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ABSTRACT: Lipid nanoparticles (LNPs) have achieved clinical success in
delivering small interfering RNAs (siRNAs) for targeted gene therapy.
However, endosomal escape of siRNA into the cytosol remains a
fundamental challenge for LNPs. Herein, we report a strategy termed
light-activated siRNA endosomal release (LASER) to address this challenge.
We established a porphyrin-LNP by incorporating porphyrin-lipids into the
clinically approved Onpattro formulation. The porphyrin-LNP maintained
the physical properties of an LNP and generated reactive oxygen species
(ROS) when irradiated with near-infrared (NIR) light. Using confocal
microscopy, we revealed that porphyrin-lipids within the LNP translocate
to endosomal membranes during endocytosis. The translocated porphyrin-
lipids generated ROS under light irradiation and enabled LASER through
endosomal membranes disruption as observed through GAL-9 recruitment
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and transmission electron microscopy (TEM). By establishing a quantitative confocal imaging method, we confirmed that
porphyrin-LNPs can increase siRNA endosomal escape efficiency by up to 2-fold via LASER and further enhance luciferase
target knockdown by 4-fold more in luciferase-transfected prostate cancer cells. Finally, we formulated porphyrin-LNPs
encapsulated with gold nanoparticles (GNP) and visualized the LASER effect within prostate tumors via TEM, confirming the
light-activated endosomal membrane disruption and subsequent GNP release into cytosols in vivo. Overall, porphyrin-LNPs
and the LASER approach enhanced siRNA endosomal escape and significantly improved knockdown efficacy. We believe the
versatility of this technology could be applied to various LNP-based RNA therapeutics.
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photosensitizer

INTRODUCTION

RNA interference (RNAi) is an exciting addition to the
therapeutic toolkit for targeted gene therapies. Small interfering
RNAs (siRNAs) are the key molecules that enter the RNAi
pathway after cytosolic delivery. They are loaded into the RNA-
induced silencing complex (RISC) and selectively silence the
expression of complementary genes.' ~~ Diverse delivery systems
have been developed to deliver intact siRNA to in vivo targets,
such as viral and nonviral vectors. Among these systems, lipid
nanoparticles (LNPs) served as the first carrier platforms that
have led to the FDA-approval of an siRNA drug against
transthyretin-induced amyloidosis, namely, Onpattro in
2018.47¢ Despite the clinical success of LNP-siRNA, the
extremely low siRNA endosomal escape efficiency (1—2%)
after LNP endocytosis is a major hindrance in LNP-based
siRNA delivery.” Consequently, the majority of siRNAs are
either degraded in the lysosomes or exocytosed from the cells,®
severely impairing their therapeutic efficacy. Thus, a more
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efficient LNP system that can improve siRNA cytosolic delivery
is crucially needed.

One method is to introduce a stimulus-sensitive component
into LNPs that responds to a specific external trigger and
subsequently releases the cargo into cytosol. Previously,
researchers have utilized light as a noninvasive, adjustable
stimulus to facilitate endosomal escape of macromolecules.
Light can induce local photothermal effect via plasmonic gold
nanoparticles to create transient pores on endolysosomal
structures, which allows various macromolecules to escape
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from the endosomes and associated vesicles. In addition,

Received: November 2, 2022
Accepted: February 22, 2023
Published: February 28, 2023

https://doi.org/10.1021/acsnano.2c10936
ACS Nano 2023, 17, 4688—4703


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yulin+Mo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miffy+H.+Y.+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+D%E2%80%99Elia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katie+Doran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lili+Ding"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pieter+R.+Cullis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gang+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gang+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.2c10936&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c10936?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c10936?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c10936?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c10936?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c10936?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/17/5?ref=pdf
https://pubs.acs.org/toc/ancac3/17/5?ref=pdf
https://pubs.acs.org/toc/ancac3/17/5?ref=pdf
https://pubs.acs.org/toc/ancac3/17/5?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.2c10936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano

WWW.acsnano.org

Scheme 1. Schematic Illustration of Porphyrin-LNP Mediated LASER Approach”
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“After porphyrin-LNP endocytosis, LNPs become less intact as pH decreases in acidic organelles. Dissociated porphyrin-lipids then partially and
progressively translocate to endocytic organelle membranes due to their lipophilicity. Once cells are irradiated with NIR light, ROS generated by
porphyrin-lipids enhances both LNP dissociation and damages endocytic membranes, which ultimately leads to improved siRNA endosomal escape

into the cytosolic space.

light can also induce chemical reactions on endosomal
membrane to allow cargo escape in an approach termed
photochemical internalization (PCI)."*™'* Typically, PCI
requires a photosensitizer (PS) to be embedded within cell
endosomal membranes, which can generate reactive oxygen
species (ROS) upon exposure to light in a controlled manner.
The resulting ROS would subsequently destabilize endosomal
membranes and release trapped macromolecules into the
cytosol. Although the PCI approach has demonstrated improved
cytosolic delivery of various macromolecules in vitro and good
tolerability in human patients,'*”"® traditional PCI is limited by
the need for a two-step delivery process, wherein PS must be
administered prior to the therapeutic agents. The resulting
inconsistent distribution of PS and macromolecules to target
cells largely hinders its applications in vivo. To alleviate the two-
step requirement, a few exploratory studies have applied PS-
siRNA conjugates,’”~"” polymeric and liposome-based siRNA
carriers to improve siRNA endosomal escape via PCL>™*
Nevertheless, such systems are still limited by (1) the synthetic
and scalable challenges to chemically link PS and siRNA;** (2)
the premature leakage of small-molecule PS from siRNA
nanocarriers;”* (3) the poor biocompatibilities of cationic
siRNA carriers;”” and last (4) the lack of direct evidence
supporting proposed PCI mechanisms (e.g., PS localization on
endocytic membranes, changes in membrane integrity). Given
the great clinical successes already achieved by LNPs in
delivering siRNA and mRNA, PCI systems built upon LNPs
will be highly translatable by addressing the unmet RNA
endosomal escape challenge. Therefore, implementing a PS that
is simple, compatible with LNP systems, and fully understand its
light-activated release mechanisms in the context of LNPs
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becomes the ultimate key in designing next-generation light-
activatable LNPs.

Porphyrin-lipid is a phospholipid-porphyrin conjugate
discovered by our group in 2011. It is both a photosensitizer
and a nanoparticle building block that can be stably incorporated
within diverse lipid-based nanoparticles (liposomes, HDL-like
nanoparticles, microbubbles, and nanoemulsions).26_29 Nano-
particles composed of porphyrin-lipid building blocks can
produce ROS when irradiated with near-infrared (NIR) li§ht,
and are widely used for photodynamic therapy (PDT),**™* a
clinically used treatment modality that forms the basis for PCL
Considering the ease of porphyrin-lipid to self-assemble into
lipid-based nanoparticles, and its intrinsic nature as a photo-
sensitizer to generate ROS, porphyrin-lipids are a promising
candidate that can be incorporated into the clinically used LNP
formulations to improve siRNA endosomal escape following a
similar strategy to PCI.

