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Introduction: Traditional cancer treatments, such as chemotherapy, are often incapable of achieving complete responses as 
standalone therapies. Hence, current treatment strategies typically rely on a combination of several approaches. Nanoparticle-based 
photothermal therapy (PTT) is a technique used to kill cancer cells through localized, severe hyperthermia that has shown promise as 
an add-on treatment to multiple cancer therapies. Here, we evaluated whether the combination of gold nanoshell (NS)-based PTT and 
liposomal doxorubicin could improve outcome in a mouse model of colorectal cancer.
Methods: First, NS-based PTT was performed on tumor-bearing mice. Radiolabeled liposomes were then injected at different 
timepoints to follow their accumulation in the tumor and determine the ideal injection time after PTT. In addition, fluorescent 
liposomes were used to observe the liposomal distribution in the tumor after PTT. Finally, we combined PTT and doxorubicin-loaded 
liposomes and studied the effect of the treatment strategy on the mice by following tumor growth and survival.
Results: PTT significantly improved liposomal accumulation in the tumor, but only when the liposomes were injected immediately 
after the therapy. The liposomes accumulated mostly in regions adjacent to the ablated areas. When PTT was combined with liposomal 
doxorubicin, the mice experienced a slowdown in tumor growth and an improvement in survival.
Conclusion: According to our preclinical study, NS-based PTT seems promising as an add-on treatment for liposomal chemotherapy 
and potentially other systemic therapies, and could be relevant for future application in a clinical setting.
Keywords: liposomes, PET imaging, chemotherapy, hyperthermia, gold nanoparticles

Introduction
The approach of combining standard cancer therapeutics to overcome the limitations of each individual treatment has 
been a focus of scientific research for years.1,2 Traditional anti-cancer therapies like chemo- and radiotherapy are highly 
efficient for certain tumor types, but recurrence is still a common issue, as well as the side effects caused by these 
treatments.3

Different delivery systems have been developed to overcome rapid clearance, toxicity, and low intracellular absorp-
tion when administering therapeutic agents, with the aim of improving drug distribution.4 Liposomes have shown 
promise due to some unique properties, such as biodegradability, biocompatibility, hydrophobic and hydrophilic 
character, and low toxicity in the body.5 In addition, liposomes can passively reach and accumulate in tumors through 
the enhanced permeability and retention (EPR) effect, from where they can release the drug in a slow and controlled 
manner.6
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Photothermal therapy (PTT), a minimally invasive technique for the ablation of solid tumors through local 
hyperthermia, has shown great potential due to its ability to cause tumor death while sparing surrounding healthy 
tissues.7–10 The method relies on light-absorbing nanoparticles, such as gold nanoshells (NS), which are injected into the 
patient and accumulate in the tumor. When the tumors are irradiated with a source of near-infrared (NIR) light, the 
nanoparticles transform this light into heat, causing irreversible damage to the malignant cells.11,12 The NS present high 
photothermal efficiency and have shown to be biocompatible and non-toxic, making them ideal for PTT.13,14 In fact, NS- 
based PTT has already been tested in clinical trials with promising results.15,16

However, PTT applied as monotherapy is often not sufficient to eradicate an entire tumor mass. Limited drug 
penetration of photothermal agents and insufficient penetration depth of NIR light play an important part in the 
incomplete responses, often leading to an ablation zone with surrounding heat dissipation towards the periphery of the 
tumor.17 Nonetheless, hyperthermia can also lead to an increase in blood flow, favoring the extravasation of 
macromolecules.18 Therefore, combining PTT with other systemic cancer treatments could be a promising approach.19 

In accordance with this idea, the combination of laser treatment with chemotherapy has shown to be able to potentiate the 
effect of the chemotherapeutic drugs.20 Studies have proven that DNA damaging agents, such as doxorubicin (DOX), are 
more effective when combined with hyperthermia since DNA repair is temperature-dependent.21–23 In fact, Caelyx®/ 
Doxil®, a polyethylene glycosylated (PEGylated) liposomal formulation of DOX, is FDA-approved for multiple 
indications.24 It has been shown that liposomal encapsulation limits toxicity and improves DOX delivery to the tumor. 
The high temperatures induced by PTT could further enhance this drug delivery. Taken together, a combined effect of 
PTT and a chemotherapeutic agent could reduce drug resistance (drug concentrations used in combination therapy are 
usually lower than for chemotherapy alone), increase drug delivery towards the tumor (due to the increased perfusion), 
and improve treatment outcome.22
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In this study, we investigated the potential of NS-based PTT to enhance the liposomal delivery to solid tumors, with 
the aim of improving treatment outcome when applying PTT in combination with the administration of DOX-loaded 
PEGylated liposomes (Caelyx®). Radiolabeled and fluorescent PEGylated liposomes were used to study the biodistribu-
tion after PTT in mice bearing CT26 (colorectal carcinoma) tumors. In addition, PTT was applied as neoadjuvant to 
DOX-loaded liposomes and the treatment response was monitored by measuring changes in tumor volume and survival 
(humane endpoints).

