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ABSTRACT

Osmium (Os) based photosensitizers (PSs) are a unique class
of nontetrapyrrolic metal-containing PSs that absorb red
light. We recently reported a highly potent Os(II) PS, rac-[Os
(phen),(IP-4T)](Cl),, referred to as ML18J03 herein, with
light ECs, values as low as 20 pm. ML18J03 also exhibits low
dark toxicity and submicromolar light ECsy values in
hypoxia in some cell lines. However, owing to its longer olig-
othiophene chain, ML18J03 is not completely water soluble
and forms 1-2 pm sized aggregates in PBS containing 1%
DMSO. This aggregation causes variability in PDT efficacy
between assays and thus unreliable and irreproducible
reports of in vitro activity. To that end, we utilized PEG-
modified DPPC liposomes (138 nm diameter) and DSPE-
mPEG ;4o micelles (10.2 nm diameter) as lipid nanoformula-
tion vehicles to mitigate aggregation of ML18J03 and found
that the spectroscopic properties important to biological
activity were maintained or improved. Importantly, the lipid
formulations decreased the interassay variance between the
ECs) values by almost 20-fold, with respect to the unformu-
lated ML.18J03 when using broadband visible light excitation
(P = 0.0276). Herein, lipid formulations are presented as reli-
able platforms for more accurate in vitro photocytotoxicity
quantification for PSs prone to aggregation (such as
ML18J03) and will be useful for assessing their in vivo PDT
effects.

INTRODUCTION

Photodynamic therapy (PDT) is a light activated treatment modal-
ity that typically harnesses an excited photosensitizer (PS) mole-
cule and molecular oxygen to elicit phototoxicity (1). PDT is used
clinically for a number of cancer and noncancer indications,
including antimicrobial therapy, dermal treatments and the treat-
ment of age-related macular degeneration. Unlike systemic thera-
pies, PDT benefits from spatiotemporal control over tissue damage
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whereby phototoxicity is confined to regions of both PS accumula-
tion and light irradiation. PDT also has the capacity to convert
weakly immunogenic tumors into strongly immunogenic ones,
under specific conditions. In doing so, PDT increases tumor infil-
tration of cytotoxic T cells, even in lesions that have not been trea-
ted (2-4), and has shown evidence of the abscopal effect in
patients when combined with immune checkpoint therapy (5).

The classes of PSs that are currently used in the clinic are
generally derived from tetrapyrroles (e.g. porphyrins, chlorins,
and phthalocyanines) that require oxygen for their phototherapeu-
tic activity. In an effort to design systems with improved proper-
ties, metal-based PSs have emerged.

Our major efforts in this area have been aimed at exploiting
alternate modes of action for treating hypoxic tumors (6-9), cre-
ating immunomodulating metallodrug PSs (10-12), and translat-
ing such PSs to the clinic (13,14). Our TLD1433, a ruthenium
(Ru)-based coordination complex, is the first nontetrapyrrolic
metal-containing PS to enter human clinical trials for cancer
PDT (ClinicalTrials.gov Identifiers: NCT03945162,
NCT03053635). This PS is activated by green light and is being
developed to treat nonmuscle invasive bladder cancer (NMIBC)
in patients that have failed frontline therapy (13,14). TLD1433,
with the formula rac-[Ru(4,4’-dmb),(IP-3T)](Cl),, is a bis-
heteroleptic Ru(Il) polypyridyl complex whereby the central Ru
(1) ion is coordinated to two 4,4'-dimethyl-2,2"-bipyridyl (4,4'-
dmb) ligands and an imidazo[4,5-f][1,10]phenanthroline (IP)
ligand tethered to a-terthiophene (3T). Ru PSs such as TLD1433
can simultaneously exploit highly photoreactive triplet intraligand
charge transfer CILCT) excited states for therapy and emissive
triplet metal-to-ligand charge transfer (3MLCT) excited states for
imaging. The prolonged lifetimes of the *ILCT states give rise to
high singlet oxygen ('0,) quantum yields and alternate modes of
action involving the redox-active oligothiophene unit.

We recently extended this concept to related osmium (Os)-based
PSs of the type rac-[Os(LL),(IP-4T)](Cl),, where LL = [1,10]
phenanthroline (phen), 2,2’-bipyridine (bpy) or 4,4-dmb and
4T = a-quaterterthiophene (6,7). For a given set of ligands, Os(II)
offers the opportunity to shift the absorption to longer wavelengths
(15) while maintaining high quantum yields for triplet state forma-
tion and 'O, generation. For example, rac-[Os(phen),(IP-4T)](Cl),
(ML18J03, Fig. 1) has a longest-wavelength absorption maximum
in the red near 655 nm (&g55 nm = 3715 M cm_]) and a 'Oz
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quantum yield of 95% (6). These photophysical characteristics
result in light-triggered cytotoxicity toward cancer cells with nor-
moxic ECsy values near 10 nm for 633-nm red light and as low as
20 pm for broadband visible light under our conditions
(100 J cm™2 delivered at a rate of 20 mW cm™2). The low dark
toxicity associated with ML18J03 gives rise to phototherapeutic
indices (PIs) as large as >10° with broadband visible light and
still almost 10* with red light. In hypoxia, the wavelength-
dependence for photocytotoxicity disappears, and the ECs, values
are submicromolar with Pls around 102

