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Abstract: Photothermal therapy makes use of photothermal
sensitizers and laser light to thermally ablate diseased tissues.
Porphysome nanoparticles offer a nontoxic alternative to
inorganic nanocrystals for the efficient conversion of light
into heat. Mn’" ions were incorporated directly into the
building blocks of our porphysome nanoparticles, thus impart-
ing MRI sensitivity while simultaneously improving photo-
stability and maintaining high photothermal efficiency. Mn
porphysomes are as photothermally effective as free-base
porphysomes and can rival gadolinium diethylenetriamine-
pentaacetate (Gd-DTPA) for MRI contrast generation. Their
MRI contrast generation, photothermal efficiency, and photo-
stability are unprecedented for an all-organic nanoparticle
composed of a single functional component.

P hotothermal therapy (PTT) is an emerging treatment
modality in which the controlled generation of heat is utilized
to ablate diseased (i.e. cancerous) tissues.!"! Heat is generated
through the interaction of laser light with photothermal
agents, which are able to mediate the conversion of light into
heat. Heating is localized to the areas in which the photo-
thermal agent and applied light overlap, thus giving excellent
spatial control and preventing excessive off-target dama-
ge.'®? This provides two distinct means to localize photo-
thermal damage to target tissues: modulating the accumu-
lation of the photothermal agent and directing light admin-
istration.

Nanomedicine, the application of nanotechnology to
medicine, aims to selectively deliver molecular cargo to
diseased tissues, and as such, it forms a natural fit with PTT.
Nanoparticles have a number of strengths; too large to be
cleared through the renal system, they have prolonged
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circulation times, thus extending their exposure in vivo.[!
Additionally, they are capable of escaping circulation at
sites where the vasculature becomes irregular, such as in
tumours, thereby selectively accumulating in diseased tissue
through the enhanced permeability and retention (EPR)
effect.”! Seeking to exploit this effect has driven the field of
nanomedicine, and nano-enabled PTT has received its fair
share of attention. The most common PTT agents are gold
nanoparticles (GNPs).”! GNPs have excellent photothermal
efficiency and photostability but are not biodegradable, thus
leading to concerns about their long-term fate and safety
in vivo.”! An alternative exists in porphysomes: nontoxic (no
toxicity in mice up to 1000 mgkg™'), biodegradable, all-
organic nanoparticles with photothermal properties compa-
rable to that of gold.”" Being comprised of organic dyes
however, porphysomes can potentially photobleach under
irradiation, which is a concern for PTT.P’ Improving the
photostability of porphysomes would therefore be of benefit
to porphysome PTT. The other method for controlling PTT
damage is through the directed application of light. For PTT,
light is typically applied through laser fibres. Positioning of
the laser fibres is of the utmost importance to maximize the
deposition of energy in target tissue while minimizing off-
target heating. Imaging modalities can be used to direct this
placement if it is possible to detect the diseased tissue in real-
time or near-real-time.®! Modalities such as ultrasound and
MRI have been utilized previously in conjunction with
contrast agents to good effect.”’] This is where the capabilities
of nanomedicine again shine through; they provide a platform
for combining diagnostic and therapeutic components into
a single theranostic agent.'”) Combining contrast and photo-
thermal agents into a single entity would allow the direct
visualization of agent accumulation to guide light application
and predict treatment effects. Porphysomes, already inher-
ently multimodal, offer an attractive platform upon which to
build a theranostic PTT agent owing to their high payload of
porphyrins.” The porphyrin moieties within porphysomes
are capable of directly chelating metal ions so they can be
stitched directly into the fabric of the nanoparticle without
having to add any exogenous components.”>"'! We have
previously shown that porphysomes are strong chelators of
metal ions that can stably incorporate radioactive copper-64
for PET imaging."!! We can exploit this capability to chelate
paramagnetic Mn®" ions, which are able to generate contrast
in MRLI'J By Iabelling all 80000 porphyrins in each
porphysome, we can create a potent, high-payload contrast
agent. Herein, we demonstrate an approach to adding MRI
contrast to the porphysome construct, thus adding capacity
for image-guidance without increasing the complexity of the
system. Additionally, this approach synergistically improves
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the photostability and photothermal aspects of Mn porphy-
somes over free-base porphysomes, thus providing a method
for generating potent MRI-detectable photothermal agents.