Materials and Methods
Gold Nanoshells
The gold nanoparticles used in this study were 800 nm Resonant BioPureTM Gold NS (NanoComposix, USA). The total 
diameter of the particles was 157 ± 9 nm and the diameter of the silica core was 119 nm ± 5 nm. Shell thickness was 19 
nm. The NS were functionalized with 5 kDa methoxy polyethylene glycol and the zeta potential was −42 mV (reported 
by the supplier).

Preparation of 64Cu-Loaded Liposomes
Remote loading of 64Cu2+ into stealth® liposomes (HSPC: Chol: DSPE-PEG2k in the molar ratio 56.5:38.2:5.3) was 
done as previously described.20 Briefly, 2.2 mL 6.6 mM stealth® liposomes were added to 650 MBq dried 64CuCl2 and 
stirred at 55 °C for 75 minutes. The labeling efficiency and fraction of free 64Cu2+ were characterized using PD10 column 
separation and Radio-TLC.21 The activity at the time of injection was set to 100 MBq/mL and the loading amounted to 
95% (PD10 column). No detectable 64Cu was identified using Radio-TLC. The liposomes had an average size of 105 nm 
and a polydispersity index of 0.03 as determined by dynamic light scattering.

The zeta-potential of stealth liposomes has previously been reported.25,26

Preparation of Fluorophore-Labeled Liposomes
Lipid constituents were dissolved in tertbutanol: water (1:1) at 70 °C and mixed at the following mol ratio, HSPC: Chol: 
DSPE-PEG2k: DiI (56.8:38:5:0.2 mol%), including DiI as a fluorescent membrane dye. The solution was snap-frozen in 
liquid nitrogen and freeze-dried overnight. The resulting lipid powder was hydrated for 1 hour at 70 °C in Hepes buffer 
(HBS, 10mM Hepes, 150mM NaCl, pH 7.4) to a final lipid concentration of 50 mM. Then, the lipid suspension was 
subsequently downsized by extruding 10-times through two stacked 100 nm polycarbonate membranes on a pressure 
extruder (Avanti, US). The resulting liposomes were stored at 4 °C overnight before characterization. The lipid 
concentration was 44.4 mM as quantified by inductively coupled plasma mass spectrometry, and the size and poly-
dispersity of the particles were 103 nm and 0.022 as determined by dynamic light scattering.

Cell Line and Animal Model
The animal experiments were approved by the Danish Animal Experimentation Council and undertaken in compliance 
with the directive 2010/63/EU of the EU legislation on the protection of animals used for scientific purposes.

The animals used in this study were five to six-week-old BALB/cJRj female mice from Janvier Labs (Le Genest Saint 
Isle, France). Mice were allowed to acclimatize for a week after arrival, with access to water and food ad libitum. For 
tumor implantation, CT26 cells (ATCC) were first cultured in RPMI 1640 + GlutaMAX medium with 10% fetal bovine 
serum and 1% penicillin-streptomycin (Thermo Fisher Scientific) at 37 °C and in 5% CO2. When they reached ~70% 
confluence, 3×105 cells (in 0.1 mL PBS) were injected into the left flank of the mice. The mice were anesthetized during 
the inoculation process by breathing 4% sevoflurane (Abbott Scandinavia AB, Sweden). Tumor size was measured with 
the use of a caliper and the tumor volume was determined following the formula: volume = ½ (length × width2). When 
tumors reached ~1000 mm3 animals were euthanized. The study was terminated on day 60.
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Photothermal Therapy in vivo
The day before PTT, mice were injected with 190 μL of NS (5 x 1010 particles/mL) intravenously. The following day, 
mice were anesthetized and placed on a heating pad under an 807-nm diode laser beam, with a beam diameter of ~1 cm. 
Mice were irradiated at a laser intensity of 1.5 W/cm2 for five minutes. During irradiation, the maximum temperatures on 
the tumor surface were recorded every 30 seconds using a thermographic camera (FLIRT420 Infrared Camera, FLIR 
systems, Täby, Sweden). The images were analyzed within the FLIR Thermal Studio software. Mice were given 
buprenorphine as pain relief before PTT and every 6 to 8 hours for the next 24 hours.