At the time they were reported in 2020, the potencies docu-
mented for this Os PS class were unprecedented (for both nor-
moxia and hypoxia). We recently reported Ru PSs that surpass
these values, but these systems are not active with red light
(8,9). Thus, ML18J03 and its close relatives remain (to our
knowledge), the most potent systems with therapeutic red light
under both oxygen conditions. In addition, they are well toler-
ated in vivo, with maximum tolerated doses (MTD) over
200 mg kg~'. However, their aqueous solubilities could be
improved as longer oligothiophene chains such as 4T are prone
to aggregation. Such intermolecular associations appear to
reduce potency. The effect is most pronounced in the submicro-
molar regime and can result in ECsy values and Pls that vary
over several orders of magnitude between assays. We hypothe-
sized that lipid nanoformulations of ML18J03 could reduce self-
association and improve aqueous solubility and thus provide a
more robust and reliable response for advancing this promising
PS class.
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Liposomes are the predominant lipid formulations used for
hydrophobic or amphiphilic therapeutic agents that have been
approved for clinic use over the past three decades. For PDT
specifically, liposomal formulations have also been leveraged to
increase the aqueous solubility of hydrophobic PSs, thereby
improving their pharmacokinetic profiles and their therapeutic
efficacy (16). A noteworthy example is Visudyne, an FDA-
approved liposomal nanoformulation of the PS benzoporphyrin
derivative (BPD) that has been clinically approved to treat Wet
Age-Related Macular Degeneration (AMD) since 2000 (17).
Important preclinical liposomal formulations that are currently
under investigation include two nanoformulations of the PS
meta-tetra(hydroxyphenyl)chlorin (mTHPC), Foslip® and Fos-
peg®, the latter exploiting a long-circulating PEG coating (18).
Both lipid formulations Foslip® and Fospeg®™ have been shown
to improve the in vitro activity and in vivo therapeutic efficacy
of mTHPC with respect to Foscan® (19,20), an approved etha-
nol/PEG,go/water solution of the same PS.

Aside from liposomes, micellar formulations have also been
shown to offer improved aqueous solubility of hydrophobic PSs
and increase their circulation half-lives (21-23). One advantage
of micelles (<50 nm) over liposomes (80-200 nm) is their rela-
tively small hydrodynamic diameter. The smaller diameters of
micelles minimizes clearance by the reticuloendothelial system
and favors homogenous intratumoral distribution (24-26). How-
ever, the lower stability of micelles in serum can result in
reduced overall accumulation of therapeutic payloads in solid
tumors (relative to liposomes) (27,28).
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Figure 1. Chemical structure of the Os-based PS rac-[Os(phen),(IP-4T)](Cl), (ML18J03) and graphical representations of its respective lipid formula-
tions, DSPE-mPEG;0o micelles (mic-ML18J03) and PEG-modified DPPC liposomes (lipo-ML18J03). Lipid formulations are not drawn to scale. Fig-

ure prepared using an academic license of Biorender.



In addition to improving the pharmacokinetics and aqueous
solubility of hydrophobic PSs, we and others have shown that
lipid formulations can also serve as multifunctional platforms for
molecular targeted agent delivery. This enables molecular tumor
specificity, which is achieved by surface modification with one
or more tumor-specific ligands, which has been repeatedly shown
to improve the efficacy and safety of PDT (29). Furthermore,
lipid formulations can provide unparalleled opportunities for pho-
totriggered multi-agent delivery, which offers unprecedented syn-
ergistic antitumor effects at significantly de-escalated dosages of
otherwise toxic anticancer agents (30,31). We have previously
demonstrated that tethering various hydrophobic and hydrophilic
PS molecules to the lipid bilayer modulates the release kinetics
of entrapped agents from liposomes (32). In this context, lipo-
somes are thus particularly attractive due to their large aqueous
core that can encapsulate more than 10* drug molecules per lipo-
some, in addition to the lipid bilayer that entraps hydrophobic
PS agents.

In prior studies, we demonstrated that both PEG-modified
liposomes and micelles are capable of encapsulating the
hydrophobic PS BPD as well as various hydrophobic lipid conju-
gates of BPD (33). These formulations prevented aggregation of
the BPD variants in aqueous environments and retained their flu-
orescence emission by up to 86%. This retention of fluorescence
emission also positively correlated with their ability to generate
0, upon photoexcitation (P < 0.05). Furthermore, PEG-
modified DPPC liposomes and DSPE-mPEG micelles prevented
leakage of PS molecules into serum for up to 24 h with 37°C
incubation.

