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1. Introduction

Intratumoral (IT) injections of cytotoxic 
agents have potential to shrink or ablate 
tumors that are difficult to surgically 
resect. Obvious benefits include minimi-
zation of systemic toxicity compared to 
systemic administration, while achieving 
extremely elevated tumor drug biodistri-
bution. IT injections have been developed 
as percutaneous local ablative therapies 
(PLATs), for treating hepatocellular carci-
noma primary tumors.[1–3] PLATs typically 
involve IT injection of small molecules 
that are relatively safe at low concentra-
tion, such as ethanol[4–9] or acetic acid.[10–12] 
Photodynamic therapy (PDT), an abla-
tive technique based on local generation 
of reactive oxygen species (ROS) by a 
light-exposed photosensitizer, has been 
proposed with IT injection of the pho-
tosensitizer.[13] IT injections of hafnium 
oxide nanoparticles as radiosensitizers 
have achieved improved tumor treat-
ment.[14–16] Synergistic effects of magnetic 
hyperthermia and photothermal therapy 

caused by intratumoral iron oxide nanoparticles has been dem-
onstrated to be effective in eradicating tumors.[17]

Despite the potential benefits, IT injections are not com-
monly used for most tumor treatments. This is due in large 
part to the variability of injections caused by intrinsic charac-
teristics of solid tumors. Elevated interstitial fluid pressure 
(IFP) is a challenge for intratumoral injections.[18–23] This can 
cause partial efflux of the injected material through the needle 
track to the point of injection, thereby leading to uncertainty 
in the achieved dose.[24] High cell proliferation rates, abnormal 
lymphatics vascularization, and hydraulic conductivity caused 
by the permeability of tumor vessels contributes to increased 
IFP.[25–27] Increased extracellular matrix stiffness is also 
common in solid tumors. This rigidity not only increases IFP 
but can prevent the effective spread of the chemotherapeutical 
drugs within the tumor.[28–30]

IT-injected small hydrophilic molecules quickly drain out 
of tumors.[13,31] It has been shown previously that IT-injected 
liposomal cargo has delayed drainage compared to small mol-
ecules.[32,33] Porphyrin–phospholipid (PoP) liposomes are light-
sensitive nanocarriers capable of controlled, on-demand, drug 

Intratumoral (IT) drug injections reduce systemic toxicity, but delivered 
volumes and distribution can be inconsistent. To improve IT delivery para-
digms, porphyrin–phospholipid (PoP) liposomes are passively loaded with 
three hydrophilic cargos: sulforhodamine B, a fluorophore; gadolinium-
gadopentetic acid, a magnetic resonance (MR) agent; and oxaliplatin, a 
colorectal cancer chemotherapeutic. Liposome composition is optimized 
so that cargo is retained in serum and storage, but is released in less than 
1 min with exposure to near infrared light. Light-triggered release occurs 
with PoP-induced photooxidation of unsaturated lipids and all cargos release 
concurrently. In subcutaneous murine colorectal tumors, drainage of released 
cargo is delayed when laser treatment occurs 24 h after IT injection, at doses 
orders of magnitude lower than systemic ones. Delayed light-triggering 
results in substantial tumor shrinkage relative to controls a week following 
treatment, although regrowth occurs subsequently. MR imaging reveals that 
over this time frame, pools of liposomes within the tumor migrate to adjacent 
regions, possibly leading to altered spatial distribution during triggered drug 
release. Although further characterization of cargo loading and release is 
required, this proof-of-principle study suggests that multimodal theranostic 
IT delivery approaches hold potential to both guide injections and interpret 
outcomes, in particular when combined with chemo-phototherapy.
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release with near infrared (NIR) light exposure.[33–41] Thus, PoP 
liposomes are well-suited for chemo-phototherapy, an emerging 
modality that has numerous potential applications, and a 
variety nanocarriers have also been used for this purpose.[42–48] 
In this study, we develop a PoP liposome formulation that can 
stably load three different cargos for imaging and chemo-photo-
therapy. Multifunctional nanoparticulate approaches have been 
attracting interest recently for capabilities of both therapy and 
imaging.[49–54] Triggered delivery approaches promise to pro-
vide a better controlled release of drugs from nanoparticles[55–59] 
Multimodal imaging can be used to extract diverse information 
about nanoparticle behavior.[60] Here, multimodal imaging is 
used to monitor PoP liposome cargo behavior following IT-
injection (at drug doses hundreds of times lower than conven-
tional systemic doses) and provide insights into the observation 
that delaying the interval between injection and light treatment 
improved outcomes.