In vivo Distribution of 64Cu-Loaded Liposomes Through Positron Emission 
Tomography/Computed Tomography
Positron emission tomography with computed tomography (PET/CT) was used to study the distribution of 64Cu-loaded 
liposomes in mice bearing CT26 tumors. Animals were divided into four groups (n = 5 per group). The first three groups 
underwent PTT and were injected intravenously with ~10 MBq of 64Cu-loaded liposomes immediately after PTT (0 
h group), 6 hours (6 h group), or 24 hours (24 h group) after therapy. The fourth group received 64Cu-loaded liposomes 
but no PTT (Control group). Animals were then PET/CT scanned 10 minutes and 24 hours after liposome injection. For 
this, mice were anesthetized and placed in a small animal PET/CT scanner (preclinical PET/CT Inveon, Siemens Medical 
Solutions, Malvern, PA, USA). CT scans were acquired using 360 projections, 65 kV voltage, 500 μA current, and 450 
ms of exposure. PET scans were acquired with an energy window set to 350–650 KeV and a timing window of 6 ns. 
Acquired datasets were reconstructed using maximum a posteriori (MAP) algorithm and CT-based attenuation correction. 
PET and CT images were co-registered and analyzed within the Inveon Research Workstation software (Siemens 
Preclinical solutions). Regions of interest (ROIs) were manually drawn on whole tumor regions and uptake was 
quantified as the mean percent injected dose per gram of tissue (%ID/g).

Fluorescence Imaging and Histological Analysis
Mice (n = 3) were treated with PTT and subsequently injected with 100 µL DiI liposomes (16 mg/mL of lipid 
concentration) to observe the distribution of the liposomes in the tumor through fluorescent signal. Three extra mice 
were injected with the DiI liposomes without undergoing PTT. Mice undergoing PTT but no liposomal injection were 
also included as controls to observe the unspecific fluorescent signal. Animals were euthanized a day after liposomal 
injection and tumors were excised for ex vivo analysis. First, tumors were fixated in 4% paraformaldehyde followed by 
25% sucrose for cryopreservation. Afterwards, they were embedded in an OCT-filled small container and frozen by 
placing the bottom of the container in a cold 2-methylbutane solution. Subsequently, they were cut into 4 and 20 μm 
slices on a cryostat (Leica CM 1860, Leica Biosystems) and placed on glass slides. The 4 μm slides were kept at −80 °C 
for future histological analysis meanwhile representative 20 μm slides were used to observe DiI fluorescence on the 
Amersham Typhoon Biomolecular Imager (GE Healthcare). Typhoon images were analyzed within the Image Quant 
software.

To detect DiI fluorescence at a cellular level, 4 μm slides were fixated in 4 °C acetone and then stained with Hoechst 
33,342 nucleic acid stain (1:5000 in PBS). Sections were scanned on Zeiss Axio Scan.Z1.

For hematoxylin and eosin (HE), Ki-67, and CD31 staining, 4 μm tissue slides were brought to room temperature, 
placed in 4 °C acetone, and afterwards in Histo-Clear solution. For HE, slides were stained with hematoxylin for 5  
minutes, rinsed in water, and stained with eosin for 3 minutes.