The clinical relevance of liposomal and micellar formulations
of PSs and the numerous advantages they both offer for PDT-
based combination regimens motivated the assessment of PEG-
modified liposomal and micellar formulations of ML18J03 in this
study. The primary goal was to improve the aqueous solubility
and physical stability of ML18J03 in biological environments.
To that end, the PEG-modified DPPC liposomes and DSPE-
mPEG micelle lipid formulations of ML18JO3 (Fig. 1) are
intended to reduce the interassay variability of activity that can
confound the reproducibility and reliability of assessing such
hydrophobic PS. Furthermore, these strategies to physically stabi-
lize ML18J03 in aqueous environments, including serum, lay the
foundation for future work where lipid formulations will serve as
clinically relevant vehicles for in vivo PDT, with superior phar-
macokinetic profiles and controlled aggregation profiles. These
approaches will ultimately provide more predictable serum phar-
macokinetics, tumor uptake kinetics, and tumor distribution pro-
files that promise to increase the robustness and consistency of
antitumor responses.

MATERIALS AND METHODS

Unless otherwise specified, reagents and solvents were purchased
commercially and used without further purification. Water for biological
experiments was deionized to a resistivity >18.2 MQ using either a
Barnstead or Milli-Q® filtration system and autoclaved for sterilization.
Buffers were adjusted to precise pH against a two-point calibrated
VWR® BI10P pH meter (pH,.; = 4.00, 7.00; Fisher Science Education,
S25849A/B). Cellular assays were carried out in 384 well plates as
previously described (9,12). Free ML18J03 was prepared at 25 mwm in
DMSO and diluted with 1x Dulbecco’s Phosphate-Buffered Saline
(DPBS) without Ca®* or Mg®* (diluted and sterile filtered from 10x
DPBS, Corning 20-031-CV) for cellular assays (6). Formulated ML18J03
was diluted directly in DPBS, and the highest concentration of
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formulated ML18J03 tested was <50 upm (since the formulations
were < 200 pM in ML18J03). In addition, two different dilution methods
for free ML18J03 were compared using two distinct serially diluted
series: (a) 1 x 107'% to 300 pm and (b) 5 x 107™* to 300 pm. For this
pipette tips were exchanged more frequently than what is done in our
standard assay condition (6): tips in set (a) were exchanged at 0.1 nm,
and tips in set (b) were exchanged at 30 pm and between each dilution
below 600 nm.

Nanoformulation in liposomes and micelles. — Synthesis of liposomal
and micellular formulations. Liposomal formulations of ML18J03 were
prepared by a thin film hydration method (33). All lipids were purchased
from Avanti Polar Lipids unless otherwise stated. Briefly, 0.2 pmol of
ML18J03 (methanol; 0.6 molar percentage composition, (mol%)) were
added to chloroform solutions of 23.5 pmol 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 10.5 pmol cholesterol and 1 pmol 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DSPE-mPEG,(q,). Chloroform was evaporated from the
mixtures using nitrogen gas flow and the lipid films were hydrated with
1 mL sterile 1x DPBS (Corning) at 42°C in a water bath for 30 min.
The hydrated films were then subject to 20 min of continuous vortexing,
followed by sonication (Fisher 20 kHz Model 120 Sonic Dismembrator)
using 20 s on/40 s off cycles at 42°C for 1 h. Samples were then
extruded 11 times at 42°C using 100 nm polycarbonate membranes
(Whatman). For calculation of entrapment efficiencies, liposomes were
synthesized as described and doped with an additional 0.018 pmol of
the lipid anchored fluorophore 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (16:0 Liss
Rhod PE). Following liposome synthesis, unentrapped ML18J03 that was
not removed by extrusion was removed by Sepharose CL-4B (Sigma)
size-exclusion chromatography equilibrated with sterile 1x DPBS.
Concentrations of entrapped ML18J03 were measured using UV-Visible
absorption spectrophotometry (e436 = 6.2 X 10* M~' em™ in acetonitrile
(6)) with respect to the concentration of the lipid anchored fluorophore
16:0 Liss Rhod PE (gs66 = 9.5 x 10* M~ cm™ in DMSO).

Micellular formulations of ML18J03 were prepared using DSPE-
mPEGyg00 with varied mol% compositions of ML18J03 according to
adaptations of previously published protocols (33,34). Briefly, 0.71 pmol
of DSPE-mPEG;py, (2805.5 g mol™!; NOF America Corporation) in
chloroform was mixed with ML18J03 (methanol solutions) at the follow-
ing mol% compositions: 10.7, 15.2, 26.4, 37.5, 45.6, 54.5, 64.2 and 70.6.
The mixtures were homogenized using an ultrasonic water bath for 1 min
at room temperature, after which the solvent mixtures were evaporated
using nitrogen gas flow. The residue containing DSPE-mPEG;q, and
ML18J03 was then hydrated in 1 mL sterile 1X DPBS and heated to
50°C in a water bath for 1 h, followed by 5 min sonication in an ultra-
sonic water bath for 5 min. After cooling to room temperature, the
hydrated lipid mixture was subject to sonication (Fisher 20 kHz Model
120 Sonic Dismembrator) using 20 s on/40 s off cycles at 42°C for 1 h.
Upon cooling once again to room temperature, unentrapped insoluble
ML18J03 was removed from the micellular solution by filtration using
0.22 pm polyethersulfone filters (MilliporeSigma). Concentrations of
entrapped ML18J03 were measured as described above.