2. Results and Discussion

2.1. PoP Liposomes for Passive Cargo Loading  
and Light-Induced Release

Various lipids were assessed to develop a formulation for 
passive cargo entrapment and light-triggered drug release. 
Sulforhodamine B (SRB) was used as a hydrophilic fluores-
cent cargo loaded at 50 × 10−3 m (a self-quenching concentra-
tion) to report on cargo release. The liposomes in this study 
had a fixed molar ratio of 50% cholesterol (Chol), 5% 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-(methoxy(PEG)- 
2000 (MPEG-2000-DSPE), and 2% sn-1-palmitoyl sn-2-pyro

pheophorbide phosphatidylcholine (pyro-lipid (PoP)). Different 
phospholipids, namely 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC), 1,2-distearoyl-sn-glycero-3-phosphocholine 
(DSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), or sphin-
gomyelin (SPM) were used as primary lipids in PoP liposomes. 
Light-triggered release tests using a 665 nm laser demonstrated 
a fast release rate when liposomes were formulated with the 
unsaturated lipid DOPC, but not with saturated ones, regard-
less of side chain length (Figure 1A). Conversely, cargo reten-
tion stability in 50% serum of liposomes formed from saturated 
lipids was superior to those made with DOPC (Figure 1B). 
Increasing amounts of saturated lipids, such as DSPC, have 
been shown to induce higher lipid packing and stability in 
other light-triggered liposome systems.[61] To obtain liposomes 
with both fast laser release and good serum stability, satu-
rated and unsaturated lipids were blended at different molar 
ratios and assessed. Liposomes containing a molar ratio of 
[1:3] of [DOPC:DSPC] exhibited fast NIR light-induced release 
(Figure 1C) without compromising serum stability (Figure 1D). 
This ratio was thus chosen to be used throughout this study. 
The speed of light-triggered release was influenced by the 
amount of PoP in the bilayer, with increasing rates from 0.5% 
to 5% PoP, while liposomes lacking without PoP did not release 
cargo (Figure S1, Supporting Information). When normalizing 
the release rate by the amount of PoP presents in the liposomes 
a maximum efficiency achieved with 2% PoP, (Figure 1E). Our 
group recently reported that PoP liposomes containing unsatu-
rated lipids exhibit accelerated light-triggered cargo release.[34] 
Unsaturated lipids were oxidized during the process, which 
likely induced bilayer destabilization, although permeabiliza-
tion was found to be transient. Photooxidation methods have 
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Figure 1.  A PoP liposome formulation for NIR release of passively loaded cargo. A) Light-triggered release of SRB using a 300 mW cm−2 665 nm laser 
with PoP liposomes containing the indicated lipids (43 mol%), together with 50 mol% Chol, 5 mol% PEG-lipid, and 2 mol% PoP. B) Serum stability of 
these formulations at 37 °C in 50% bovine serum. C) Light-triggered release of SRB from PoP liposomes containing indicated ratios of DOPC:DSPC. 
D) Serum stability of PoP liposomes with different ratios of DOPC:DSPC. E) Laser-induced SRB release rate (normalized by PoP content) of liposomes 
containing 1:3 ratio of DOPC:DSPC and the indicated mol% PoP. F) Ion counts for DOPC (m/z = 786.6007, [M+H]+) in PoP liposomes with or without 
NIR laser irradiation. G) Ion counts for oxidized DOPC (m/z = 850.5804, [M+H]+) in PoP liposomes with or without NIR laser irradiation.
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been widely used to trigger cargo release from liposomes.[62] 
To test if a similar mechanism existed here, we investigated 
the levels of DOPC and potential oxidized products before and 
after laser irradiation, using liquid chromatography quadrupole 
time of flight mass spectrometry (LC-QTOF) as described pre-
viously.[34] As expected, after laser irradiation there was a pro-
found decrease in DOPC (Figure 1F) and appearance of a new 
species (Figure 1G), which was determined as oxidized DOPC 
based on MS/MS characterization. Thus it is likely that DOPC 
accelerated cargo release via POP-mediated photooxidation and 
subsequent bilayer destabilization.

2.2. SRB, Gd-DTPA, and Oxaliplatin Coentrapment and Release

The developed PoP liposome formulation was next used to 
coencapsulate SRB, gadolinium-gadopentetic acid (Gd-DTPA), 
and oxaliplatin (OX). Liposomes were formed with a buffer 
of 50 × 10−3 m SRB (27.9 mg mL−1), 200 × 10−3 m Gd-DTPA 
(109.5 mg mL−1), and 12.59 × 10−3 m OX (5 mg mL−1). This SRB 
concentration was sufficient for robust self-quenching inside 
liposomes, the OX concentration used is close to the solubility 
limit, and the Gd-DTPA concentration was selected based on 
how it influenced liposome size (Figure S2, Supporting Infor-
mation). An increased concentration of Gd-DTPA resulted 
in larger liposome size, possibly due to effects related to high 
ionic strength or osmolarity of the solution. SRB fluorescence 
self-quenching was found to decrease with increasing Gd-DTPA 
concentration (Figure S3, Supporting Information), possibly 
by reducing SRB overall encapsulation efficiency within the 
aqueous liposome core. As liposomes containing 200 × 10−3 m 