Herein we report the development of porphyrin-lipid
nanoparticles (porphyrin-LNPs) and demonstrate the Light-
Activated SiRNA Endosomal Release (LASER) approach.
Porphyrin-LNPs were engineered by replacing helper lipids
from the clinically approved Onpattro formulation with
porphyrin-lipids, which maintained its colloidal properties
while conferring the photoactive properties of porphyrin to
the LNP. Using systemic imaging experiments, we found that
porphyrin-LNPs can enable LASER across various cancer cell
lines originated from different tissue types (PC3, 4T1, PANC-1,
AS49, SKOV-3). Mechanistic imaging studies have confirmed
that porphyrin-LNPs triggers LASER via the gradual trans-
location of the porphyrin-lipid from the LNPs to the endosomal
membrane and subsequent membrane-specific ROS damage
(Scheme 1). Since many previous studies on RNA endosomal
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Figure 1. Synthesis and characterization of porphyrin-LNP. (a) Porphyrin-LNPs were synthesized via rapid mixing through a herringbone
microfluidic chip. (b) Cryo-TEM image of porphyrin-LNP. (c) Size distribution of porphyrin-LNP measured by DLS. (d) Representative
absorption and (e) fluorescence spectra (Ex: 410 nm) of intact and disrupted porphyrin-LNPs. (f) Luciferase expression of PC3-Luc6 cells
treated with various LNPs at 10, 25, and 50 nM siRNA concentration for 24 h. Bioluminescence was normalized to untreated control cells. *p <
0.05. Data are presented as means =+ standard deviation (n = 3). (g) Singlet oxygen generation from porphyrin-LNPs upon 671 nm irradiation.
(h) Emission spectrum of porphyrin-LNPs when dispersed in PBS at different pH (Ex: 410 nm). (i) Size distribution of porphyrin-LNP after
dilution to PBS with corresponding pH solution. (j) TEM images of porphyrin-LNP at varying pH condition.

escape relied on qualitative data to evaluate release (e.g., RNA
colocalization with endocytic vesicle markers), there is a lack of
quantitative measurements of siRNA endosomal escape
efficiency. Therefore, we also established a quantitative
analyzing pipeline based on 3D confocal imaging data and
unveiled that the siRNA endosomal escape efficiency delivered
by porphyrin-LNPs can be doubled when light was applied. The
quantitative data from imaging studies is also consistent with in
vitro knockdown results where porphyrin-LNPs significantly
decreased the required siRNA dose (~4-fold) to achieve target
mRNA silencing using LASER strategy. Lastly, we provided
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early evidence for light-induced organelle membrane disruption
by porphyrin-LNPs in vivo using TEM imaging. Overall, we have
demonstrated a significant improvement of siRNA endosomal
escape through porphyrin-LNP-mediated LASER approach and
provided mechanistic insights of its distinctive function that
enabled higher cytosolic release rate of the siRNA entrapped
with the LNPs.

RESULTS AND DISCUSSION

Porphyrin-LNP Synthesis and Characterization. Por-
phyrin-LNPs were synthesized using a standard rapid mixing
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Figure 2. Cryo-TEM images of porphyrin-LNP at different pH conditions.

method through a microfluidic system (Figure 1a).** We first
prepared porphyrin-LNP by modifying the Onpattro formula-
tion and replacing all the helper lipid DSPC with porphyrin-
lipid, at a molar ratio of 50/10/38.5/1.5 (MC3-Iipid/ Porphyrin-
lipid/ Cholesterol/DMG-PEG,,). Porphyrin-LNP formula-
tions had >95% siRNA encapsulation efficiency and 81.3 +
6.0% siRNA recovery rate as determined by Ribogreen assay.
They displayed spherical amorphous core structures under cryo-
TEM, with homogeneous size distribution at 59.72 + 2.24 nm
(polydispersity index (PDI) < 0.1) as measured by dynamic light
scattering (Figure 1b,c). The siRNA encapsulation, morphol-
ogy, and size of porphyrin-LNPs are comparable to those of LNP
formulations with similar compositions,® suggesting the
replacement of porphyrin-lipid at the expense of helper lipids
did not compromise the LNP’s colloidal properties. Given the
intrinsic nature of porphyrin-lipid as a photosensitizer, we
investigated the optical properties of the porphyrin-LNPs. The
absorption of porphyrin-LNPs in both intact and disrupted
states showed distinct porphyrin-based absorbance at 410 nm
(Soret band) and at ~670 nm (Q-band) (Figure 1d). Compared
to disrupted porphyrin-LNPs, the porphyrin fluorescence was
highly quenched for the intact porphyrin-LNPs at 676 nm
(quenching efficiency ~ 91.2%). This was due to porphyrin-lipid
self-quenching within the LNP nanostructure (Figure le).” To
evaluate whether the replacement of the helper lipid with
porphyrin-lipid would influence transfection potency, we
performed in vitro siRNA knockdown experiments using a
prostate cancer cell line expressing luciferase (PC3-Luc6). As
shown in Figure 1f, the porphyrin-LNP-siLuc and the positive
control of MC3-LNP-siLuc (Onpattro formulation) both
effectively silenced 60%—80% luciferase expression at siRNA
concentrations from 10 to 50 nM, while all negative controls of
siCtrl-loaded LNPs showed no luciferase knockdown. Although
a slight decrease in siRNA transfection potency was observed at
10 nM siRNA dose in porphyrin-LNP (60% knockdown)
compared to Onpattro (70%), in general replacing 10 mol %
DSPC helper lipids with porphyrin-lipid has minimal impact to
the LNP’s transfection potency. We then formulated porphyrin-
LNPs with different porphyrin-lipid densities (2—20 mol %) and
evaluated their silencing efficacy (Figure S1). Notably, except
for 20 mol % porphyrin-lipid LNP that showed significantly
poorer transfection efficacy across all concentrations, porphyrin-
LNPs containing 2—10 mol % porphyrin-lipids demonstrated
effective luciferase knockdown with negligible differences
between each group. Therefore, the porphyrin-LNP containing
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10 mol % porphyrin-lipid was carried forward to the following
experiments.

We next investigated the generation of reactive oxygen species
(ROS) from porphyrin-LNP upon light irradiation. As shown in
Figure 1g, porphyrin-LNPs were capable of generating ROS
under varying pH conditions that mimic environmental pH such
as in early endosomes (~6.4), late endosomes (~5.6), and
lysosomes (~5.0).**** Significant singlet oxygen sensor green
(SOSG) fluorescence signal was observed in lower pH
conditions (pH 5.6 and $5.0), suggesting that porphyrin-LNPs
produced more ROS when exposing to more acidic environ-
ment. In comparison, completely disrupted porphyrin-LNPs
showed overall comparable ROS generation across all tested
pHs (Figure S2), which indicates that monomeric porphyrin-
lipid ROS generation is not pH dependent. Similarly, intact
porphyrin-LNP exhibited stronger porphyrin fluorescence at
lower pH conditions whereas monomeric porphyrin-lipid has
minimal changes in fluorescence intensity across different pH
(Figures 1h and S3). The pH-dependent ROS production and
fluorescence recovery of intact porphyrin-LNPs likely corre-
spond to the LNP’s gradual fusion and rearrangement events in
an acidic environment, where ionizable lipids in LNPs become
progressively protonated and interact with endogenous anionic
membranes.”® As a result of porphyrin-LNP fusion and lipid
rearrangements, more porphyrin-lipids become unquenched at
lower pH conditions, thereby generating more ROS upon
irradiation. We further performed size and TEM imaging studies
to confirm the pH effect on porphyrin-LNP. Porphyrin-LNP
showed a slight increase in hydrodynamic size from 52 to 65 nm
when pH decreased from 7.4 to 5.0 (Figure 1i). A further
increase in size was noticed from 51 nm at pH 7.4 to 97 nm at pH
5.0 when LNPs were incubated at 37 °C for 24 h (Figure S4).
TEM images also support larger LNPs forming at lower pH as a
result of LNP fusion (Figures 1j and SS). Interestingly, small
protrusions were observed to form on the LNP surface at pH 6.4,
which might be an initial sign for subsequent LNP fusion, as for
lower pH of 5.6 and 5.0, less protrusions were observed in those
single LNPs while more protrusions were observed in the fused
LNPs. Beyond TEM, cryo-TEM images (Figure 2) further
revealed that LNPs have larger size at lower pH and changed
their morphology from spherical (pH 7.4) to irregular
multifaceted structures (pH 5.0), which also indicates fusion
events and lipid rearrangement occurring within the LNPs when
environmental pH decreases.
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Figure 3. Visualization of LASER and porphyrin-lipid membrane translocation. (a) Confocal microscopy images of PC3-Luc6 after treatment
with porphyrin-LNPs (FAM-siRNA) for 6 h. Significantly enhanced FAM-siRNA signal was observed in the cytosols post light irradiation at 660
nm. (b) Confocal microscopy images of PC3-Luc6 cells after incubating with porphyrin-LNPs for 24 h, before and post irradiation at 660 nm for
30 s. Porphyrin-lipids displayed vesicular structures, suggesting their translocation to endocytic organelle membranes. (c) Possible porphyrin-

LNP endocytosis and porphyrin-lipid membrane translocation process.