For Ki-67 and CD31 staining, tissue slides underwent heat-induced epitope retrieval. This was done by covering the 
slides with either citrate buffer (pH = 6) for Ki-67 or Tris Buffer (pH = 9) for CD31 and placing them in a microwave for 
15 minutes at 100 °C. The slides were then left to equilibrate to room temperature and rinsed in running water. Following, 
the slides were submerged in phosphate-buffered saline with KCl (K-PBS) + 0.1% tween 20 for five minutes and 
afterwards transferred to TBS. Slides were placed in Shandon racks and blocked with peroxidase-blocking Solution 
(S2023, Dako, Glostrup, Denmark) for 10 minutes, and then with bovine serum albumin, BSA, (2% BSA in K-PBS, 
A79096, Sigma Aldrich, St. Louis, MO, USA) for 20 minutes. Primary antibodies were diluted in BSA and incubated for 
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one hour at room temperature. The antibodies used were Anti-CD31 (1:50; ab28364, Abcam, Cambridge, UK) and Anti- 
Ki-67 (1:100; ab15580, Abcam). Next, the slides were incubated with horseradish peroxidase (HRP)-labeled polymer 
conjugated to secondary antibody (EnVisionTM + System-HRP Labeled Polymer, Dako) anti-rabbit for 40 minutes. This 
was followed by incubation with DAB (Liquid DAB+ Substrate Chromogen SystemTM, Dako) for six minutes. The 
sections were subsequently counterstained with Mayers hematoxylin (Region Hovedstadens Apotek, 854,183) for 
one minute. The slides were mounted using an automated glass coverslipper (Dako). Sections were scanned on Zeiss 
Axio Scan.Z1.

Combination Treatment
The day before treatment (day −1), CT26 tumor-bearing mice were divided into six groups with matching tumor size; 
PTT group (animals receiving PTT alone, mean tumor size on day −1 = 143.1 ± 18.3 mm3; n = 16), DOX group (animals 
receiving free DOX, mean tumor size on day −1 = 140.2 ± 20.5 mm3; n = 15), LIP group (animals receiving DOX-loaded 
liposomes, mean tumor size on day −1 = 145.2 ± 19.9 mm3; n = 15), PTT + LIP group (animals receiving PTT and DOX- 
loaded liposomes, mean tumor size on day −1 = 138.3 ± 16.7 mm3; n = 16), PTT + DOX group (animals receiving PTT 
and free DOX, mean tumor size on day −1 = 135.9 ± 17.4 mm3; n = 15) and Control group (animals not undergoing 
treatment, mean tumor size on day −1 = 135.8 ± 16.9 mm3; n = 15). On this day, animals that would undergo PTT were 
injected with 190 µL NS intravenously. The following day, PTT, PTT + LIP and PTT + DOX groups underwent laser 
treatment as previously described.

Right after PTT, mice were injected intravenously with 40 μL of either free DOX (Teva Pharmaceuticals) or DOX- 
loaded liposomes (Doxil/Caelyx®, Janssen) at a concentration of 2 mg/mL of DOX in glucose solution (Fresenius Kabi, 
100 mg/mL) to a final volume of 100 μL.

Statistics
Data are presented as mean ± standard error of the mean (SEM). One-way ANOVA and Tukey’s post hoc test were used 
to compare the mean %ID/g of 64Cu-loaded liposomes either at 10 minutes or 24 hours. A p value < 0.05 was considered 
significant. * represents p < 0.05, ** represents p < 0.01, and *** represents p < 0.001. The Kaplan–Meier method was 
used to create the survival curves, and these were compared with the Log-rank (Mantel-Cox) test. All data were plotted 
and analyzed on GraphPad Prism 9.

Results
In vivo Distribution of 64Cu-Loaded Liposomes After Photothermal Therapy
First, we investigated whether NS-based PTT could enhance the uptake of liposomes in the tumor and at what time point 
after PTT this accumulation peaked. For this, we used 64Cu-loaded liposomes with structural characteristics similar to those 
of the clinically approved PEGylated DOX-loaded liposomes and tracked their distribution in vivo via PET/CT imaging.

Mice bearing subcutaneous CT26 tumors were divided into four groups (n = 5 per group), where three of the groups 
received NS-based PTT (laser intensity of 1.5 W/cm2 for five minutes) and were administered 64Cu-loaded liposomes 
immediately (0 h group), 6 hours (6 h group), or 24 hours (24 h group) after therapy, respectively. The last group was 
administered 64Cu-loaded liposomes without any PTT (control group). Using a thermal imaging camera, we confirmed 
that all three groups undergoing PTT had identical heating profiles, reaching a mean maximum temperature after five 
minutes of irradiation of 48.9 ± 1.2 °C (mean ± standard error of the mean (SEM)) in the 0 h group, 50.0 ± 0.9 °C in the 6 
h group, and 49.9 ± 1.2 °C in the 24 h group (Figure 1A and B).