Physical characterization. The entrapment efficiencies of ML18J03 in
liposomal and micellular formulations were calculated as follows:

Entrapment efficiency =
mol ML18J03 retained after purification

x 100% (1
mol ML18J03 doped into liposomes or micelles % M

Liposomal and micellular ML18J03 formulations were physically
characterized using a Zetasizer Pro (Malvern). For hydrodynamic diame-
ter measurements, 2 pL. of nanoconstructs were diluted in 1 mL sterile
1x DPBS and measured in triplicate by dynamic light scattering. For (-
potential measurements, 10 pL. of nanoconstructs were diluted in sterile
0.9% saline and measured in triplicate using gold electrode cells. For
hydrodynamic diameter measurements of free ML18J03, a 1 mg mL™"
solution in DMSO was diluted 100-fold in PBS and measured immedi-
ately in triplicate using dynamic light scattering.

Spectroscopy. For the spectroscopic studies, liposomal and micellular
ML18J03 formulations were prepared as described above and diluted in
PBS to obtain 20 pm of ML18J03 equivalent. Free ML18J03 in methanol
was also dried and dissolved in appropriate volumes of DMSO to obtain
a final concertation of 20 pm of ML18J03 equivalent.
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UV-visible spectroscopy. Electronic absorption spectra were recorded
using a Jasco v730 spectrometer with 10 mm path length quartz cuvettes,
using water in the reference beam. The liposomal formulation was
slightly opaque, so a post-process correction was applied to compensate
for background scatter.

Emission. Steady-state emission spectra were acquired in Ar-sparged
PBS solution using a PTI QuantaMaster spectrometer equipped with a
Hamamatsu R5509-42 NIR PMT (range ~600—1400 nm). The spectrome-
ter internally corrected any wavelength-dependent nonlinearities in lamp
output and detector sensitivities. The most intense, longest-wavelength
peak in the excitation spectrum was chosen as Aex.

Transient absorption. Differential excited state absorption (ESA) spec-
tra and transient absorption (TA) lifetimes were measured on an Edin-
burgh Instruments LP-980 spectrometer with the PMT-LP detector. A
Continuum Minilite Nd:YAG laser provided excitation pulses at 355 nm
(=~0.25 Hz, =5 ns pulse width, ~7-9 mJ per pulse). ESA spectra were
acquired in 10 nm intervals, and TA lifetime was measured at a single
wavelength, with the bandwidth optimized for maximum detector
response.

Singlet oxygen. The quantum yield for singlet oxygen sensitization
(®,) was calculated from the baseline-corrected intensity of the 'O,
emission band centered near 1276 nm using the actinometric method
described by Eq. (2), where I denotes the emission integration, A is the
UV-Vis absorption of the solution at the excitation wavelength, and 7 is
the solvent’s refractive index. [Ru(bpy)3]2+ in MeCN (@, = 0.56%) was
used as the standard, indicated by the subscript S.

2
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RESULTS

Photobiology

We previously reported the dark and light in vitro activities of
free ML18J03 against several cancer cell lines (6). Using the
SKMEL28 human melanoma cell line as a representative exam-
ple, ML18J0O3 is nontoxic in the dark with an average ECsg
value of around 60 pm under our standard assay conditions. This
value is not significantly impacted by oxygenation status but can
be higher or lower with variation of certain assay parameters
(Fig. 2; Tables S1, S2). The in vitro photocytotoxicity associated
with ML18J03 in 1% hypoxia is relatively consistent between
assays and falls near 0.5-1 pm, giving rise to PI values on the
order of 107 regardless of the visible light wavelength employed.
However, the sub-pm photocytotoxicity measured for ML18J03
under normoxic conditions is subject to sizable variation between
assays that becomes more pronounced with shorter wavelengths
of light. The general trend is that the more potent the response,
the larger this variability (Fig. 2; Table S1). Nevertheless, even
the least potent ECs value on this continuum falls within the nm
regime and is still considered extremely potent. For instance, the
ECso value for ML18J03 with broadband visible light (flu-
ence = 100 J cmfz, irradiance = 20 mW cmfz), the most potent
treatment condition, varies over three orders of magnitude (from
26.3 nM down to 17.8 pm). The corresponding PIs span from 10*
to well over 10°. The reason(s) behind this variability in sub-pm
potency has not been definitively established, but PS aggregation
is one consideration. ML18J03, along with a variety of other PSs
derived from the m-expansive IP-4T ligand, tends to form a sus-
pension with visible particulate that precipitates on the micropip-
ette tips upon serial dilution. Consequently, the ECs, values
extrapolated from the dose-response assay can be significantly
impacted by the dilution protocol, especially in the sub-pm
regime (Fig. 3; Tables S3 and S4).

Serial dilutions prepared without exchanging tips are subject to
“carry-over” effects such that the PS doses are higher than their
intended concentrations, whereas tip changes between each dilu-
tion results in PS doses that are lower than their intended concen-
trations. This issue preferentially affects the doses farther down
the dilution series (i.e. the lowest doses). The inability to obtain
doses that reflect their intended concentrations is compounded by
the dynamic nature of aggregates and their nonuniformity within
and across assays. Together, these factors lead to a large variation
of ECsq values in the sub-pm regime across assays.