Gd-DTPA resulted in a size smaller than 200 nm while retaining 
good SRB stability and fluorescence response after laser treat-
ment, those were selected to be used as standard liposomes for 
our study. Inductively coupled plasma (ICP) analysis revealed 
that after encapsulation and removal of unentrapped cargo, the 
total concentration of Gd and Pt present in Gd-DTPA and OX, 
respectively, was 503 µg mL−1 (≈1.75 mg mL−1 or ≈3.2 × 10−3 m 
Gd-DTPA) and 27 µg mL−1 (≈54.7 µg mL−1 or ≈138 × 10−6 m 
OX), respectively. The drug loading percent (DL%) for both Gd-
DTPA and OX was found to be 4.2% and 0.34%, respectively. 
This OX loading is substantially lower than previous reports of 
liposomal OX, demonstrating that further optimization of cargo 
entrapment is required.[63,64] Due to the hydrophilic nature of 
the cargos, they are expected to be located in the aqueous lumen 
of the liposomes. SRB:Gd-DTPA:OX PoP liposomes showed 
faster light-induced SRB release (≈40 s) (Figure 2A) compared 
to all the other PoP liposome formulations containing only 
SRB (Figure 1C). Detection of light-induced cargo release was 
assessed using microcentrifugal filtration separation. SRB 
release could be visualized by naked eye during these three 
time-points (Figure 2B). SRB and PoP fluorescence were deter-
mined for each time point in both filtrate and retentate fractions 
(Figure S4, Supporting Information), and fluorescence values of 
SRB were converted to concentration values based on a standard 
SRB fluorescence curve. Based on ICP analyses, Gd and Pt were 
concurrently released after 2 min laser treatment but at different 
final concentrations (SRB = 98 µg mL−1; Gd = 329 µg mL−1; 
Pt = 22.4 µg mL−1) (Figure 2C). This is significant because since 
all three cargos are released at correlated rates, so that SRB can 
potentially serve as a proxy for drug release and Gd-DTPA can 
potentially serve as a proxy for drug distribution. Differences in 
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Figure 2.  Multicargo release from PoP liposomes containing SRB:Gd-DTPA:OX. A) SRB release from liposomes coencapsulating SRB, Gd-DTPA, and 
OX with or without 665 nm laser irradiation. B) Centrifugal filtration of liposomes treated with laser. C) Gd and Pt release as a function of SRB release. 
D) Serum stability of SRB:Gd-DTPA:OX PoP liposomes at 37 °C in 50% bovine serum. E) Storage stability of SRB:Gd-DTPA:OX PoP liposomes at 4 °C.
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release rates could be attributed to differences in cargo physico-
chemical properties or cargo–cargo interactions and further study 
is required. SRB:Gd-DTPA:OX PoP liposome diameter before 
and after 2 min laser treatment was 171 and 153 nm, respectively 
(Figure S5, Supporting Information). The polydispersity changed 
slightly from 0.28 to 0.23 with laser treatment. Transmission 
electron microscopy revealed spherically shaped liposomes of 
variable size (Figure S6, Supporting Information). The variable 
size can be attributed to the relatively high polydispersity as the 
particles were not extruded during liposome production.

When incubated at 37 °C in 50% mature bovine serum 
for 4 h, SRB release in SRB:Gd-DTPA:OX PoP liposomes 
was found to be ≈10% (Figure 2D). SRB:Gd-DTPA:OX PoP 
liposomes were assessed for refrigerated storage stability in 
phosphate buffered saline (PBS) (Figure 2E). After five weeks of 
storage, SRB release was found to be ≈3%. Therefore, this for-
mulation presents excellent storage stability and good stability 
in serum.

2.3. Cell Viability

CT26.WT murine colon cancer cells were incubated with 
SRB:Gd-DTPA:OX PoP liposomes or free OX for 48 h 
(Figure  3). The final concentration was adjusted to 5 or 
25 × 10−6 m OX. Both free and encapsulated OX caused cell tox-
icity, however encapsulated OX was less cytotoxic compared to 
the free drug at higher concentrations. Uptake of intact neutral 
liposomes by cells can occur via endocytosis, followed by addi-
tional intracellular trafficking.[65] Cytotoxicity further increased 
for PoP liposome samples when exposed to laser treatment. 
The mechanism is likely a combination of singlet oxygen 
generation and the released drug having better bioavailability. 
Some liposomes were pretreated with laser prior incubation to 
avoid ROS caused by PoP. Pretreated liposomes induced higher 
toxicity when compared to those that did not receive laser treat-
ment, which is likely due to drug release and greater bioavail-
ability. We attributed observed cytotoxicity effects to released 
OX, however the effects of SRB and Gd-DPTA could have 
partially contributed as well. Pretreated liposomes were less 
toxic to those treated in situ, which was likely due to the PDT 

effect during treatment. The highest cytotoxicity occurred with 
25 × 10−6 m OX in PoP liposomes and irradiation, resulting in 
nearly complete cell kill.