After PTT, 64Cu-loaded liposomes were injected at the previously established timepoints. All animals were 
PET/CT scanned 10 minutes and 24 hours after the administration of liposomes, and the tumor uptake was 
quantified as the percentage of injected dose per gram of tissue (%ID/g) in 3D regions of interest (ROIs) created 
on entire tumors (Figure 1C). The mean tumor uptake of 64Cu-loaded liposomes was significantly enhanced when 
the liposomes were administered immediately after therapy (0 h group). In contrast, there was no increase in tumor 
uptake when the liposomes were injected 6 hours after therapy or later (24 hours) in comparison to untreated 
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tumors (Figure 1D). Furthermore, the mean tumor uptake increased from 2.2 ± 0.4% ID/g at the 10-minute scan to 
11.6 ± 1.5%ID/g at the 24-hour scan for the 0 h group, whereas the uptake increased only to 4–6% ID/g in the 
other groups.

To see if there was a positive trend between uptake and temperature, we plotted the mean tumor uptake of 64Cu- 
loaded liposomes at the 24-hour scan as a function of maximum temperature reached for the individual animals 
(Figure 1E). In the 0 h group, it appeared that temperatures over 47 °C led to a drastic improvement in tumor uptake.

Ex vivo Distribution of DiI Fluorescent Liposomes in the Tumor After Photothermal 
Therapy
To study liposomal distribution within the tumor, fluorescently labeled DiI liposomes, resembling 64Cu-loaded liposomes 
and the clinically approved DOX-loaded liposomes, were developed. We performed PTT on mice bearing CT26 tumors 

Figure 1 Distribution of 64Cu-loaded liposomes after PTT in mice bearing CT26 tumors. (A). Representative images of a tumor at different time points during irradiation, captured 
with a thermal camera. (B). Temperature increase for all three groups of mice undergoing PTT, detected with the thermal camera (0 h, 6 h and 24 h). Data were shown as mean ± 
standard error of the mean (SEM). (C). Representative PET/CT images of mice 10 minutes and 24 hours after administration of 64Cu-loaded liposomes. (D). Liposome accumulation in 
the tumor shown as mean percentage of injected dose per gram of tissue (%ID/g) for the different groups of mice (Control, 0 h, 6 h, and 24 h; n = 5 per group), 10 minutes and 24 hours 
after liposome administration. * represents p < 0.05, ** represents p < 0.01, and *** represents p < 0.001. n.s. means non-significant. (E). Correlation between the mean %ID/g (from the 
PET scans) and the maximum temperature reached during PTT (recorded with the thermal camera) for each mouse.
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and injected them with DiI liposomes right after laser treatment, the ideal timepoint for injection observed in the previous 
experiments with 64Cu-loaded liposomes. An extra group of mice was injected with DiI liposomes without undergoing 
PTT. Mice were euthanized 24 hours after liposomal injection and tumors resected for ex vivo analysis.

First, we studied liposomal distribution in 20 μm tumor slices by detecting DiI fluorescence, and we could see 
a stronger fluorescent signal in tumors that had undergone PTT compared to tumors that did not undergo laser treatment 
(Figure 2A). This matched what we had observed for the 64Cu-loaded liposomes, where PTT promoted liposomal 
accumulation in the tumor. Tumors from mice undergoing PTT but no liposomal injection were used as a control for 
unspecific staining.

Figure 2 DiI liposomal distribution ex vivo in CT26 tumors and histological analysis. (A). Fluorescent DiI signal on 20 μm tumor slices for the different groups detected on 
the Amersham Typhoon Biomolecular Analyzer (n = 3). (B). Fluorescent signal on 4 μm tumor slices detected by microscopy. (C). HE staining. (D). Ki-67 staining. Arrows 
point to positive staining, denoted by brown color. T refers to treated tissue and H refers to healthy tissue. (E). CD31 staining.
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We also studied fluorescence in 4 μm tissue slices through fluorescent microscopy for a more detailed view, and we 
observed that liposomes accumulated around the areas treated by the laser, which were determined by the absence of 
nuclei and confirmed through hematoxylin and eosin (HE) staining (Figure 2B and C). These areas consisting of dead or 
dying tissue were a result of the PTT.

Following, we confirmed that PTT-treated tumors presented with an absence of proliferating cells (Ki-67, Figure 2D) 
and reduced vascularity (CD-31, Figure 2E) in the treated areas.