The conversion of pyropheophorbide-lipid (pyro-lipid) to
Mn pyro-lipid (Figure 1 A) was fast (<2 h) and quantitative,
as previously reported,” and the product was easily inte-
grated into existing porphysome methodologies. Mn porphy-
somes formed liposome-like nanovesicles similar to those of

Figure 1. A) Synthetic method for inserting Mn into pyro-lipid. B) Sche-
matic representation of Mn-porphysome nanovesicles (not to scale).
C) Representative TEM of Mn-porphysome nanoparticles (scale bar
100 nm).

free-base porphysomes as shown by transmission electron
microscopy (TEM; Figure 1B Figure 1 C and Figure S1 in the
supporting Information). Some heterogeneity in electron
attenuation by the membrane (which contains only Mn pyro-
lipid and DSPE-PEG) is observed in the micrograph, possibly
a result of demetalation of Mn caused by the harsh conditions
of uranyl acetate staining [low pH, high osmolality; DSPE =
distearoylphosphatidylethanolamine, PEG = poly(ethylene
glycol)]. Dynamic light scattering (DLS) of the Mn porphy-
somes utilized in this study showed monodisperse populations
(PDI<0.2) with average sizes between 120-130 nm (Fig-
ure S2B, a representative batch showing a z average of
123.4 nm and PDI of 0.159). Mn porphysomes were also well
tolerated by KB cell cultures (viability >90%) in concen-
trations up to 50 uM as determined by MTT assay (Figure S3).
Unlike free-base pyro-lipid, Mn pyro-lipid has an axial
acetate ligand orthogonal to the plane of the porphyrin. The
fact that this group did not sterically disrupt the formation of
the porphysome architecture shows that the porphysome
platform has a degree of resilience, thus indicating that
structural changes to the porphyrin moiety can be tolerated.
This opens the door to the inclusion of different metal ions.

To evaluate the MRI detectability imparted by the
inclusion of the Mn®" ions, relaxivity values were determined
for both intact and disrupted Mn porphysomes at 7T in
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solution on a 96-well plate (Figure 2A,B). A plot of inverse
relaxation time versus concentration showed ionic relaxivity
values of r;=(1.2+0.2) mm 's ' and r,= (7.0 £0.5) mm 's™!
when intact and r,=(40+03)mm's™ and r,=(12.9+
0.5) mM's™' when disrupted by detergent. These values
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Figure 2. Inverse relaxation plots for calculating r; (A) and r, (B) of Mn
porphysomes (MnPS) and detergent-disrupted Mn porphysomes
(dMnPS). C) T, (i) and T, (ii) maps of two-layer polyacrylamide gel
phantoms containing Gd-DTPA, intact and disrupted Mn porphy-
somes, intact (PS) and disrupted (dPS) free-base porphysomes, PBS,
and Triton detergent in their inner layers. Gd-DPTA = gadolinium
diethylenetriaminepentaacetate.

correspond to estimated per particle relaxivities of r =
(96000 +16000) mm~'s~! and an r, = (560000 +
40000) mm~'s™! while intact, increasing to r; = (3200000 +
24000)mM~'s™' and an r,= (1032000 40000) mm 's!
upon disruption. These values reveal disrupted Mn porphy-
somes to be comparable to the routinely used Gd-DTPA for
generating MRI contrast, as shown in the two-layer gel
phantoms (Figure 2C). The relaxation times of the inner
portion of the phantoms showed statistically significant
differences between detergent-disrupted Mn porphysomes
(dMnPS) and both Mn porphysomes (MnPS) and Gd-DTPA,
but not between MnPS and Gd-DTPA in the T; manifold. In
the T, manifold, there were statistically significant differences
between the relaxation times of all three active agents
(Figure S3.1). The increase in relaxivity upon disruption of
Mn porphysomes (2.8-fold for r,, 1.8-fold for r,) is likely the
result of increased water access to the inner coordination shell
of the Mn ions that are otherwise couched within the
hydrophobic bilayer. This structural dependence opens the
door for dissociation-driven signal enhancement. Structurally
quenched fluorescent nanoparticles, including free-base por-
physomes, have been shown to exhibit dissociation-driven
signal amplification in response to pH changes or receptor-
mediated cell uptake,“‘” and a similar method could be used
to “turn on” the Mn-porphysome MRI signal. This approach
would likely require active targeting to increase the rate of
cell uptake, which would require further study but makes Mn
porphysomes an attractive candidate for MRI molecular
imaging.