Dynamic light scattering confirmed the presence of ML18J03
aggregates in PBS solution supplemented with 1% DMSO
([PS] = 0.85 pm, 10 pg mL™"). Their diameters appeared to be
in the 1.1-2.1 pm range (1.6 & 0.5 pm), with the caveat that
sedimenting aggregates compromise the accuracy of such mea-
surements. Based on the quantifiable presence of aggregates, we
hypothesized that lipid formulation of ML18JO3 might reduce
such self-association and thus lead to a more robust and consis-
tent in vitro PDT response in the sub-pm regime. Indeed, both
micellar and liposomal formulations of ML18J03 produced solu-
tions that left no visible residue on the micropipette tips and
ECs( values independent of the dilution method.

The mean phototherapeutic efficacy of ML18J03 was main-
tained upon lipid formulation in either liposomes (lipo-ML18J03)
or micelles (mic-ML18J03). Representative responses under the
different light conditions are shown in Fig. 4 and also highlight
that lipid formulation lowers the dark cytotoxicity. Importantly,
the interassay variability was greatly reduced (Table S5). This is
depicted in Fig. 5, where the min—max plots demonstrate the lar-
ger variability in ECsy values of unformulated, free ML18J03
regardless of which excitation wavelength is used. The pooled
ECsq values for all lipid formulations exhibited a statistically sig-
nificant reduction in the interassay variance (5 X 10% with
respect to the interassay variance of the free ML18J03
(8.9 x 10%) in the case of broadband visible light excitation. For
green and red light excitation, the variance was also lower in the
case of the pooled ECs, values for the lipid formulations but not
statistically significant (6.2-fold and 3.4-fold lower; P = 0.0607
and P = 0.1965, respectively). The lack of significance with the
longer wavelength datasets is likely attributed to the fact that
both excitation conditions resulted in lower phototoxicity than
the visible light excitation. It appears that the interassay variabil-
ity is related to the potency of the PDT protocol applied, further
emphasizing the importance of lipid formulation to mitigate
interassay variability when evaluating novel potent metal-based
sensitizers.

Nanoformulation

MLI18J03 entrapment in liposomes and micelles. ML18J03 was
entrapped within PEG-modified DPPC liposomes (lipo-
ML18J03) at a PS mol% of 0.6 with respect to total lipid con-
tent. When higher amounts of hydrophobic PSs are entrapped,
the lipid bilayer of liposomes can become prone to disruption
that leads to their aggregation. As such, a PS mol% of 0.6 was
used which we have previously shown not to impact liposome
stability (33). The entrapment efficiency of the PS within lipo-
ML18J03 was 93% (Table 1). ML18J03 was also entrapped in
DSPE-mPEG;(o micelles (mic-ML18J03) at varying PS mol%
values of 11, 15, 26, 38, 46, 55, 64 and 71 with respect to total
formulation content. Micelles are typically more tolerant of
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Figure 2. Longitudinal study of ML18J03 activity toward SK-MEL-28 human melanoma cells compared over 11 different assays, each performed in
triplicate. Normoxic data points are represented by solid symbols, and hypoxic (1% O,) data are represented by open symbols (connecting lines used to
guide the eye). Treatments were dark or light (fluence = 100 J cm™2; irradiance 20 mW cm™2) with cool white visible, 523 nm green or 633 red LEDs.
Note that the visible treatment is the most potent light condition due to contributions from the blue region of the spectrum.

& 1003
2 (= Dark-1ECgy=42.5+16.0 M )
8 c ¥ ¢ 733-1nmEC=0.843 £ n.d. uM
= 5ol e E —— Red-1 EC4= (6.82 + 0.35)x10°3 uM
o 8 2 — Green-1ECgy=(2.19 £ 0.09)x103 uM
g \_ ™ Vis-1ECy= (7.06 £ n.dx10* uM )
o7 b (" o Dark-2 EC4=44.2+30.4 uM N
Log (concentration / uM) 5 % & 733-2nm ECqq= 0.935:£ nd. uM
£ & -a Red-2 EC4=0.139 £ 0.002 uM
Method Plyis Plgreen Ploy Pl P ‘qE'j v-- Green-2 EC4,= 0.0828 £ 0.0014 uM
#1 60198 19406 6232 50 X
— T — \_ @ Vis2ECy=0.0434£00047 M )

Figure 3. Comparison of activity toward SK-MEL-28 human melanoma cells using two different serial dilution methods for free ML18J03. Tips in
dilution method #1 (solid symbols and lines) were exchanged only at 0.1 nm, whereas tips in dilution method #2 (open symbols and dotted lines) were
exchanged at 30 pm and between each dilution below 600 nm. Differences in photocytotoxicities as a result of the two dilution methods only manifest
for sub-pum ECs values.
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Figure 4. Dose—response (+SD) curves for SK-MEL-28 human melanoma cells treated with mic-ML18J03 at 11 mol% PS loading (a) or lipo-
ML18J03 at 0.6 mol% PS loading (b) in normoxia. Treatments were dark (black filled circles) or light (fluence = 100 J cm™%; irradiance 20 mW cm™?2)
with cool Whitezvisible (blue squares), 523 nm (green inverted triangles), 633 nm (red triangles) or 733 nm (purple crosses). The irradiance for 733 nm
was 5 mW cm™".