Photothermal Therapy in Combination with Doxorubicin-Loaded Liposomes in vivo
After demonstrating that PTT improved liposomal delivery towards the tumor and determining the optimal injection 
timepoint to maximize the liposomal uptake (subsequently after PTT), we investigated the synergistic effect of NS-based 
PTT and DOX-loaded liposomes (Figure 3A). For this, CT26 tumor-bearing mice were divided into six groups: three of 
the groups were injected with NS and received PTT a day after NS injection; PTT group (PTT performed as a standalone 
treatment), PTT + DOX (PTT followed by injection of free DOX) and PTT + LIP (PTT followed by injection of DOX- 
loaded liposomes). Two additional groups were injected with either free DOX (DOX group) or DOX-loaded liposomes 
(LIP group), without undergoing PTT. The sixth group was the control group, not receiving any treatment.

Mice undergoing PTT (PTT, PTT + DOX, and PTT + LIP groups) were placed under the laser beam and treated for 
five minutes at 1.5 W/cm2. The maximum temperatures reached on the tumor surface after five minutes of irradiation 
were comparable for all three groups (49.5 ± 1.3 °C in the PTT group, 48.3 ± 1 °C in the PTT + DOX group, and 50.2 ± 
1.3 °C in the PTT + LIP group, Figure 3B). Right after laser treatment, PTT + DOX and PTT + LIP groups, along with 
DOX and LIP groups, were injected with 2 mg/mL of free DOX or DOX-loaded liposomes respectively, and tumor 
growth and survival (humane endpoints) were monitored for all groups. The study was terminated on day 60.

We observed that the combination of PTT + DOX-loaded liposomes (PTT + LIP group) led to a substantial slowdown 
in tumor growth and elongated survival when compared to all the other groups (Figure 3C–I). Two mice even 
experienced complete tumor regression, maintained until day 60. As for the other groups, there was a slight tendency 
of improved survival for PTT and PTT + DOX groups compared to the Control group. The outcome for DOX-loaded 
liposomes as a standalone treatment (LIP group) was very heterogeneous within the group and some of the mice 
benefited from the therapy, but the overall survival was significantly worse than when the liposomes were given in 
combination with PTT (LIP vs PTT + LIP; p = 0.04). The median survival was 13 days for the Control group, 15 days for 
the DOX group, 17 days for the PTT group, 15 days for the PTT + DOX group, 20 days for the LIP group, and 32.5 for 
the PTT + LIP group.

Discussion
The use of most current cancer therapeutics as standalone treatments is associated with several limitations, which has led 
researchers to focus on combination therapies to improve treatment outcome.1 Traditional chemotherapy presents issues 
such as unspecific delivery of the drug, chemo-resistance, and potential cytotoxicity due to the high doses needed to elicit 
tumor death.27–29 Nanoparticle-based PTT relies on light-induced hyperthermia to destroy cancer tissue, but it also fails 
to generate complete tumor regression due to, among other issues, the heterogeneous distribution of the heat, which leads 
to tumor recurrence arising from insufficiently heated areas.30–32 We hypothesized that some of the limitations of 
chemotherapy and PTT as independent cancer treatments could be overcome with a dual approach. The rationale for 
this is the known abilities of hyperthermia to improve the accumulation of chemotherapeutic drugs in tumors and to 
potentiate their cytotoxic effect.33,34 In addition, administering chemotherapy after PTT could assist in killing the residual 
cancer cells.35 Accordingly, substantial effort has been put into combining PTT and chemotherapy. Multiple compounds 
have been developed to achieve all-in-one chemo-PTT compounds.36–41 For example, Zheng et al42 developed gold 
nanosponges loaded with DOX, achieving high therapeutic efficacy and minimal adverse effects in mice. DOX-loaded 
temperature-sensitive liposomes have also been developed. Here, the drug is released from the liposomes when irradiated 
with an appropriate source of light.11,43 These approaches are very useful, but the treatment effect is generally observed 
where the chemo-PTT nanoparticle accumulates. We suggest that a treatment approach involving two separate treatments 
could elicit a more synergistic effect and have a higher likelihood of reaching a greater fraction of tumor cells.
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Figure 3 PTT as neoadjuvant treatment to DOX-loaded liposomes in mice bearing CT26 tumors. (A). Simplified timeline of the treatment schedule for mice undergoing 
combination treatment. Mice were injected with NS 24 hours before PTT. The following day, they were treated with the laser and immediately after they were injected with 
DOX-loaded liposomes. Tumor growth was followed by mechanical caliper measurements until endpoints were reached. Created with BioRender.com. (B). Temperature 
increase for all groups of mice undergoing PTT (PTT, PTT + DOX, and PTT + LIP), detected with a thermal camera. Data shown as mean ± SEM. (C). Survival curves for all 
groups included in the study; PTT (n = 16), LIP (n = 15), DOX (n = 15), PTT + LIP (n = 16), PTT + DOX (n = 15), and Control (n = 15). Study was terminated on day 60. (D– 
I). Growth curves for the individual mice in each of the groups.
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Therefore, in the present study, we performed NS-based PTT followed by liposome administration in mice bearing 
subcutaneous CT26 colorectal tumors, a model frequently used for PTT and other in vivo cancer studies.44–47 The optimal 
timepoint for liposomal administration after PTT was determined using 64Cu-loaded liposomes and following their biodistribu-
tion through PET/CT imaging. The timing of the liposomal injection after PTT proved to be crucial since an increased 
accumulation of liposomes in the tumor was only achieved when these were administered immediately after the laser treatment, 
but not when PTT was performed 6 or 24 hours before the injection of liposomes. In addition, the use of fluorescent liposomes 
confirmed that tumor tissue from mice that had undergone PTT presented with higher liposomal accumulation when compared to 
non-treated tumors. The fluorescent signal was mainly seen in tumor regions adjacent to the ablated area, where the laser did not 
trigger cell death. This is most likely an effect of the milder hyperthermia occurring in these adjacent areas, which could be 
inducing a higher and more localized liposomal accumulation.