The insertion of Mn*" into the porphyrin ring quenched
the ability of Mn porphysomes to generate reactive oxygen
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species (ROS; Figure 3A). Mn porphysomes also show
a marked enhancement in photostability over free-base
porphysomes. Irradiation of free-base porphysomes for
a total of 5min at 750 mWcm™ photobleached all but
<20% of the Q-band absorbance (Figure 3B). By contrast,
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Figure 3. Characterization of the photonic properties of Mn porphy-
somes. A) Singlet-oxygen generation by porphysomes after 1 min of
laser irradiation (671 nm, 100 mWcm™) as quantified by singlet
oxygen sensor green (SOSG) fluorescence (n=3). B) The photostabil-
ity of porphysomes during high power (750 mWcm™) laser irradiation
as indicated by relative absorbance at 680 nm over time (n=3).

C) Change in temperature at the end of two consecutive 5 min photo-
thermal treatments (680 nm laser, 750 mWcm™?) (n=3). D) Relative
photoacoustic intensity (n=3). E) representative photoacoustic (i) and
ultrasound (ii) images of porphysomes in tube phantoms (680 nm
excitation). * p < 0.05.

Mn porphysomes maintained > 95 % of the Q-band absorb-
ance under the same irradiation regimen. These effects are
two sides of the same coin. The insertion of paramagnetic ions
into porphyrins drastically decreases their excited-state life-
times, thus funnelling excited states into nonradiative decay
paths and concurrently reducing the opportunities for self-
destructive photochemistry or photosensitization.'”! This
quenches the porphyrins photochemistry intramolecularly,
thereby causing the Mn porphysomes to act purely in the
photothermal mode, regardless of the state of the supra-
molecular nano-assembly. This loss of structural dependence
relative to free-base porphysomes can be seen in the photo-
acoustic imaging of Mn and free-base porphysomes (Fig-
ure 3D,E). Mn porphysomes do not exhibit any loss of
photoacoustic signal following disruption with detergent
while the photoacoustic signal of the free-base porphysome
drops 4-fold upon disruption. The enhancement in photo-
stability bears itself out in the ability to perform repeated
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photothermal treatments on the same sample without loss in
heat production (Figure 3 C). Solution photothermal experi-
ments show that Mn porphysomes, whether intact or dis-
rupted, did not lose photothermal capacity over three
sequential photothermal treatments (raising solution temper-
atures by (37 +5)°C, (38+3)°C, and (43 +1) °C while intact
and (38+5)°C, (40+4)°C, and (43 +£2)°C when disrupted,
under 680 nm irradiation at 750 mWcm~2 for 5 min). Free-
base porphysomes lost capacity as a result of photobleaching
with each treatment (raising the temperature by (36 £ 8)°C,
(28+£11)°C, and (32+1)°C while intact and (33+7)°C,
(20+£10)°C, and (194 1) °C when disrupted). Given that Mn
porphysomes are so difficult to photobleach, Mn porphysome
PTT is both reliable and reproducible, thus simplifying
situations requiring repeated treatments.

The approach of utilizing paramagnetic ions to generate
MRI contrast and streamline photonic properties shows
promise, although there are some avenues open for further
refinement. An entirely different paramagnetic ion/chelator
pair could be used, such as gadolinium and texaphyrin.!'®
Gadolinium has more unpaired electrons than manganese, so
coupled with the high-payload nature of porphysomes, it has
the potential to make a potent MRI agent. Additionally, the
lipid chain and composition has not been optimized for MRI
contrast. As the difference in relaxivity between the disrupted
and intact states of Mn porphysomes suggests, water access to
the coordination shell of the Mn ions is limited within the
hydrophobic bilayer of the porphysome. Substitution of an
unsaturated lipid chain into Mn pyro-lipid or the inclusion of
cholesterol or a non-paramagnetic lipid into the formulation
may favourably alter the membrane. Characteristics such as
water permeability (which primarily affects r;) and membrane
fluidity/Mn-ion clustering (which primarily affects r,) give
further avenues for optimizing the MR properties of Mn
porphysomes.

This study illustrates the flexibility of forming nano-
particles from a single, multimodal building block in a one-
for-all approach. The insertion of Mn into pyro-lipid was fast
and quantitative and the formulation of porphysomes was
comparable to that previously reported for free-base porphy-
somes. The insertion of Mn®" ions into the porphyrin rings
renders porphysomes capable of generating MRI contrast at
a level comparable to the clinically used Gd-DTPA while
synergistically improving upon the already potent photo-
thermal capabilities of free-base porphysomes, all while
maintaining the simplicity of the system.
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