2.4. Intratumoral Liposome Latency

To test liposome behavior within tumors, 40 µL of SRB:Gd-
DTPA:OX PoP liposomes were injected at four locations per 
tumor (10 µL per injection), in mice with dual contralateral 
tumors (Figure 4A). One side was irradiated 10 min after injec-
tion, while the contralateral tumor was covered to minimize 
stray light exposure. Even though SRB:Gd-DTPA:OX PoP 
liposomes were shown to fully release its cargo in less than 
2 min in vitro, due to concerns about light attenuation in tis-
sues, we opted to increase the light irradiation time to 30 min. 
With irradiation, SRB release and unquenching were observed 
in the tumor. Based on longitudinal imaging of SRB, liposomes 
that received laser treatment right after injection quickly 
released SRB throughout the tumor area but after 2 h there was 
noticeable decrease in fluorescence, consistent with expected 
rapid drainage of small hydrophilic molecules from tumors. 
Most released SRB quickly cleared from the tumor (Figure 4B), 
while SRB fluorescence could be detected in the abdominal 
region in the following hours, presumably due to systemic 
clearance. After 24 h, the contralateral tumor was then irradi-
ated and again SRB fluorescence increased dramatically. This 
shows not only that liposomes were persistent in the tumor 
over 24 h but they also maintained their cargo without leakage, 
since SRB was maintained at self-quenching concentrations. 
The mice were imaged again 2 h after laser treatment and inter-
estingly, SRB fluorescence was more persistent than in tumors 
irradiated immediately after injection. The high fluorescence 
persisted even at 6 h after irradiation. When the SRB values 
were normalized (Figure 4C), tumors irradiated 24 h after injec-
tion had a slower SRB drainage rate compared to tumors irra-
diated immediately after injection. The reason for the slower 
drainage rate with a longer drug-light-interval is unclear, but 
it might be related to more homogenous liposome distribu-
tion throughout the tumor. We hypothesized OX would have 
increased efficacy if we give a 24 h drug-light-interval based on 
slower drainage rate.

2.5. Survival Studies

To investigate efficacy of SRB:Gd-DTPA:OX PoP liposomes 
in vivo, liposomes were injected IT at four locations (40 µL in 
total, 10 µL per injection) in mice bearing single CT-26 tumors. 
Mice were divided into five groups: (1) + Laser: Mice irradiated 
10 min after injection; (2) 24 h + Laser: Mice treated with laser 
24 h after injection; (3) Empty + Laser: Mice injected with empty 
PoP liposomes with laser treatment immediately after injec-
tion; (4) − Laser: Mice injected with SRB:Gd-DTPA:OX PoP 
liposomes but did not receive any laser treatment; (5) Control: 
Mice that did not receive any injection or laser treatment. 
Tumor size was measured every 2–3 d until they reach ten-
fold their original size, then mice were sacrificed. During the 
first 7 d (16 d in Figure S7, Supporting Information), mice 
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Figure 3.  In vitro chemo-phototherapy. CT-26 cell viability following 
treatment with indicated liposomes or free drug with or without laser 
treatment. Viability was measured 48 h after incubation by XTT assay.
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from group 2 showed significant delay in tumor growth per-
cent when compared to groups 3, 4, and 5 (p = 0.0002; 0.00007; 
0.00008, respectively, Student’s t-test), approaching statistical 
significance when compared to group 1 (p = 0.089. Student’s 
t-test) (Figure 5A). No groups were completely cured and fast 
tumor growth occurred in group 2 in the second week.

For survival analysis (Figure 5B), mice from group 
2 (24 h + laser) had a significant increase in survival time when 

compared to controls (p = 0.0025, Log-rank test) but not sig-
nificant when compared to group 1 (p = 0.176, Log-rank test). 
Controls and groups 3 and 4 had to be sacrificed sooner than 
those from the chemo-phototherapy groups 1 and 2. For these 
groups, there was an initial shrinkage in the region where the 
liposomes were injected, by observing the tumor mass reduc-
tion or temporary absence of tumor growth in that region 
after the treatment when compared to noninjected sites. This 
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Figure 4.  SRB drainage and release with photoactivatable liposomes. A) BALB/c mice with dual CT-26 tumors were IT-injected with SRB:Gd-DTPA:OX 
PoP liposomes (yellow arrows). Initially, only one side was treated with a 665 nm laser (red arrow). The contralateral tumor was treated 24 h later. 
Signal shows SRB fluorescence, which is self-quenched in intact liposomes. B) SRB signal and persistence in the dual tumor model. Red arrows show 
point of tumor irradiation. C) Normalized SRB drainage immediately following laser irradiation in dual tumor model. Values show mean +/− std. dev. 
for n = 6 mice.