One possible explanation for increased LNP size at lower pH
is because more ionizable lipids in LNPs become positively
charged at lower acidic pH, resulting in extra electrostatic
repulsive force between these charged ionizable lipids. As a
result, LNPs fuse to larger sizes to maintain the original positive
charge density which is matched with the negative charges from
the siRNA payload. Importantly, increased LNP size gives
overall decreased nanoparticle surface area (surface area to
volume ratio decreases at larger size), therefore fewer helper
lipids are required to incorporate on the LNP surface. The extra
surface helper lipids (porphyrin-lipid in our system) could
possibly dissociate from LNPs, which correlates to the previous
observations of porphyrin fluorescence recovery at lower pH.
Additionally, at lower pH, LNPs are in a less intact “loosely
assembled” status, which is indicated by more siRNA leakage
when pH drops from 7.4 to 5.0 (Figure S6). Overall, at lower
pH, fusion and lipid rearrangements of porphyrin-LNP lead to
less intact LNP with larger size and stronger activation of
porphyrin-lipid optical properties. Next, we studied the effect of

ROS generation on porphyrin-LNP morphology through DLS
and TEM (Figure S7). A slight decrease in LNP size was noticed
in the presence of 1.5]/ cm? irradiation, along with less visible
protrusions on LNP surface and less LNP clusters at lower pH.
This data indicates porphyrin-LNPs might induce LNP
dissociation through interacting with ROS from light irradiation.
As ROS generation from the porphyrin-LNP complement with
the decreased LNP stability in acidic environment, light
activation of the porphyrin-LNPs and generation of ROS can
induce a more thorough endosomal membrane phase change
beyond ionizable lipid-endosomal membrane fusion, which
ultimately leads to more siRNA endosomal escape.

Next, we studied the in vitro stability of porphyrin-LNP
(Figure S8). Porphyrin-LNPs were highly stable when stored at
4 °C in PBS 7.4, with no significant change in size and siRNA
encapsulation efficiency after 1 month (Figure S8ab). In
addition, porphyrin-LNPs were colloidally stable within 24 h
under both buffer and serum conditions at 37 °C, determined by
its fluorescence quenching efficiency (QE) as a metric of LNP
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intactness. As shown in Figure S8c,d, the porphyrin-LNPs
exhibited >90% QE and negligible QE changes in PBS over 24 h
incubation. Similarly, porphyrin-LNPs still maintained >80%
QE after 24 h incubation in 50% fetal bovine serum solution
(representative of physiological serum concentration). The high
QE of porphyrin-LNP in extracellular biological environment is
a favorable property, as it minimizes ROS generation of intact
LNP, which enables a more specific ROS production in the
endocytic organelles when LNPs are dissociated and activated.
We also measured siRNA release from porphyrin-LNPs at 37 °C
for 24 h in cell culture medium EMEM + 10%FBS (Figure S8e).
Surprisingly, ~50% siRNA was released out of LNPs after 3 h
incubation and reached to a stable state after 6 h, with ~60%
siRNA released and maintained until 24 h. This result indicates
the need of improving LNP stability for future in vivo
applications.

Porphyrin-LNPs Enabled Light-Activated siRNA Endo-
somal Release (LASER). To investigate porphyrin-LNP
mediated LASER methodology, we visualized the subcellular
localization of dye (FAM) labeled siRNA and porphyrin-lipid
using confocal microscopy. First, porphyrin-LNP’s subcellular
colocalization in acidic organelles was confirmed via tracking
porphyrin-LNP over time (at 1, 3, 6 h incubation) with
costaining of early endosome, late endosome, and lysosome in
cells (Figures S9—S12). Next, the effect of light irradiation on
siRNA endosomal escape was studied (Figure 3a): we treated
PC3-Luc6 cells with porphyrin-LNP encapsulated with FAM-
labeled siRNA. After 6 h incubation, both green and magenta
fluorescence signals (corresponding to FAM-siRNA and
porphyrin-lipids) resided and colocalized in the punctate
patterns (Pearson’s R = 0.70), suggesting LNP and siRNA
were both entrapped inside endolysosomal structures after
endocytosis. Markedly, after 30 s in situ laser irradiation at 660
nm, a strong, well-distributed FAM-siRNA signal was observed
in the cell cytosol, while the porphyrin signal maintained a
punctate pattern, leading to a decreased Pearson’s R (0.55) of
the two signals. After another 30 s irradiation, the FAM-siRNA
signal in the cytosol was enhanced further in some cells, while
the porphyrin signal intensity and location remained unchanged.
This observation suggests successful siRNA endosomal escape
by porphyrin-LNP-enabled light activation. Interestingly, along
with an increased FAM-siRNA signal in the cytosol post
irradiation, the FAM-siRNA signal in some organelles revealed
an “activation first—then release” pattern (indicated by red
arrows in magnified view) where puncta color changed from
slightly magenta to very white (lst irradiation) and then
returned to slightly magenta (2nd irradiation), indicating the
activation of FAM-siRNA in the endocytic organelles before
their subsequent endosomal release. Therefore, we stipulated
two potential mechanisms for porphyrin-LNP-enabled LASER:
(1) light irradiation induced siRNA endosomal escape by
destabilizing organelle membranes; (2) light irradiation
facilitated siRNA dissociation from LNPs in the organelles
where the LNP dissociation is not sufficient. Regardless of which
mechanism, porphyrin-lipid played a critical role in LASER, as
for LNPs without porphyrin-lipid (Figure S13a), the FAM-
siRNA signal was mainly trapped in the endosomal organelles
and showed no obvious increase in the cytosol following light
irradiation. Furthermore, to ensure the increased green
fluorescence in cytosol of Figure 3a was not a false-positive
background signal attributed to side-products of ROS oxidation,
we showed that porphyrin-LNPs loaded with nonfluorescent
siRNA (Figure S13b) displayed a negligible green fluorescence
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signal in the cytosol upon light irradiation. Next, we investigated
whether the LASER strategy using porphyrin-LNP could be
widely applicable among cells from different tissue types. As
shown in Figure S14, before light irradiation, a similar punctate
pattern of porphyrin-lipid and FAM-siRNA fluorescence in
organelles was observed among breast cancer (4T1), pancreatic
cancer (PANC-1), lung cancer (AS49), and ovarian cancer
(SKOV-3) cells. Similarly, a significant enhancement of
cytosolic siRNA signal was observed across all cancer cell lines
upon light irradiation, confirming porphyrin-LNP based LASER
could be functional in a variety of cell and tissue types, and
highlighting its potential to improve siRNA endosomal release
in a range of diseases.

Although in previous experiments we attribute the marked
siRNA cytosolic delivery to ROS-induced endosomal mem-
brane disruption, the suborganelle localization of porphyrin-
lipid (e.g., on membrane vs in lumen) is still unclear. As ROS
only has a limited diffusion distance of 10—20 nm and very short
lifetime (<0.1 ps),”” the localization of PS within organelles can
largely impact its photoactivity and functional mechanism.
Thus, we applied high resolution confocal imaging to reveal the
suborganelle localization of porphyrin-lipid to provide a more
comprehensive understanding of porphyrin-LNP-enabled
LASER. As shown in Figure 3b, after 24 h incubation of PC3-
Luc6 cells with FAM-siRNA encapsulated porphyrin-LNP, the
FAM-siRNA signal predominantly resided within the lumen of
the punctate organelles, while the porphyrin-lipid signal
displayed distinctive vesicular structures which surrounded the
FAM-siRNA signals from the lumen. At 30 s post laser
treatment, most punctate FAM-siRNA signals diminished
from the lumen, and a migration of the FAM-siRNA signal
can be clearly observed in the cytosol. No change in the location
of porphyrin-lipid was observed as it remains in the vesicular
structures. This real-time imaging evidenced the translocation of
porphyrin-lipids from the LNPs to endocytic organelle
membranes. We also observed that translocation of porphyrin-
lipid to organelle membranes is a sequential event (Figure S15),
as the porphyrin-lipid signal was predominantly observed in the
lumen of the punctate organelles at earlier time points (6 h), but
progressively concentrated onto organelle membranes at later
time points (9 and 24 h), forming mostly vesicular structures.
This indicates that, at early time points, the majority of the
porphyrin-lipids were associated with the LNPs and remained in
the endocytic organelles. As the LNP dissociates over time,
porphyrin-lipids begin to translocate to organelle membranes
due to its lipophilicity. Moreover, we observed, that at a longer
incubation time (24 h), the diameter of organelles became
larger. This observation supports the homotypic membrane
fusion of endocytic organelles during their maturation process
and the osmotic swelling of organelles as ionizable lipids became
protonated in more acidic environments. Even though at earlier
time points the majority of the porphyrin-lipid resided in the
lumen, a small fraction of porphyrin-lipids on endocytic
membranes would still be sufficient to induce efficient ROS
generation and subsequent membrane disruption to facilitate
cytosolic delivery of siRNA.