higher PS mol% entrapment, although PSs can experience lower from 11 to 71 mol% was evaluated to determine this threshold.
entrapment efficiencies and significant static quenching when The entrapment efficiency of the PS within mic-ML18J03 was
loaded in high quantities within micelles. As such, the range quantitative at the lowest PS loading (100% for the 11 mol%
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Figure 5. Min—-max plots depicting the interassay distribution of ECs
values of free and lipid formulated ML18J03 in SK-MEL-28 human mel-
anoma cells using visible light (a), green light (b) and red light (c) excita-
tion. (d) The relationship between excitation light and statistical
significance between variances demonstrates that lipid formulation of
MLI18J03 reduces interassay variability most for visible light excitation.
Statistical significance between the free and lipid formulated groups was
performed using a two-tailed #-test with Welch’s correction and statistical
significance between the variances of groups was calculated using an F
test.

formulation) and decreased upon moving to the highest PS load-
ing (84% for the 71 mol% formulation) (Table 1).

Physical and electrostatic characterization. The hydrodynamic
diameters and C-potentials of lipo-ML18J03 and the various mic-
ML18J03 formulations were characterized using dynamic light
scattering (Figs. 6 and 7). Lipo-ML18J03 had a hydrodynamic
diameter of 138.1 nm, which did not change significantly over
an 11-day incubation period at 37°C or storage at 4°C (Fig. 6a).
The hydrodynamic diameters of liposomes approved for clinical
use are typically between 80 nm and 200 nm (35). Above
200 nm in diameter, liposome uptake and clearance by resident
macrophages (Kupffer cells) in the liver is increased by 2-3 fold

Table 1. Entrapment efficiencies of ML18J03 in liposomal and micellar
formulations.

Sample Entrapment efficiency (%)
lipo-ML18J03 (0.6 mol%) 93
mic-ML18J03 (11 mol%) 100
mic-ML18J03 (71 mol%) 84

(36). Furthermore, large fenestrations in the blood vessels of
solid tumors, along with poor lymphatic drainage, leads to
increased tumor permeation and retention of nanoconstructs
between 10 nm and 200 nm. As such, this range is typically con-
sidered optimal for nanoformulation-assisted drug delivery to
solid tumors (37).

The polydispersity index of the lipo-ML18J03 formulation
was 0.213, which also did not change significantly over the same
11-day period, suggesting that the formulation remains stable
during 37°C incubation and 4°C storage (Fig. 6b). The (-
potential of the lipo-ML18J03 formulation was —1.33 mV
(Table 2). The C-potentials of nanoconstructs significantly impact
their in vitro and in vivo behavior. While cationic nanoconstructs
(~30-40 mV) typically promote cell membrane association and
internalization, such {-potentials are associated with increased
clearance by the liver (38,39). While we have previously shown
that anionic liposomes (~ —20 mV) significantly reduce the vari-
ability in uptake across multiple cancer cell lines, an anionic
charge can also promote their uptake by macrophages by increas-
ing opsonin binding, thereby shortening their circulation times
(29,38). As such, neutral and moderately anionic {-potentials like
those of the lipo-ML18J03 formulations are favorable.

The mic-ML18J03 formulations had a uniform size distribu-
tion between 10.2 nm and 13.2 nm in diameter, which lies
within the optimal range of nanoformulation-assisted drug deliv-
ery, as described above. The C-potentials of the mic-ML18J03
formulations ranged from 0.21 mV to —8.11 mV. The {-potential
of the mic-ML18J03 formulations also lie within the favorable
range as described earlier. Neither the diameters nor {-potentials
appeared to be correlated to mol% PS entrapped (Fig. 7a,
Table 2), which is not unexpected as both the lipids and the PS
molecules in mic-ML18J03 are neutral. It is likely that higher
mol% PS entrapped in mic-ML18J03 may impact their diame-
ters, although the data suggests that the threshold, which influ-
ences micelle size, had not been achieved at the highest mol%
PS entrapment tested here (71%). The lower ML18J03 entrap-
ment efficiencies at higher PS mol% (Table 1) suggested that the
PSs may experience crowding within the micelle when the PS
mol% is increased, which is supported by the quenching of
ML18J03 emission at 740 nm with increasing PS mol%
(Fig. 7b). To minimize self-association within the micellar struc-
ture, the ML18JO3 formulation in the series with the highest
emission intensity (i.e. least susceptible to emission quenching) —
11 mol% PS — was selected for the biological experiments and
further characterized. The mean hydrodynamic diameter of mic-
ML18J03 at 11 mol% PS was 10.2 nm and did not change sig-
nificantly over 11 days in storage at 4°C or incubation at 37°C
(Fig. 7c). The polydispersity indices of mic-ML18J03 at 11 mol
% PS also did not change significantly over the 11 days in stor-
age at 4°C or incubation at 37°C (Fig. 7d). Both findings suggest
that the mic-ML18J03 at 11 mol% PS remains stable for up to
11 days in storage at 4°C and during incubation at 37°C.