Finally, to evaluate the potential synergistic effect between PTT and administration of liposomal DOX, the treatment 
effect was evaluated in CT26 tumor-bearing mice. DOX-loaded liposomes were administered subsequently after PTT, and 
the tumor growth was followed over time. The treatment effect was compared to the one observed in mice receiving 
exclusively one of the treatments and a group receiving PTT and DOX in its free, non-encapsulated form. The combination of 
PTT and liposomal DOX led to a substantial slowdown in tumor growth and longer survival. These findings correspond well 
with our observation of PTT inducing an increase in liposome accumulation in the tumor. However, from our studies, it is not 
possible to determine if the improved treatment outcome is exclusively caused by this increase in uptake of liposomes or may 
also be due to other effects, such as the potentiation of the drug as a result of the hyperthermia triggered by PTT.

There are multiple points to consider when interpreting our findings; due to the multiple parameters involved in PTT 
(photosensitizer of choice and its biodistribution, laser power, location of the tumor, etc.), in-depth optimization of the 
treatment protocol would be needed before clinical translation.10,32,48,49

Also, even though some of the key toxicity issues related to the use of free DOX (or other traditional chemotherapeutics) 
are avoided when the drug is encapsulated, the liposomal formulations can trigger certain adverse effects in the patients (eg, 
hypersensitivity reactions, depletion of immune cells or triggering of inflammatory responses), which should be 
considered.50,51 Another issue with current treatment regimens is the resistance to traditional chemotherapeutics. PTT is 
useful in this regard as it offers an alternative mechanism to generate cancer cell death, and so it would be advantageous to 
combine PTT with new non-traditional drugs, able to elicit tumor death through different mechanisms than those of 
traditional chemotherapeutics. For instance, it has previously been shown that successful chemo-PTT could be achieved 
by using chemical inhibitors of autophagy, which increase the susceptibility of the cancer cells to PTT-mediated killing.52 

Finally, both NS and liposomal DOX rely mainly on the EPR effect to reach and accumulate in the tumor. Apart from being 
extremely variable among tumor models, this passive targeting is often not enough to achieve a high therapeutic effect, and 
therefore tailored surface functionalization of nanocarriers to increase the anti-tumor effect and reduce toxicity is an 
important focus of research.53–56 Furthermore, the EPR effect in humans is much more complex than previously thought, 
and it is also less pronounced than in mouse tumor models.57,58 This should be assessed when considering nanotherapeutics 
for clinical translation. PTT could potentially help improve this EPR effect and should be studied further.

Conclusion
In conclusion, our studies show that the combination of neoadjuvant NS-based PTT and DOX-loaded liposomes inhibits 
tumor growth and improves survival in a mouse cancer model. This shows promise for NS-based PTT, a treatment 
already tested in human patients as a standalone therapy, since it could potentially be utilized as an add-on to other 
systemic cancer treatments.
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