Cal-G either
transfers its excited electron to substrate S (such as in our
consideration lipid moieties) or to molecular oxygen-forming
superoxide anions — O, The O, in turn, with a rapid combi-
nation with two-proton dismutase, yields to long-lived H,O,
(Figure 7). As noted, our experimental findings indeed con-
firm the generation of H,O, due to the 514 nm laser-activated
(liposome-entrapped) Cal-G (Figure 5), thus confirming the
presence of type I mechanistic processes. However, as noted
in the separate parallel experiments without the laser irradia-
tion, that addition of copious levels of exogenous H,O, to
the DPPC:DC; ,PC liposomes did not result in any enhanced
Cal-G release, thus leading us to rule out H,0, as the key
player in the permeabilization of the liposome membrane. In
a type II pathway the excited photo-agent Cal-G is expected
to transfer its excited energy onto the ground (triplet) state,
’0,, resulting in an excited oxygen molecule in its singlet
state 'O,. However, as noted above, our singlet oxygen-
scavenger studies have revealed that singlet oxygen is not a
key player responsible for the enhanced permeabilization of
the liposome lipid membrane. This leads us to three other
remaining possibilities: 1) the direct interaction of the lipids
with the superoxide anion O, through type I processes, 2)
direct interaction of Cal-G in its excited triplet state, with the
lipid bilayer molecules resulting in charge transfer to or from
the lipids, or 3) same mechanistic processes as in the type 11
pathway, except here the molecular oxygen is now replaced
with the lipid molecule, ie, direct Cal-G triplet state energy
transfer can be envisioned to occur onto the triple carbon
bonds, resulting in reversible kink formation of the fatty acyl
chains and thus enhanced liposome-membrane permeability.
These three possibilities are consistent with our AA findings,
in which the AA molecule is viewed to compete with the lipid
molecule for the O,", as well as for the excited triplet state
energy donation from the Cal-G molecule.

Conclusion

Photoactivatable lipids have long been sought as the building
blocks of nanocarriers such as liposomes to deliver phar-
maceutical payloads. In the field of cancer nanomedicine,
photo-triggering is one avenue for improved delivery of the
drugs or bioactive molecules. In this study, we investigated
the mechanism responsible for the 514 nm laser-triggered

release of the Cal-G payload through the inhibitory actions of
several scavengers that are known to specifically inhibit either
type I or type II photoreaction pathways. We deduce through
our scavenger studies that the 514 nm laser-triggered release
of Cal-G from the photo-triggerable DPPC:DC, ,PC:DSPE-
PEG2000 liposome formulation predominately involves a
photoactivated Cal-G and primarily occurs through a type |
photoreaction pathway.
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