Altogether, the observations of porphyrin-lipid suborganelle
location suggest that as porphyrin-LNPs are endocytosed and
progressively dissociated in more acidic organelles, porphyrin-
lipids can gradually and partially translocate to endocytic
organelle membranes. Therefore, when irradiated by NIR light,
membrane-specific ROS generation can be induced to release
trapped siRNA into the cytosol as illustrated in Figure 3c.
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Figure 4. Endocytic membrane disruptions by porphyrin-LNP in LASER. (a) PC3-Luc6 cells expressing mCherry-galectin-9 (GAL9) were
incubated with porphyrin-LNPs for 6 h and imaged by confocal microscopy before and post irradiation at 660 nm. Red dashed circles
highlighted the organelles where both siRNA endosomal escape and galectin recruitment have occurred. (b) Representative TEM images of
PC3-Luc6 cells after porphyrin-LNP-GNP treatment, with and without further light irradiation. Red arrows: escaped GNPs in cytosol.

Integrity Changes of Endocytic Organelle Membranes
in LASER. To further investigate the mechanisms of porphyrin-
LNP enabled LASER, we examined the integrity changes of
endocytic organelle membrane under the LASER process as
more direct evidence of membrane damage beyond siRNA
endosomal release.

The integrity of endocytic organelle membranes upon light
irradiation was first evaluated through imaging galectin-9
(GALY) protein recruitment at sites of endosomal disruption.”
PC3-Luc6 cells were transiently transfected with mCherry-
GAL9 plasmids (Figure 4a), where mCherry-GAL9 proteins
were mainly distributed in the cytosol with a weak, diffuse
pattern. While few random organelles displayed punctate
mCherry signal, the signal did not colocalize with siRNA or
porphyrin. Immediately after 30s light irradiation, endocytic
organelles displayed bright punctate mCherry signals, indicating
GAL9 recruitment into the membrane-disrupted organelles.
The bright mCherry signal also colocalized well with porphyrin-
lipid signal (Pearson’s R increased from 0.23 to 0.61 after
irradiation), suggesting the correlation between ROS generation
and endocytic membrane damage, as mCherry-GAL9 was
mostly recruited to the sites where porphyrin-lipids were
enriched. Moreover, in the organelles where noticeable siRNA
release occurred (shown in red circles), pronounced mCherry-
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GAL9 recruitment could be seen, further demonstrating the
critical role of membrane disruption in LASER.

To further visualize organelle membrane integrity changes
under LASER through TEM, gold nanoparticle (GNP)-loaded
porphyrin-LNPs were synthesized by encapsulating 5 nm tannic
acid coated GNPs into porphyrin-LNPs, as a substitute for
siRNA (~7.5 nm in length and 2 nm in diameter).”” A GNP
recovery assay was performed by measuring the absorption of
the GNP before and after the formulation process and a 92 + 5%
recovery of GNP in the porphyrin-LNP-GNP was confirmed.
Moreover, we found that the % recovery remained >90% even
after running through a Sephadex G-2S size exclusion column
chromatography to remove any unloaded free GNPs. Synthe-
sized porphyrin-LNP-GNPs were similar in size to siRNA-
loaded porphyrin-LNPs and GNPs were successfully loaded in
the core of LNPs as shown in cryo-TEM (Figure S16). PC3-
Lucé6 cells were incubated with porphyrin-LNP-GNP for 24 h
and then treated either with or without 1.5 J/cm® light
irradiation at 671 nm prior to subsequent imaging by TEM.
As shown in Figure 4b, in the absence of light, GNPs were
enclosed within the endosomal structures with clear membrane
integrity. This observation was consistent with previous
fluorescence microscopy images where the majority of the
LNP-siRNA was trapped in endosomal structures after cellular
uptake (Figure 4a). In comparison, with light irradiation at 1.5 J/
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Figure S. Quantitative analysis of siRNA endosomal release efficiency by porphyrin-LNPs. (a) Example of generating 3D quantitative data set:
fluorescence from porphyrin-lipid and FAM-siRNA were captured across 20 pm Z-stacks and reconstructed into 3D objects to identify
organelles and cellular structures. Then FAM-siRNA signals from organelles were subtracted from original images to generate “masked FAM”
images which only contain FAM-siRNA signal from the cytosolic space. Increased FAM-siRNA signal in cytosols was observed after light
irradiation. Scale bar: 30 ym. (b) 3D confocal images of PC3-Luc6 cells after incubating with porphyrin-LNPs for 6 h, pre- and post-irradiation
for varying time at 660 nm. Scale bar: 20 ym. (c,d) Quantitative analysis of FAM intensity sum % change pre- and post-irradiation in cytosol and
organelles. (e) Percent change of organelle to cell volume ratio pre- and post-irradiation. (f) Pearson’s colocalization coefficient between FAM-
siRNA and porphyrin-lipid signal pre- and post-irradiation. **p < 0.01, ***p < 0.005. For (c)—(g), each data point was generated from a whole
3D data set as illustrated in (a), which typically contains 10—20 individual cells. (g) Cytosolic FAM-siRNA copies per cell. (h) Total FAM-
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Figure S. continued

siRNA copies per cell at different cell uptake time. Porphyrin-LNPs were incubated with PC3-Lucé6 cells at a concentration of 4 uM porphyrin
dose. Data are presented as means + standard deviation (n = 3). (i) siRNA endosomal escape efficiency pre- and post-irradiation after 6 h
porphyrin-LNP incubation with cells, calculated from data in (g) and (h).

cm?, signs of endosomal membrane damage were observed, and
some GNPs were found randomly distributed in the cytosol
without the enclosure of any membrane structures. This
confirmed that light triggered the escape of GNPs into cytosols
as the result of the endocytic organelle membrane damage. To
eliminate the possibility of membrane disruption caused by any
photothermal effect generated from GNPs upon light
irradiation, we synthesized MC3-LNP-GNPs without porphyr-
in-lipids as a control. In absence of porphyrin-lipids, the GNPs
stably remained in endosomal structures with clear membrane
integrity after 1.5 J/cm? light irradiation (Figure S17), further
confirming that porphyrin-lipid is a key component for light-
induced endosomal membrane disruption.

Overall, the observations of GAL9 recruitment and GNP
release into cytosol upon light irradiation provided direct
evidence for membrane damage during porphyrin-LNP
mediated LASER. Along with previous finding regarding
porphyrin-lipid translocation to endocytic organelle mem-
branes, the mechanisms of ROS-induced endocytic membrane
damage via LASER have been clearly elucidated.