Figure 5.  IT chemo-phototherapy antitumor efficacy. A) Tumor growth one week after treatment with tricargo liposomes (0.08 mg kg−1 OX or equivalent; 
30 min. laser irradiation at 665 nm, fluence rate: 300 mW cm−2 with indicated drug-light-interval (DLI)). Based on pairwise two-tailed student t-test, 
the 24 h DLI group had significantly smaller tumors than groups indicated with asterisks (p < 0.0005). B) Survival of treated mice. Mice were sacrificed 
when tumor volume reached 10 times initial. n = 8 for the two groups receiving drug and laser and n = 5 for the other groups.
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was evident especially in group 2, where not only tumors had 
a significant tumor shrinkage, but mice had the best survival. 
Liposomes act as an extra protection layer to the drug, slowing 
the drainage of small molecules, which upon 24 h delay prior 
to laser treatment, can enhance the drug distribution to other 
tumor sites. Similar behavior has been observed using mac-
rophages as carriers of nanoshells for photothermal therapy.[66] 
Although all mice tolerated the treatment, toxicity studies were 
not performed in this preliminary proof of principle work. 
However, we note that the injected doses of OX were hundreds 
of times less than conventional systemic preclinical OX doses 
in in the literature. Liposomal OX can be dosed with multiple 
intravenous doses of 5 mg kg−1 (compared to 0.08 mg kg−1 in 
this study).[67] The PoP used in this work was previously dem-
onstrated not to induce acute systemic toxicity at extremely 
high intravenous doses of 1 g kg−1.[68]

2.6. MR Imaging

Magnetic resonance imaging (MRI) is a noninvasive imaging 
technique used in both clinical and research settings. Con-
trast agents provide a tool to visualize IT injections, helping to 
localize, in real time, needle positioning and sample deposition 
at specific tumor sites. Gd-DTPA is a clinical contrast agent and 
the viability of SRB:Gd-DTPA:OX PoP liposomes for MR was 
initially tested in vitro. At temperatures of 25 and 37 °C, both 
the laser and detergent treated liposomes showed significantly 
higher T1 relaxivities over the untreated liposomes (Table  1 
and Figure S8 (Supporting Information)). The higher relaxivi-
ties of the treated liposomes is indicative of increased water 
interaction with the contrast agent no longer enclosed within 
the liposome. Interestingly, increasing the temperature from 

25 to 37 °C had the opposite effect on the relaxivities of con-
trol and treated liposomes. The reduction in relaxivities in the 
treated liposomes at higher temperatures (≈15% decrease, on 
average) is a documented phenomenon[69,70] and is attributed to 
increased molecular tumbling rates that result in less efficient 
relaxation.[71] However, control liposomes demonstrated a 28% 
increase in both T1 and T2 relaxivities at the higher tempera-
ture. This may be due to increased diffusion of water across the 
liposomal membrane enabling more efficient proton relaxation 
although further exploration of this phenomenon is needed. 
A similar increase in T1 relaxivity upon temperature increase 
was documented in thermosensitive liposomes for six clinically 
approved nonionic Gd-based MRI contrast agents prior to the 
liposome reaching its melting point.[72]

To understand the IT behavior of the liposomes, MR images 
were acquired in mice prior to, immediately after and up to 
72 h after IT injection. A volume of 20 µL was injected from 
both the superior and inferior sides of the tumor. Laser treat-
ment was not applied in this study so that the kinetics of dis-
tribution of the liposomes could be observed. 3D distribution 
of the liposomes was readily detectable by MR imaging as 
hyperintense regions (Figure 6). MR imaging revealed multiple 
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Table 1.  Influence of temperature on T1 and T2 relaxivities. Liposomes 
irradiated with laser or exposed to detergent (Triton X-100) presented 
higher T1 relaxivities compared to untreated intact liposomes.