Spectroscopy

We previously reported the spectroscopic properties of unformu-
lated ML18J03 and proposed a photophysical model to account
for its photocytotoxic effects toward cancer cells (6). The gen-
eral features of the steady-state absorption and emission spectra
measured for ML18J03 are qualitatively similar when formu-
lated in liposomes (0.6 mol% PS) or micelles (11 mol% PS)
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Figure 6. Hydrodynamic diameters (a) and polydispersity indices (b) of lipo-ML18J03 during storage at 4°C and incubation at 37°C for up to 11 days.

Values are mean + SD.
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Figure 7. (a) Hydrodynamic diameters of DSPE-mPEG;(, micellar formulations of ML18J03 at varying mol% of the PS. Replicates were identical for
the 55 mol% data point. (b) Relative emission intensities (e, = 740 nm, Ao, = 448 nm) of ML18J03 formulated in micelles at varying mol% of the PS.
Hydrodynamic diameters (c) and polydispersity indices (d) of mic-ML18J03 (11 mol%) in storage at 4°C and incubation at 37°C for up to 11 days.

Values are mean + SD.

Table 2. {-potential measurements of lipo-ML18J03 and mic-ML18J03
at various mol% entrapment.

Formulation (ML18J03 mol%) (-Potential (mean mV + SD)
lipo-ML18J03 (0.6 mol%) —1.33 (£0.48)
mic-ML18J03 (11 mol%) —2.07 (£3.30)
mic-ML18J03 (15 mol%) —0.76 (£0.58)
mic-ML18J03 (26 mol%) —4.98 (£8.19)
mic-ML18J03 (38 mol%) 0.21 (£1.38)
mic-ML18J03 (46 mol%) —0.76 (£0.08)
mic-ML18J03 (55 mol%) 1.011 (£2.18)
mic-ML18J03 (64 mol%) —4.32 (+£7.83)
mic-ML18J03 (71 mol%) —8.11 (+4.80)

(Fig. 8, Table 3). The absorption spectra are characterized by
local maxima near 450 nm that stem from overlapping longer
wavelength 'MLCT (near 490 nm) and shorter-wavelength

oligothienyl-based L/'ILCT transitions (near 440 nm) (6,7),
plus a broad, fairly weak absorption spanning the 550-700 nm
range that arises from the formally forbidden direct *MLCT
transitions known for Os(II) polypyridyl complexes (15). The
broad, structureless emission profiles are consistent with room
temperature phosphorescence from the *MLCT Os(dm) — n*
state. One distinguishing feature between the free and formu-
lated ML18J03 normalized spectra is that formulation results in
band sharpening. The more structured transitions for lipo- and
mic-ML18J03 lead to slight shifts in the absorption and emis-
sion maxima but still falling within the 440-450 and 740-
760 nm regions, respectively.

The *MLCT phosphorescence quantum yield of free ML18J03
in argon-sparged PBS (@, = 9.8 x 107°) is lower than its previ-
ously reported quantum yield in MeCN (@, = 1.1 x 1072) (6) that
had been more thoroughly deoxygenated by freeze-pump-thaw.
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Figure 8. Comparison of the steady-state UV—vis absorption (a) and emission (b) spectra of unformulated and formulated ML18J03. Samples were pre-
pared at 20 pm ML18J0O3 in PBS and argon-sparged prior to measurement. Emission spectra were collected at their excitation maxima (dex = 472 nm).
Lipo-ML18J03 contained 0.6 mol% PS, and mic-ML18J03 contained 11 mol% PS.

Table 3. Spectroscopic data comparing unformulated and formulated
MLI18J03 at 20 pm in aqueous PBS. Steady-state emission and TA data
were measured on argon-sparged samples

Aabs,max j'cm

(nm)  (nm) D 7ra (BS) 0N
Unformulated ~ 441 761 98 x 107 0.16,15 nd.
mic-ML18J03 447 741 13 x107% 070,60 25x107°
lipo-ML18J03 449 749  1.1x107 18,68 34 %107

n.d., not detected.

However, lipo- and mic-ML18J03 are considerably more phospho-
rescent than free ML18J03 in aqueous PBS, with emission quantum
yields more than an order of magnitude greater. This suggests that
the lipid formulations may prevent the aggregation of free
ML18J03 that leads to emission quenching. Formulation also has a
positive impact on the ML18J03 'O, quantum yields (®,) in aque-
ous PBS. While ®, of free, fully soluble ML18J03 in MeCN was
previously determined to be 95% (6), 10, emission is not detected
in aqueous PBS where ML18J03 forms aggregates. Water is an
effective quencher of 'O, phosphorescence (40,41), but aggregation
may also suppress 'O, sensitization. Small but measurable 'O, pro-
duction (@5 = 0.3%) is recovered with lipo- and mic-ML18J03,
which may be due to the more hydrophobic environment of the
nanolipid formulation or reduced aggregation of ML18J03 or both.
The photophysical model for ML18J03 in MeCN attributes
phosphorescence to the emissive “MLCT state and 'O,
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©
£
o
£
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350 400 450 500 550 600 650 700 750 800
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sensitization primarily to the dark *ILCT state involving the olig-
othienyl unit (6). The transient absorption (TA) spectra (Fig. 9a)
are a superposition of both states, whereby the bleach in the
350-500 nm region has been assigned to the overlapping ground
state 'ILCT/'MLCT transitions and the new excited state absorp-
tion (ESA) in the 550-750 nm range is the characteristic signa-
ture of the *ILCT state and resembles that of the free
oligothiophene-containing ligand. Unformulated ML18J03 in
aqueous PBS produces a weak TA signal so its MeCN solution
was used to generate the full differential absorption spectrum
presented in Fig. 9a for comparison. The liposomal and micellar
formulations produce TA signals that are qualitatively similar to
those of free ML18J03 in MeCN but much more intense. The
normalized spectra emphasize similar ESA signatures but with
slight differences in band shapes and maxima, although such dif-
ferences cannot be assigned solely to ESA since there is some
overlap with the ground state bleach.