Determination of siRNA Endosomal Escape Efficiency.
After providing qualitative evidence of LASER, we next
established a 3D real-time live cell imaging method to
quantitatively evaluate siRNA endosomal release in LASER.
As shown in Figure Sa, 3D microscopy images of porphyrin-
LNP treated cells were processed by Imaris to reconstruct
organelles and cell structures. Spatial parameters of interest (i.e.,
fluorescent intensity sum in cytosols versus organelles) were
quantified and masked images displaying only siRNA signals
from cytosols were created. We applied this analysis pipeline to
quantify the relative levels of siRNA in the cytosol following light
irradiation ranging in duration from 15 s to 1 min (Figure Sb—f).
Correlative enhancement of the FAM-siRNA signal in the
cytosol was observed, with cytosolic FAM fluorescence intensity
sums enhanced by 30—90% as compared to those before
irradiation (Figure Sb,c). Upon further irradiation up to 2 min,
the level of augmentation dropped slightly to 70%. Interestingly,
after short irradiation, the FAM-siRNA signal in endocytic
organelles was also increased by alevel of 47% and 20% at 15 and
30 s post irradiation, respectively, with a marked organelle color
change from predominantly magenta (prelaser) to white
(postlaser) (Figure Sb,d). The organelle color change is also
consistent with our previous observation after 30 s irradiation
(Figure 3a magnified view). These quantitative data strongly
suggest FAM-siRNA fluorescence activation occurred inside the
endocytic organelles due to ROS-facilitated LNP dissociation
before its subsequent escape into the cytosol. Upon longer
irradiation times (1 and 2 min), siRNA continued to escape
from endocytic organelles, as evidenced by the decreasing FAM-
siRNA signal in endocytic organelles by 20% and 27% post
irradiation. This “activation first—then release” pattern of the
siRNA signal in endocytic organelles revealed two different
release stages involved in LASER: at relatively low light fluence,
porphyrin-generated ROS facilitated (1) preliminary endosomal
escape of a small portion of FAM-siRNA (already dissociated
from LNPs) into cytosols and (2) enhanced LNP dissociation
which relieved some FAM-siRNA from a densely packed status
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in the core of LNP, as evidenced by the strong FAM fluorescence
recovery. Upon relatively higher fluence, ROS-induced
endocytic membrane disruption became the dominant effect
therefore diminishing siRNA signal in the organelles due to their
endosomal escape. Irradiation over 2 min could cause cellular
membrane damage which decreases cytosolic siRNA signal as
siRNA efflux from cells. The “activation first—then release”
pattern was also supported by calculating % FAM-siRNA signal
change of organelle to cell volume ratio (Figure Se). The initial
increased ratio at 15 and 30 s post irradiation suggested FAM-
siRNA activation in the organelles while the decreased ratio at 1
and 2 min post irradiation indicated endocytic organelle
disruption and FAM-siRNA migration into cytosol. Pearson’s
colocalization coeflicient R between FAM-siRNA signal and
porphyrin-lipid signal in the whole 3D data volume exhibited no
significant change 15 or 30 s post irradiation, whereas a
significant decrease of Pearson’s R was noticed at 1 min (0.6S to
0.52) and 2 min (0.58 to 0.43) post irradiation (Figure Sf). The
colocalization profile is matched with the two-step FAM-siRNA
release process: FAM-siRNA activation within the endocytic
organelles followed by their release into the cytosol.

After establishing the relative cytosolic changes of siRNA
abundance in relation to the LASER approach, we next
investigated the absolute siRNA concentration in cytosols
using the pipeline outlined in Figure S18a. Briefly, for images of
interest, after subtracting the background signal in the FAM-
siRNA channel, the cytosolic FAM-siRNA concentration was
calculated from a standard curve of FAM-siRNA concentration
against intensity per voxel in the cytosols (Figure S18b—e). The
cytosolic FAM-siRNA concentration was quantified to be 60—
80 nM before irradiation and increased to 75—125 nM post
irradiation (Figure S18f). Next, the number of siRNA copies in
the cytosol was calculated using S000 femtoliters (fL) as the
total cytosol volume of a cell.” The mean cytosolic siRNA
copies were calculated to be 2.1 X 10° per cell at 6 h incubation
time. Post 15 s and 1 min light irradiation, the mean siRNA
copies in the cytosol increased to 2.3 and 4.8 X 10° per cell,
respectively (Figure Sg).

Next, we quantified the porphyrin-LNP cell uptake as an
alternative method to determine the total siRNA copies in both
cytosols and organelles (the detailed method is described in
Materials and Methods and Figure S19). A time-dependent
porphyrin-LNP-siRNA intracellular uptake profile was observed
after incubating cells with porphyrin-LNP for 1, 3, and 6 h. After
6 h uptake, 2.3 X 107 siRNA copies were taken up by each cell
(Figure Sh; eqs 1 and 2). In combination with cytosolic siRNA
copy number (Figure Sg), siRNA endosomal escape efficiency
was calculated to be 0.8—1.0% before irradiation (Figure 5i; eq
3), consistent with the 1—2% siRNA endosomal escape
efficiency from LNPs as reported in the literature.” Notably,
the mean endosomal escape efficiency doubled from 1.0% to
2.1% at 1 min post irradiation, indicating a 2-fold increase in
copies of cytsolic siRNA. As the FAM-siRNA signal in endocytic
organelles originated from FAM-siRNA that was unquenched,
this suggests the LASER strategy can sufliciently enable
endosomal escape of siRNAs that are already dissociated from
the LNPs. However, the lack of siRNA copies present in the
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Figure 6. Influence of LASER on porphyrin-LNP in vitro transfection efficacy. (a) Schematic illustration of experimental design. (b)
Representative bioluminescent image of PC3-Luc6 cells after porphyrin-LNP and light treatment. Porphyrin-LNPs were given a siRNA dose of
S nM per well. (c) Normalized bioluminescence intensity and (d) cell viability of PC3-Luc6 cells after porphyrin-LNP and light treatments.
###%p < 0.0001 (e) Luciferase mRNA expression in PC3-Luc6 cells after porphyrin-LNP incubation at 10 nM siRNA dose and light treatment.
*kkp < 0.005 (f) Influence of light dose on porphyrin-LNP transfection potency. Porphyrin-LNPs were given at siRNA dose of 5 nM per well.
(g) Dose—response curve of porphyrin-LNP-siLuc when treated with PC3-Lucé cells with (Red triangle) and without (Black dot) irradiation at
1.5 J/cm?. Data are presented as means + standard deviation (n = 3).

cytosols implied a significant proportion of siRNA remained
entrapped in the organelles despite of endosomal membrane
damage. This could be a likely outcome if the siRNA fails to
dissociate from LNPs, and the siRNA-lipid complex hinders the
endosomal escape process even upon membrane disruption.*!
These observations provided insight into the LASER mecha-
nisms and also indicated the potential challenges that arise from
the lack of LNP dissociation for RNA endosomal escape.
Therefore, we anticipate an enhanced siRNA endosomal escape
via LASER and porphyrin-LNP if dissociation between LNP and
siRNA can be further improved.

LASER Improves siRNA In Vitro Transfection Potency.
After unveiling mechanisms of porphyrin-LNP-mediated
LASER through imaging approaches, we next investigated the
influence of LASER on siRNA transfection potency via in vitro
luciferase knockdown experiments. The experiment flow is
outlined in Figure 6a. The PC3-Luc6 cells were treated with
porphyrin-LNP-siLuc at 5 nM siRNA concentration and
irradiated at a light dose of 1.5 J/cm® The light irradiation
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significantly enhanced luciferase knockdown in PC3-Luc6 cells
by 4-fold from 15% (without light) to 58% (light-treated), while
no significant knockdown was noticed for the porphyrin-LNP-
siCtrl treated group with or without light irradiation (Figure
6b,c). Importantly, no cytotoxicity was observed for all
treatment groups (Figure 6d). These data support that light
irradiation eventually enhanced siRNA transfection eflicacy
without causing cytotoxicity. We further validated siRNA
knockdown efficacy at the luciferase mRNA expression level
using RT-qPCR experiments (Figure 6e). In concordance with
bioluminescence measurements, cells treated with porphyrin-
LNP-siLuc and a light dose of 1.5 J/cm?* exhibited improved
luciferase mRNA knockdown from 33% (without light) to 55%
(light-treated), whereas cells treated with porphyrin-LNP-siCtr
again showed negligible knockdown with or without light
treatment. This suggests that more siRNA was released into the
cytosol after irradiation which led to more effective mRNA
silencing. Next, we performed both light dose and siRNA dose
escalation study to determine the siRNA knockdown efficacy by
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the indicated time points post irradiation. Each data point represents quantification results from one cell. ¢ test was performed to calculate the

statistical significance.