Formulation 25 °C 37 °C

r1  
[mm s]−1

r2  
[mm s]−1

r1  
[mm s]−1

r2  
[mm s]−1

Intact tricargo liposomes 1.16 1.82 1.49 2.33

+ Laser 2.00 2.36 1.63 2.16

+ Detergent 1.99 2.64 1.75 2.02

Figure 6.  MR imaging. MR images of two mice (top, coronal view; bottom, axial view) IT-injected with SRB:Gd-DTPA:OX PoP liposomes (injection sites 
are shown with white arrowheads). After injection, IT MR enhancement was observed (white arrows). Temporary subcutaneous MR enhancement was 
observed following injection (yellow arrow, top row), indicative of either poor needle placement or liposome efflux.
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distribution behaviors within the tumor over the course of 24 
h (Figure S9, Supporting Information). Areas of accumula-
tion near tumor border or subcutaneous regions cleared rap-
idly, presumably due to increased access to vasculature and 
lymphatics. The bright areas in stomach and intestines were 
caused by food following feeding. Additionally, some areas with 
highly localized deposition experienced an outward diffusion of 
the liposomes to a greater localized volume. Finally, some areas 
within the tumor that did not show enhancement immediately 
after injection showed enhancement 24 h later, indicating a 
migration of liposomes from another location of the tumor. 
This indicates local influences such as interstitial pressure, 
stromal content, and necrotic channels may result in a hetero-
geneous distribution of liposomes following injection that can 
be detected with 3D MR imaging.

3. Conclusion

A PoP liposome formulation was developed with a molar ratio 
of 1:3 unsaturated to saturated phospholipids to entrap hydro-
philic cargos with good serum stability and fast light-triggered 
release. PoP liposomes passively entrapped and concurrently 
released three different cargos: SRB, Gd-DTPA, and OX. 
With IT injection, the drug-light-interval affected drainage of 
light-released cargo based on fluorescence imaging and also 
impacted antitumor efficacy. Chemo-phototherapy was found to 
be significantly more effective than IT injection of drugs alone 
or IT PDT alone, one week post-treatment. MRI of encapsu-
lated Gd-DTPA revealed the pooling and spread of liposomes 
over time that might account for the observed superiority of a 
longer drug-light interval. Together, these results underscore 
how multimodal imaging and therapy results can aid IT-based 
therapies, particularly in the context of chemo-phototherapy.

4. Experimental Section
Materials: Lipids purchased from Corden Pharma include DOPC 

(#LP-R4-070), DSPC (#LP-R4-076), DPPC (#LP-R4-057), DMPC 
(#LP-R4-058), cholesterol (#CH-0355), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-(methoxy(PEG)-2000 (MPEG-2000-DSPE, 
#LP-R4-039). SPM was purchased from NOF America (#Coatsome 
NM-10). sn-1-palmitoyl sn-2-pyropheophorbide phosphatidylcholine 
(pyro-lipid (PoP)) was synthesized as previously described.[68] 
Diethylenetriaminepentaacetic acid gadolinium(III) dihydrogen salt 
hydrate (Gd-DTPA) was purchased from Sigma-Aldrich (#381667). 
SRB was purchased from Biotium (#80100). OX was obtained from LC 
laboratories (#O-7111). Sterile mature bovine serum was purchased 
from Pel-Freez (#37218-5). Other reagents used in experiments 
were purchased from Sigma and prepared in our laboratory using 
Type 1 reagent grade water (Nanopure, Barstead).

Preparation and Characterization of PoP Liposomes: Unless stated 
otherwise, for most experiments, liposomes were constituted of 
DOPC:DSPC:Chol:DSPE-PEG:PoP at a molar ratio of 10.75:32.25:50:5:2 
mol%. For a few experiments different formulations and phospholipids 
(DMPC, DPPC, and sphingomyelin) were used. Liposomes were 
prepared by the thin-film hydration method. Briefly, lipids (40 mg) 
dissolved in 1 mL chloroform and mixed in borosilicate test tubes. The 
organic solvent was then evaporated under gentle nitrogen flow until a 
lipid film was formed at the bottom of the tube. Samples were incubated 
in a vacuum chamber for 4 h in order to further remove chloroform from 

the lipid film. For the hydration step, 1 mL of a 50 × 10−3 m SRB solution 
(with or without 5 mg mL−1 OX and 200 × 10−3 m Gd-DTPA) was heated 
to 60 °C and added to the lipid film. Samples were sonicated in a 
water bath for 30 min at 60 °C. In order to remove the unencapsulated 
components, size-exclusion chromatography was used. Columns 
containing Sephadex G-75 were loaded with 1 mL of liposomes. 
Fractions with high concentration of liposomes were collected and 
combined. The sample was then dialyzed twice against PBS (137 × 10−3 m 
NaCl, 7 × 10−3 m Na2HPO4, 3 × 10−3 m NaH2PO4, pH 7.4) and stored 
protected from light at 4 °C. Based on dynamic light scattering, SRB:Gd-
DTPA:OX PoP liposomes had a zeta potential of −26 mV and a size of 
171 nm. Drug Loading percent (DL%) was calculated using a previously 
reported formula for lipid nanoparticles.[73]

Light-triggered cargo release from PoP liposomes was performed 
with a power-tunable 665 nm laser diode (RPMC laser, LDX-3115-665). 
The fluence rate was set to 300 mW cm−2 and in vitro release was 
performed in both 50% sterile bovine serum and/or PBS at 37 °C. SRB 
fluorescence was constantly monitored using a fluorimeter (PTI) at 585 
nm emission wavelength.