The overall photophysical model does not appear to change
for lipo- and mic-ML18J03 compared to the free form; however,
the kinetics are altered. The TA lifetimes for the *ILCT state
were measured at 660 nm for free and formulated ML18J03 in
aqueous PBS, where it was possible to collect the decay for the
weak ESA of free ML18J03 in PBS by single-wavelength
parameter optimization and averaging the signal over a large
number of transients. Lipid formulation produced average *ILCT
lifetimes that were longer than those of the free ML18J03 in the
same solvent (Fig. 9b). The decays were biexponential, as
observed for free MLI18J03, but with both short and long
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Figure 9. Comparison of the normalized TA spectra (lex = 355 nm) of unformulated and formulated ML18J03 obtained over the first 5 ps following
the excitation pulse (a). Normalized TA decay signals measured at 660 nm (b). Samples contained 20 pm ML18J03 in argon-sparged PBS except for free
MLI18J03 in (a), which was collected in argon-sparged MeCN due to its extremely weak TA signal in PBS solution.



components prolonged. The lifetimes for unformulated ML18J03
were 7; = 0.16 ps and 7, = 1.5 ps. The prolonged components
for lipo- and mic-ML18J03 were 7; = 0.70 ps, 7, = 6.0 ps and
7, = 1.8 ps, 7, = 7.8 ps, respectively. Given that the *ILCT state
is preferentially implicated in 'O, production and thus photocyto-
toxicity, the greater intensities and longer lifetimes of its tran-
sients for lipo- and mic-ML18J03 suggest that formulation
enhances the desirable photophysical properties of aqueous
ML18J03 possibly through suppressed aggregation. Whether
these photophysical profiles are improved for cellular ML18J03
is not known definitively, but the reduced variance in photocyto-
toxicity for formulated ML18J03 led to average ECs, values that
fell at the more potent end of the much wider unformulated
range. This suggests that formulation may result in improved
photophysical properties in the cellular environment.

DISCUSSION

It is well established that lipid formulations are effective and
clinically translatable platforms for improving the solubility of
hydrophobic PS molecules. In this study, we show that formulat-
ing the hydrophobic normoxia- and hypoxia-active Os PS,
ML18J03, in liposomes and micelles improves its solubility. For-
mulation prevents the aggregation and sedimentation of
ML18J03 that contributes to the broad interassay variability in
phototherapeutic response. The result is a more robust and pre-
dictable PDT response that is more consistent across multiple
assay repeats. This robustness is valuable for improving the relia-
bility of reporting on the phototherapeutic efficacies of novel
hydrophobic metal-based PSs, such as ML18J03. Ultimately,
lipid formulation of ML18J03 will also improve its solubility in
serum, its pharmacokinetic profile and the robustness of its
in vivo phototherapeutic response. Future in vivo work evaluating
the circulation half-lives, bulk tumor delivery and tumor penetra-
tion will be conducted to compare the liposomal and micellular
formulations of ML18J03. Furthermore, as the lipid load can also
contribute to systemic toxicity of the liposomal and micellular
carriers, comprehensive dose-limiting toxicity studies of the lipo-
somal and micellular formulations of ML18J03 will be assessed
to determine the optimal formulation for in vivo PDT. These
lipid formulations address a significant hurdle in being able to
rigorously evaluate novel hydrophobic metal-based PSs and pro-
mise to expedite their full in vivo evaluation to maximize their
unique therapeutic benefits, including hypoxia activity.
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Additional supporting information may be found online in the
Supporting Information section at the end of the article:

Figure S1. Spectral output of the light sources used in the
photobiological experiments. All light sources were LEDs except
for the 733 nm laser light.

Table S1. Interassay performance: cytotoxicity and photocyto-
toxicity of ML18J03 toward normoxic-treated (~18.5% O2) SK-
MEL-28 melanoma cells.

Table S2. Interassay performance: cytotoxicity and photocyto-
toxicity of ML18J03 toward hypoxic-treated (1% 02) SK-MEL-
28 melanoma cells.

Table S3. Standard dilutions used for in vitro experiments in
a deep well plate.

Table S4. Extra dilutions used for in vitro experiments in a
deep well plate, used for testing carry-over effect.

Table SS. Interassay performance: cytotoxicity and photocyto-
toxicity of liposomal ML18J03 toward normoxic-treated (~18.5%
02) SK-MEL-28 melanoma cells.
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