porphyrin-LNP-siLuc. We observed that increasing the light
dose from 0.5 J/ cm? to 3 J/ cm? resulted in further luciferase
knockdown from 34% to 69%, respectively (Figure 6f). The
porphyrin-LNP-siCtrl treated cells did not exhibit luciferase
knockdown under a light dose of 3 J/cm?® However, further
increasing the light dose to 5 J/cm® resulted in significantly
reduced cell viability (~50%) as a consequence of the PDT
effect (Figure $20). To maximize the benefit from LASER while
minimizing the PDT impact on cell viability, 1.5 J/cm* was
selected as the optimized light dose. Using 1.5 J/cm?, we further
investigated siRNA dose-dependent knockdown. The half-
maximal inhibition concentration (ICgy) of porphyrin-LNP-
siLuc and Onpattro-LNP with and without light treatment was
determined. While no significant change of ICs, was observed
for Onpattro-LNP when light was applied (Figure S21), A 4-fold
decrease of ICy, from 8.81 to 2.15 nM was achieved for
porphyrin-LNP-siLuc by LASER (Figure 6g). Significantly, >10-
fold improvement was observed under a low siRNA dose (2.5
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nM) by 1.5 J/cm® light activation, resulting in increased
knockdown efficiency from <3% to ~50%. Of note, when siRNA
dose decreased from 50 to 2.5 nM, porphyrin-lipid concen-
tration also decreased 20-fold from ~1 to 0.05 uM, which
suggests the feasibility to apply LASER even at low porphyrin-
lipid dose. Since the porphyrin-LNP-based LASER approach
enabled higher transfection efficacy at lower siRNA concen-
tration, the siRNA dose needed to achieve potent mRNA
silencing can be significantly reduced. Overall, the in vitro
luciferase silencing assay using LASER supported our previous
imaging findings that light-irradiation significantly improved
siRNA endosomal escape and available siRNA copies in cytosol,
which ultimately translated to enhanced RNAi therapeutic
efficacy with a 4-fold decrease of siRNA ICq,.

Improving Endosomal Escape with Porphyrin-LNP In
Vivo. To validate LASER strategy using porphyrin-LNP in vivo
(Figure 7), mice bearing subcutaneous PC3-Luc6 tumors were
injected intratumorally with porphyrin-LNP-GNP (20 ug
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porphyrin-lipid) prior to 50 J/cm? laser irradiation at the tumor
site with a drug-light interval (DLI) of 6 h. Subsequently, tumors
were extracted either immediately or at 18 h post-treatment to
evaluate the rapid and delayed changes on endosomal
membrane integrity through TEM imaging (Figure 7a). As
shown in Figures 7b and S22, for control mice receiving no light
irradiation, the GNPs were mainly observed in endosomal
structures (yellow arrows) at both time points, consistent with in
vitro observations on control cells. Notably, GNPs were
complexed with electron-dense components (possibly ionizable
lipids),*** which could indicate GNPs-lipid complexes even
after LNP dissociation in the endocytic organelles. On the other
hand, for light-irradiated tumors (Figures 7b and $23), GNPs-
lipid complexes were found to migrate from endosomal
structures to cytosols immediately after irradiation (purple
arrows). The endosomal membrane’s integrity also appeared
compromised around the areas where the GNPs-lipid complexes
were located. This indicated the possible role of porphyrin-lipids
in the darker regions that it induced initial membrane disruption
upon exposure to light. In comparison, for the tumors which
were dissected 18 h later after irradiation, GNPs started to show
more pronounced cytosolic distributions (red arrows), which
were not enclosed by any membrane structures, indicating a
more complete release from endosomal structures as a result of
membrane disruption. We next quantified GNP subcellular
localization in the organelles versus in the cytosol and calculated
GNP endosomal escape efficiency (Figure 7c, detailed methods
in Figure S24). Light irradiated tumors showed significantly
higher average GNP endosomal escape efficiency at both 0 h
(56.7%) and 18 h (76.8%) after light treatment compared to
corresponding nonirradiated tumors (21.5% and 21.3%,
respectively). The 2.5—3.5-fold increase in GNP endosomal
release efficiency after applying illumination is comparable to
our in vitro quantification using a fluorescence method (Figure
5i). Together, the visualization and quantification of GNP
subcellular localization provided early evidence that porphyrin-
LNP and LASER can promote endocytic membrane disruption
and enhance its cargo release into the cytosol in vivo.

CONCLUSIONS

In summary, this study demonstrates the feasibility and possible
mechanisms of a Light-Activated siRNA Endosomal Release
(LASER) approach using porphyrin-LNPs. Porphyrin-LNPs
were established by replacing helper lipids from the clinically
used Onpattro formulation with porphyrin-lipids. Incorporating
porphyrin-lipids enabled LNPs to generate ROS upon NIR light
irradiation. We investigated the mechanisms of LASER and
revealed porphyrin-lipids translocation from the LNP to the
endocytic organelle membranes in the endocytosis process,
thereby generating membrane-specific ROS upon light irradi-
ation. The porphyrin-LNP-mediated LASER approach signifi-
cantly improves siRNA endosomal escape by facilitating both
endosomal membrane disruption and LNP dissociation. We
discovered a positive correlation between siRNA endosomal
escape efliciency and transfection efficacy in vitro mediated by
LASER. Lastly, we demonstrated the effect of LASER to
enhance the cytosolic delivery of GNP in vivo. We believe that
porphyrin-LNPs and LASER have great potential to improve
transfection efficacy of RNA therapeutics by addressing barriers
that hinder endosomal escape. This study would provide
insights for the rational design of light-activatable LNP systems,
and it offers a simple approach toward the improvement of LNP-
based RNA therapeutics.
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MATERIALS AND METHODS

Materials. 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC),
cholesterol, and 1,2-dimyristoyl-rac-glycero3-methoxy(poly(ethylene
glycol))-2000 (DMG-PEG2000) were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). DLin-MC3-DMA was purchased from
Nanosoft Polymers (NC, USA). Porphyrin-lipid was synthesized by the
previously reported methods.”® p-Luciferin (potassium salt) was
purchased from PerkinElmer. mCherry-GAL9 was a gift from Dr.
Alan Sabirsh (Addgene plasmid # 166689).

Small Interfering RNA. Luciferase targeting siLuc and scrambled
siCtrl were both purchased from Horizon Discovery (USA). siLuc:
sense, S’-GAU UAU GUC CGG UUA UGU AdTsdT-3’; antisense, 5'-
UAC AUA ACC GGA CAU AAU CdTsdT-3'. FAM-siLuc: sense, 5'-
FAM-GAU UAU GUC CGG UUA UGU AdTsdT-3’; antisense, 5'-
UAC AUA ACC GGA CAU AAU CdTsdT-3'. siCtrl: sense, 5'-UUC
UCC GAA CGU GUC ACG UdTsdT-3'; antisense, 5'-ACG UGA
CAC GUU CGG AGA AdTsdT-3".

Preparation of Porphyrin-LNP. Porphyrin-LNPs were prepared
using a microfluidic rapid mixing method as previously reported.*
Unless otherwise stated, lipids were mixed in ethanol at a molar ratio of
50/10/38.5/1.5 (DLin-MC3-DMA/Porphyrin-lipid/Cholesterol/
DMG-PEG,q). siRNA was dissolved in 25 mM sodium acetate buffer
(pH = 4.0). The two phases were mixed through herringbone
microfluidic chips (microfluidic ChipShop, Germany) at a volume
flow rate ratio of 3:1 (aqueous to ethanol) and total flow rate of 10 mL/
min. The mixed solution was dialyzed against PBS 7.4 overnight.
Afterward LNPs were concentrated to 1—10 mg/mL total lipid
concentration based on need in experiments using ultracentrifuge filters
(Amicon, Sigma-Aldrich) and passed through 0.22 ym filter before use.

Preparation of Porphyrin-LNP-GNP. The porphyrin-LNP-GNP
was prepared by combining 50 mol % DLin-MC3-DMA, 10 mol %
Porphyrin-lipid, 38.5 mol % cholesterol, and 1.5 mol % DMG-
PEG2000 into a lipid mixture with a final lipid concentration of 10 mM
in ethanol. The organic phase was subsequently mixed with PELCO
NanoXact S nm T.Cap GNP (Ted Pella, Inc., Redding, CA) in 25 mM
NaOAc pH4 buffer (GNP/lipid ratio: 3.3 X 10'* particles/umol)
through a T-junction mixer (total flow rate: 20 mL/min, ratio of 1:3 v/v
organic/aqueous). The mixture was dialyzed against at least 1000-fold
volumes of PBS overnight to remove unentrapped GNPs and ethanol.
The particles were then sterile filtered and concentrated to ~10 mg/mL
lipid using an Amicon Ultracel 100 kDa MWCO centrifugal unit
(Millipore, Billercia, MA). The total lipid concentration of the resulting
LNP was calculated from cholesterol measurement using the
Cholesterol E Total-Cholesterol assay (Wako Diagnostics, Richmond,
VA). The GNP concentration of the Porphyrin-LNP-GNP was
determined from a standard curve in Triton X-100 at 520 nm
absorbance and quantified using a Spark microplate reader (TECAN,
Switzerland).