For serum stability tests, liposomes were added to 50% sterile 
mature bovine serum and incubated at 37 °C during 3–4 h with SRB 
fluorescence (+/− Triton X-100) being measured hourly using a TECAN 
Safire fluorescence microplate reader. The size and polydispersity of PoP 
liposomes were determined by dynamic light scattering in a NanoBrook 
90 plus PALS.

The concentration of Gd and Pt metals present in both Gd-DTPA 
and oxaliplatin encapsulated in SRB:Gd-DTPA:OX PoP liposomes 
was determined by inductively coupled plasma atomic emission 
spectroscopy (ICP-OES). Briefly, 100 µL of the stock liposomes solutions 
were digested in 100 µL of concentrated metal grade HNO3 at 60 °C for 
1 h. After digestion, the volume was adjusted to 10 mL with water. Blank 
solutions were prepared by adding 100 µL of concentrated metal grade 
HNO3 in 9.9 mL purified water. In order to obtain the concentration 
of Gd and Pt released from liposomes before, during and after laser 
treatment, samples were prepared by adding 200 µL of stock liposomes 
solution to 800 µL of PBS and treated or not with 665 nm laser. The 
samples were centrifuged at 4000 g using 100 kDa molecular weight 
cut-off 5 mL Microsep tubes (Pall Corporation, #MPC100C41) until the 
filtrate volume reached about 1 mL, then, 1 mL water was added to the 
retentate, resuspended and the samples were centrifuged again until 
the filtrate had a final volume of ≈2 mL. The final volume of both filtrate 
and retentate were adjusted to 2 mL with water. Each 2 mL sample was 
digested with 100 µL of concentrated metal grade HNO3 at 60 °C for 
1 h. After digestion, the samples had their volume adjusted to 10 mL 
with water before ICP-OES analysis.

LC-QTOF Characterization of DOPC and Potential Oxidation Products: 
Liposomes were diluted in PBS after irradiation. The lipid content of 
1 mL of treated and untreated liposomes was then extracted using a 
modified Bligh–Dyer method[74] and lipid extracts were prepared as 
we described previously.[34] Lipids were resuspended in chloroform for 
LC-MS analysis. Data acquisition was performed using LC-ESI-QTOF 
(Agilent 1260 HPLC coupled to Agilent 6530 Accurate-Mass Quadrupole 
Time-of-Flight instrument, Agilent Technologies, Santa Clara, CA, USA) 
in positive electrospray ionization mode. Data were collected using an 
m/z range 50–1700 in extended dynamic range. For targeted analysis 
of DOPC and oxidized DOPC, the corresponding m/z for each ion (for 
DOPC m/z = 786.6007, [M+H]+; and for oxidized DOPC m/z = 850.5804 
[M+H]+) was extracted in MassHunter Qualitative Analysis (version 
B.06.00, Agilent Technologies). Peak areas for each ion in extracted ion 
chromatograms (EICs) were manually integrated and were presented as 
ion counts. The identity of m/z = 786.6007 and 850.5804 were confirmed 
by MS/MS at 15, 35, and 55 V (details can be found in the work of 
Luo et al.[34]). Based on m/z = 184.0728, 522.3533, 86.0985 fragments,  
m/z = 786.6007 is confirmed as DOPC; and, similarly, based on 
m/z = 832.5724, 814.5698, 184.0844 fragments, m/z = 850.5804 was 
confirmed as oxidized DOPC.

Cell Viability: CT26.WT colon cancer cells were maintained at 
37 °C, 5% CO2 in Dulbecco’s Modified Eagle’s Medium containing 10% 
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fetal bovine serum and 1% penicillin/streptomycin. 1 × 104 cells were 
cultured on a 96-well plate. SRB:Gd-DTPA:OX PoP liposomes or free 
drug samples (54.7 µg mL−1) were added to cells containing complete 
media and incubated for 48 h. Media was removed post-treatment and 
the cells were washed with PBS before adding fresh media containing 
serum. Cells were immediately exposed to laser by placing the 96-well 
plate in a 665 nm light-emitting diode box. Cells were irradiated for 
20 min at a fluence of 35.8 J cm−2 (fluence rate: 29.84 mW cm−2). 
Viability was assessed with the 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide (XTT) assay. 24 h after laser treatment, 
media was replaced with XTT solution after the cells were washed with 
PBS. XTT solution was prepared by adding 50 µg mL−1 of XTT and 
30 µg mL−1 N-methyl dibenzopyrazine methyl sulfate to PBS. 100 µL of 
XTT stock solution was added to each well and incubated 2 h before 
reading the absorbance at 450 and 630 nm (background). Cell viability 
was calculated as ratio of absorbance of treated cells to untreated cells. 
All measurements were performed in triplicate and error bars indicate 
standard deviation.