In Vitro Characterization of Porphyrin-LNP. The hydrodynamic
size and poly dispersity of porphyrin-LNPs were characterized using a
Zetasizer Nano ZS (Malvern Instruments). The morphology of
porphyrin-LNP were confirmed by TEM and cryo-EM. Absorbance
and fluorescence spectrum of Porphyrin-LNPs were collected on a
UV—vis spectrophotometer Cary S0 (Agilent, Mississauga, ON) and
Fluoromax fluorometer (Horiba Jobin Yvon, USA) respectively. siRNA
concentration and encapsulation efficiency were measured by Quant-it
RiboGreen RNA Assay based on manufacturer’s protocol (Thermo-
fisher). Briefly, LNPs were diluted in equal volumes of Tris-EDTA
(TE) buffer or 2% Triton X-100 in TE buffer. Next, Ribogreen reagent
was added into each sample wells and incubated at 37 °C for 15 min
before measuring its fluorescence intensities (Ex/Em: 480/520 nm).
Fluorescence signal from TE buffer treated samples (Frg) represents
unencapsulated siRNA while fluorescence signal from TX-100 treated
samples (Frx) represents total siRNA. siRNA encapsulation efficiency
can be determined as

M X 100%

X

encapsulation % =
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siRNA release from LNP was also determined by RiboGreen assay.
Briefly, LNPs were incubated with EMEM+10%FBS or PBS buffer at
varying pH at siRNA concentration of 1 yg/mL. The amount of siRNA
encapsulated in LNP was monitored over time during incubation at 37
°C for 24 h.

Singlet Oxygen Measurement. Singlet oxygen ('O,) generation
of porphyrin-LNPs was measured using singlet oxygen sensor green
(SOSG, Invitrogen) assay. Briefly, SOSG solution was freshly prepared
in methanol (5 mM) and diluted with PBS before mixing with
porphyrin-LNP samples (1 yM porphyrin), to have a final SOSG
concentration of 10 M. Samples were irradiated with a free-space laser
(LaserGlow Technologies) at 671 nm with 50 mW/cm? irradiance to
achieve light doses from 0.5 to 5 J/ cm?. Afterward, SOSG fluorescence
was measured by a CLARIOstar platereader (BMG LABTECH) at 488
nm excitation and 525 nm emission.

Cryo-EM Image Acquisition. Porphyrin-LNP-siRNA and por-
phyrin-LNP-GNP were imaged with an FEI Tecnai G20 transmission
electron microscope (FEI, Hillsboro, OR) as previously described.*
LNPs were concentrated to approximately 15—20 mg/mL of total lipid.
The LNPs sample preparation and image acquisition were performed
by the UBC Bioimaging Facility (Vancouver, BC).

Cell Culture. PC-3M-luc-C6 cells (PC3-Luc6) were purchased
from Caliper Life Sciences and cultured in Eagle’s Minimum Essential
Medium (supplemented with 10% FBS). The other cell lines were
purchased from ATCC and cultured as follows: PANC-1(DMEM+10%
FBS); 4T1(RPMI-1640 + 10%FBS); AS49(RPMI-1640 + 10%FBS);
SKOV-3 (McCoy’s 5 + 10%FBS). All the cell lines were maintained at
37 °C under 5% CO,.

In Vitro Luciferase Knockdown. PC3-Luc6 cells were seeded at
4000 cells per well into 96-well plates for 48 h. Then cells were
incubated with LNPs at different siRNA concentration overnight
(unless otherwise stated), after which the cells were washed twice with
culturing medium and the wells were replaced with medium that
contains 0.05 mg/mL alamarBlue (Invitrogen). The cells were
incubated for an additional 2 h, and the cell viability was calculated
through measuring fluorescence emission of the alamarBlue assay using
a CLARIOstar microplate reader (excitation of 540/8 nm and emission
0f 590/8 nm). Luciferase expression of PC3-Luc6 on the same plate was
evaluated through bioluminescence, where 5 yL of D-luciferin solution
(25 mM) was added into each well (100 yL medium) and
bioluminescence was collected with an IVIS Spectrum In vivo Imaging
System (PerkinElmer). The bioluminescence intensity of each well was
further normalized by its viability before analysis.

For laser-involved luciferase knockdown experiments, once cells
were incubated with porphyrin-LNP for 2 h, cells were washed twice
with culturing medium and replenished with fresh medium for a
subsequent 2 h incubation. Cells were then irradiated with a 671 nm
laser (spot area: 0.71 cm?) at 30 mW/cm? irradiance to achieve light
dose from 0.5 J/cm” to 5 J/cm?. Following irradiation, cells were further
incubated for 20 h, after which their viability and luciferase expression
were measured in a same way as described above.

Reverse Transcription-Quantitative Real-Time PCR. Total
RNA of cells after treatments was extracted using TRIzol reagent
(Invitrogen Life Technologies, Inc.) and RNeasy Mini kit (Qiagen).
cDNA was next synthesized using High-Capacity cDNA Reverse
Transcription Kit (ThermoFisher). For cDNA amplification, PowerUp
SYBR Green Master Mix (ThermoFisher) and the following primers
were used: GAPDH (sense: 5'-CAT GAG AAG TAT GAC AAC AGC
CT-3’; antisense: 5'-AGT CCT TCC ACG ATA CCA AAG T-3');
luciferase (sense: S’-ATT ACA CCC GAG GGG GAT GA-3;
antisense: 5'-CCA GAT CCA CAA CCT TCG CT-3'). The
comparative cycle threshold (Ct) method was used to calculate relative
abundance of luciferase mRNAs (GAPDH mRNA as internal control).
Each assay was conducted in triplicate.

Confocal Imaging of Light-Induced siRNA Endosomal
Escape. For confocal imaging studies, cells were seeded into 8-well
coverglass-bottom chambers (Nunc LabTek, Sigma-Aldrich, Ro-
chester, NY) at a cell-seeding density of 2 X 10* cells per well. After
48 h, porphyrin-LNPs load with FAM-siRNA were added at a
concentration of 4 uM (based on porphyrin) and incubated for given
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time periods. Cells were then washed twice with culturing medium
before imaging. Confocal microscopy was performed in the Advanced
Optical Microscopy Facility, University Health Network. Fluorescence
images were captured by stimulated emission depletion (STED)
microscopy (Leica, Germany) using a 63X oil objective lens.
Customized filter settings were used to collect signals from
porphyrin-lipid (excitation: 633 nm; emission: 670—76S5 nm, laser
power 1—5%) and FAM-labeled siRNA (excitation: 488 nm; emission:
507—580 nm, laser power 30—60%). During irradiation, porphyrin-
lipid was irradiated at 660 nm and the laser power was raised to 100%
for given time intervals. Laser power and detector gain adjustment were
kept consistent before and post laser irradiation. Specifically, images for
porphyrin-lipid membrane localization were captured with 100% laser
power and 10% detector gain to obtain the highest imaging resolution.
For Pearson’s correlation coefficient (PCC), it is calculated by the
following formula for a typical image consisting of red and green
channels: **

Y, (R~ R) x (G, - ©)
JZ, R, - R x 3, (G, - G)?

where R; and G; refer to the intensity values of the red and green
channels, respectively, of pixel i, and R and G refer to the mean
intensities of the red and green channels, respectively, across the entire
image. PCC values range from 1 for two images whose fluorescence
intensities are perfectly, linearly related, to —1 for two images whose
fluorescence intensities are perfectly, but inversely, related to one
another. Specifically, for the images analyzed in our study, images were
processed using Fiji software and Coloc 2 plugin was used to perform
PCC calculation following the principle stated above.

Endosomal Organelle Colocalization. PC3-Luc6 cells were were
seeded into 8-well coverglass-bottom chambers and transfected with
CellLight Early Endosomes-RFP and Late Endosomes-RFP BacMam
2.0 kits (Molecular Probes) for RabSa (EE marker) and Rab7A (LE
marker). Lysosomes were stained using LysoTracker Red DND-99
(Thermofisher) based on manufacturer’s protocol. PC3-Luc6 cells
were incubated with porphyrin-LNP at a porphyrin concentration of 4
UM for 1, 3, and 6 h. Cells were then washed twice with culture medium
before imaging though confocal microscopy.

Visualization of GAL9 Recruitment after Laser. PC3-Luc6 cells
were seeded into 8-well coverglass-bottom chambers at a cell-seeding
density of 2 X 10* cells per well and transfected with plasmid encoding
mCherry-galectin-9 (Addgene # 166689) through Lipofectamine 3000
(Thermofisher) for 2 days before use. Porphyrin-LNPs loaded with
FAM-siRNA were then added at a concentration of 4 uM (based on
porphyrin) and incubated for 6 h with the cells. Cells were washed twice
with culture medium before being imaged by confocal microscopy.
Customized filter settings were used to collect signal from porphyrin-
lipid (ex: 633 nm; em: 670—765 nm), FAM-labeled siRNA (ex: 488
nm; em: 507—580 nm), and mCherry-Gal9 (ex: 561 nm; em: 575—649
nm). During irradiation, the laser power of 660 nm was raised to 100%
for given time intervals. Laser power and detector gain adjustment were
kept consistent before and post laser irradiation.

Visualization of In Vitro GNP Subcellular Localization after
Laser. PC3-Luc6 cells were seeded into T-25 flasks at a cell-seeding
density of 4 X 10° cells per flask. After 48 h, cells were treated with
porphyrin-LNP-GNP at a final porphyrin concentration of 8 uM for 24
h. For MC3-LNP-GNP, it was added at same GNP concentration as
porphyrin-LNP-GNP. Next, the cells were washed three times with PBS
before subsequent trypsinization. Cells were collected and spined down
at 1000 rpm for 5 min, after which the supernatant was removed, and
the cells were resuspended in 2 mL cell culture medium. Next, half of
the suspending cells were placed in 96-well plate at 200 uL per well and
irradiated with a free-space laser at 671 nm with a 30 mW/ cm?
irradiance to achieve light dose of 1.5 J/cm? Subsequently, both
irradiated and unirradiated cells were collected and spined down to
form cell pellets in 1.5 mL Eppendorf tube. The supernatant was
removed, and the cells were fixed in 2.5% glutaraldehyde + 2% PFA in
0.1 M sodium cacodylate buffer before subsequent TEM grid
preparation and imaging with a Hitachi HT7800 transmission electron

PCC =
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microscope (Nanoscale Biomedical Imaging facility, Peter Gilgan
Centre for Research and Learning, Toronto).

Quantitative Analysis of siRNA Endosomal Escape. To get
quantitative imaging results from fluorescent images, fluorescent
images of PC3-Luc6 after treatment with porphyrin-LNP were
captured across Z-stacks (20 ym, step = 1 ym). Then the 3D images
were processed by Imaris 9.9 (Oxford Instruments) to reconstruct
punctate organelles and surface structures of all the cells: briefly,
organelles were identified using “surface” object (Surface Grain Size =
0.300 pm, Diameter of Largest Sphere = 2.00 m, Manual Threshold
Value = 10) while cell membranes were identified using “cell” object
(Cell Smooth Filter Width = 1.00 um, Cell Background Subtraction
Width = 40.0 um, Cell Manual Threshold = 4.000, “Cell Number of
Voxels” above 2000), both based on fluorescent signal from FAM-
siRNA channel. After organelle and cell structures were identified,
masked FAM-siRNA signal was generated by subtracting organelle-
originated FAM signals from each cell in the original FAM channel.
Subsequently, statistics of interests were extracted by Imaris and
analyzed to generate quantitative results.

For absolute FAM-siRNA concentration quantification in cytosol,
FAM-siRNA fluorescence intensity standard curve was first established
in 3D confocal imaging data sets using cell culture medium containing
only FAM-siRNA. The background signal in the FAM-siRNA channel
was measured using porphyrin-LNP (no FAM label) samples under
same imaging conditions. To quantify the FAM-siRNA concentration
in unknown samples, the background was subtracted first, followed by
calculating siRNA concentration in cytosols using the established FAM-
siRNA fluorescence standard curve.

Quantitative Cell Uptake and Determination of siRNA
Endosomal Escape Efficiency. Briefly, cells were seeded into 96-
well plates. Then 48 h later, porphyrin-LNPs were added at a
concentration of 4 uM (based on porphyrin) and incubated for given
time periods. Afterward, the cells were washed twice with culturing
medium and the wells were replaced with medium that contains 0.05
mg/mL alamarBlue (Invitrogen) for viability measurement. Then
medium was removed again and replaced with 200 yL/well DMSO
solution to fully digest the cells and unquench any porphyrin-lipids that
were uptaken into cells, followed by measurement of porphyrin
fluorescence using plate reader. Cell counts in each well were calculated
by fitting alamarBlue assay readout to cell counts standard curve created
also from alamarBlue assay.** For cell counts standard curve, it is
prepared by seeding cells into 96-well plate at gradient density, after
overnight incubation, cells were added with alamarBlue and measured
fluorescence intensity. Porphyrin amount was quantified by fitting
porphyrin fluorescence to its standard curve prepared in DMSO.
Combing these two data, total porphyrin-lipid amount per cell was
obtained as follows:

porphyrin amount per cell
__ porphyrin concentration X DMSO digestion volume

total cell counts per well

(1)

Since siRNA and porphyrin-lipids were at a fixed ratio in LNPs, which is
determined by siRNA concentration and porphyrin-lipid concentration
in the LNP. siRNA amount per cell can be further calculated as follows:

siRNA amount per cell
__ porphyrin amount per cell X siRNA concentration

porphyrin concentration

)

For FAM-siRNA endosomal escape efliciency calculation, the number
of cytosolic siRNA copies per cell was calculated using cytosolic FAM-
siRNA concentration and 5000 fL as the total cytosol volume of a cell.*’
Next, the number of total siRNA copies per cell was determined by
quantitative cell uptake experiment as described above. Then FAM-
siRNA endosomal escape efficiency can be calculated as follows:

cytosolic siRNA copy number
total siRNA copy number

X 100%

escape efficiency %
()
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Xenograft Mouse Models. All animal studies were approved and
conducted in compliance with the University Health Network Animal
Resources Centre guidelines. For the generation of subcutaneous
tumor xenografts, athymic male nude mice under general anesthesia
were inoculated with 3 X 10 PC3-Luc6 cells in 100 L PBS into the
right flank. Tumor growth was monitored using electronic calipers.

Visualization of In Vivo GNP Subcellular Localization after
Laser. For porphyrin-LNP-GNP subcellular localization studies in vivo,
once tumors reached 100 mm?®, mice bearing PC3-Luc6 subcutaneous
tumors (n = 3 for each group) were injected intratumorally with 20 ug
(based on porphyrin-lipid) of porphyrin-LNP-GNP. After 6 h, the
irradiated group of mice was put under general anesthesia using
isoflurane, and tumors were irradiated with a 671 nm PDT laser
(Laserglow Technologies, Toronto, ON, Canada) at a fluence rate of 50
mW/cm? and a total light dose of 50 J/ cm?. After irradiation, half of the
mice were sacrificed immediately to evaluate the rapid effect of
irradiation on membrane integrity and GNP localization while the other
half of the mice were sacrificed 18 h later to evaluate the delayed effect.
Tumors were collected after dissection and fixed in 2.5% glutaraldehyde
+2% PFA in 0.1 M sodium cacodylate buffer for subsequent TEM grids
preparation and imaging. For GNP endosomal escape efficiency
quantification, Fiji was used to analyze the images. Detailed image
processing example is provided in Figure S24.
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