SRB Drainage, Tumor Growth, and Survival Experiments: Mouse 
experiments were performed in accordance to protocols that approved by 
the Institutional Animal Care and Use Committees of University at Buffalo 
and Roswell Park Cancer Institute. Seven to eight week old female BALB/c 
mice (Envigo) were injected with 1 × 106 CT26.WT colon carcinoma cells 
(ATTC, #CRL-2638) in the right flank (32 mice) and in both right and left 
flank for SRB drainage experiments (6 mice). When tumors reached a 
size of 5–7 mm, mice received intratumoral injections (40 µL) of SRB:Gd-
DTPA:OX PoP liposomes at four different sites (at a dose of 32 mg kg−1 
lipids, which contained ≈2.8 mg kg−1 Gd-DTPA and 0.08 mg kg−1 OX). 
Irradiation of intratumoral PoP liposomes was performed by using a 
power-tunable 665 nm laser diode (RPMC laser, LDX-3115-665) for 30 
min. Fluence rate was set to 300 mW cm−2, with a spot size of 10 mm in 
diameter. All mice were anesthetized with 4% isoflurane and maintained 
at 2% during the laser treatment. At the end of the treatments, all mice 
were kept alive until the tumors reached a maximum of tenfold the 
original size, or were sacrificed after the study was complete.

In Vivo Imaging: For fluorescence imaging experiments all mice 
were anesthetized with 4% isoflurane and maintained at 2% during 
imaging. Tumors were injected 4 times with 10 µL SRB:Gd-DTPA:OX 
PoP liposomes. Mice were then imaged with an IVIS imaging system 
(excitation, 535; emission, DsRed filter).

MR imaging experiments were carried out independently at a different 
site on a 4.7 Tesla preclinical imager using the ParaVision imaging 
platform (Bruker Biospin, Billerica, MA) and a custom made, 35 mm I.D. 
quadrature transceiver coil (m2m Imaging, Cleveland OH). T1 and T2 
rates of the nanoparticles (control, + laser, + detergent) were measured 
at increasing concentrations at both 25 and 37 °C using an inversion-
recovery, balanced steady-state free-precession scan, and a multiecho 
CPMG scan, respectively, as described elsewhere.[75] Relaxivities were 
calculated using linear regression between the measured rates versus 
concentration of gadolinium. For in vivo experiments, ≈1 × 106 Colon 
26 (CT26.WT, ATCC) cells were injected subcutaneously into the 
right flank of BALB/c mice and tumor was allowed to grow until its 
maximum diameter reached 1–1.5 cm. Mice were anesthetized with 4% 
isoflurane and maintained at 2% during imaging. Body temperature was 
maintained by using an MR-compatible heating system (SA Instruments, 
Stony Brook, NY). Two NMR tubes containing CuSO4-doped 1% agarose 
were included for signal normalization.

Following scout scans, a baseline, T1-weighted spoiled gradient echo 
scan was acquired with the following parameters: echo time = 3 ms, 
repetition time = 15 ms, flip angle = 40°, matrix size = 192 × 128 × 128, 
field of view = 48 × 32 × 32 mm. After baseline imaging, 20 µl of the 
liposomes was injected intratumorally from the superior and inferior 
directions. Mice were reimaged immediately postinjection and imaging 
was repeated daily up to 72 h.

Histogram analysis of postinjection imaging data within the tumor 
suggested two populations of voxels, high intensity at the location of 
injection, and low intensity in regions that did not initially enhance. 
The two voxel populations were fit using a two-peak, Gaussian curve 

model in MATLAB and the tumor image data were segmented using the 
intermode intensity as a threshold.[76] Examination of curve fit residuals 
of the nonenhancing population indicated a subpopulation of voxels 
of slightly higher intensity than the bulk of nonenhanced tumor voxels. 
An additional two-peak Gaussian curve-fit model was applied to the 
voxels in the nonenhancing/minimally enhancing population and the 
data were segmented at the intersection of the Gaussian curves. This 
intersection correlated well with a sharp increase in residual values from 
the initial histogram segmentation. Identical processing was applied to 
the MR data acquired 24 h postinjection. Segmented image data were 
pseudocolorized in Analyze 7.0 (AnalyzeDirect, Figure S6, Supporting 
Information, middle panel) and 3D surface models generated in Amira 
5.2 (FEI, Figure S6, Supporting Information, right panel).
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