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Abstract

Near-infrared photoimmunotherapy (NIR-PIT) is a newly developed cancer treatment that induces 

highly selective immunogenic cell death. It is based on an antibody–photoabsorber conjugate 

(APC) that is activated by NIR light. The purpose of this study was to investigate the effects of 

NIR-PIT as measured by luciferase–luciferin photon-counting and fluorescence imaging. Six days 

after subcutaneous injection of A431-luc-GFP cells tumors formed in a xenograft mouse model. 

The EGFR-targeting antibody, panitumumab, was conjugated to the photoabsorber, IRDye-700DX 

(pan–IR700), and was intravenously administered to tumor-bearing mice. Serial luciferase–

luciferin photon-counting images and both green fluorescent protein (GFP) and IR700 

fluorescence images were obtained from the same mice before and after NIR-PIT treatment (0, 10, 

20, 30 min (early phase), and 24, 48 h (late phase) after NIR light exposure). Optical signal 

intensities were compared for each modality. IR700 fluorescence and luciferase–luciferin photon-

counting images showed decreased intensities in both the early and late phases after NIR-PIT (p < 

0.01). On the other hand, GFP fluorescence images showed decreased intensities only in the late 

phase (p < 0.01). In the early phase, GFP fluorescence images showed smaller intensity reductions 

compared to IR700 fluorescence and luciferase–luciferin photon-counting (p < 0.01), while in the 

late phase, IR700 fluorescence showed smaller intensity reductions than luciferase–luciferin 

photon-counting and GFP fluorescence (p < 0.05), due to redistribution of pan–IR700 within the 

tumor bed. In conclusion, luciferase–luciferin photon-counting imaging is suitable to evaluate 

early phase NIR-PIT effects, while both luciferase–luciferin photon-counting and GFP reflected 

later phase effects.
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INTRODUCTION

Near-infrared photoimmunotherapy (NIR-PIT) is a newly developed cancer treatment that 

induces highly specific cell death in targeted tumor cells using a monoclonal antibody 

conjugated to a silica–phthalocyanine photoabsorbing dye, (IRDye700DX: IR700) dye.1 

This antibody–photoabsorber conjugate (APC) is administered intravenously, and after a 

suitable incubation period, the subject is exposed to 690 nm NIR light, which activates 

IR700. The clinical phase I/II trial of NIR-PIT using the EGFR-targeting APC, cetuximab-

IR700, for patients with inoperable head and neck cancer was approved by the US Food and 

Drug Administration (FDA) and has been underway since April 2015 (https://

clinicaltrials.gov/ct2/show/NCT02422979). NIR-PIT has an important advantage over other 

cancer therapies in that it induces highly selective necrotic and immunogenic cell death of 

tumors without damaging adjacent normal cells unlike most other therapies that induce 

apoptotic cell death.1–6 Tumor cells treated with NIR-PIT show rapid volume expansion, 

cell membrane rupture, and extrusion of the cell contents into the extracellular space almost 

immediately after exposure to NIR light.7–12 The effect of NIR-PIT is mostly acute with a 

more sustained immunologic response that follows.

Luciferase–luciferin photon-counting and fluorescence imaging have been developed with 

the help of gene reporter technologies and are widely used in molecular and cellular biology 

both in vitro and in vivo. The most common reporter gene for luciferase–luciferin photon-

counting imaging is the gene encoding firefly luciferase, which catalyzes the oxidation of D-

luciferin by consuming adenosine triphosphate (ATP), Mg2+, and oxygen to produce light.
13–15 Luciferase–luciferin photon-counting imaging has high sensitivity because of its high 

target to background ratios (TBR), and previous studies have shown its usefulness in 

assessing the therapeutic effects of NIR-PIT.16–19 Fluorescence imaging is generated with 

photo-physical reactions triggered by an excitation light source. For instance, green 

fluorescent protein (GFP), which has a major excitation peak at 395 nm and an emitted peak 
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at 509 nm, is one of the most commonly used fluorescent proteins because of its stable gene 

expression and high yield of light emission.20 GFP fluorescence imaging allows 

visualization of cancer cell dynamics21,22 and, in the case of NIR-PIT, has been reported to 

help demonstrate cell membrane rupture by revealing gradual loss of GFP signal following 

cell rupture.5 Luciferase–luciferin photon-counting and fluorescent imaging both enable real 

time assessments of NIR-PIT and are therefore helpful in in vivo imaging in preclinical 

studies.12,16–19,23

Imaging during the acute phase of NIR-PIT can be used to optimize treatment regimens and 

clarify cellular and molecular dynamics. Both luciferase–luciferin photon-counting and 

fluorescence imaging have potential to objectively depict therapeutic response after NIR-

PIT. However, their value as imaging biomarkers remains unclarified. The purpose of this 

study was to investigate whether luciferase–luciferin photon-counting or fluorescence 

imaging is preferable in the acute phase after NIR-PIT in predicting the therapeutic response 

in the tumor.

MATERIALS AND METHODS

Cell Culture.

A431-luc-GFP cells expressing human epidermal growth factor receptor 1 (HER1) with the 

gene encoding firefly luciferase and GFP were cultured in RPMI1640 supplemented with 

10% FBS and 1% penicillin–streptomycin in tissue culture flasks in a humidified incubator 

at 37 °C in an atmosphere of 95% air and 5% carbon dioxide.

Reagents.

Water-soluble, silica–phthalocyanine derivative, IRDye700DX NHS ester, was obtained 

from LI-COR Bioscience (Lincoln, NE, USA). Panitumumab, a fully humanized IgG2 

monoclonal antibody against HER1, was purchased from Amgen (Thousand Oaks, CA, 

USA). All other chemicals were of reagent grade.

Synthesis of IR700-Conjugated Panitumumab.

Panitumumab (1 mg, 6.8 nmol) was incubated with IR700 (66.9 μg, 34.2 nmol, 10 mmol/L 

in DMSO) and 0.1 mol/L Na2HPO4 (pH 8.5) at room temperature for 1 h. The mixture was 

purified with a gel filtration column (Sephadex G 25 column, PD-10, GE Healthcare, 

Piscataway, NJ, USA). The protein concentration was determined with Coomassie Plus 

protein assay kit (Thermo Fisher Scientific Inc., Rockford, IL, USA) by measurement of the 

absorption at 595 nm with spectroscopy (8453 Value System; Agilent Technologies, Santa 

Clara, CA, USA). We abbreviate IR700-conjugated panitumumab as pan–IR700.

Animal Model.

All procedures were performed in compliance with the Guide for the Care and Use of 

Laboratory Animals and approved by the local Animal Care and Use Committee. Twenty-

one female homozygote athymic nude mice, 6 to 8 weeks old, were used after purchase from 

Charles River (National Cancer Institute Frederick). A431-luc-GFP cells (2 × 106 in 
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phosphate-buffered saline) were subcutaneously injected in the dorsi of the mice under 

anesthesia with isoflurane.

NIR-PIT.

This study was performed after the tumors reached volumes of approximately 50 mm3. 

Tumor volumes were calculated from the greatest longitudinal diameter (length) and the 

greatest transverse diameter (width) using the following formula: tumor volume = length × 

width2 × 0.5, based on caliper measurements. In all 21 mice, 100 μg of pan–IR700 was 

intravenously injected 6 days after the tumor cell injection. To examine the therapeutic effect 

of in vivo NIR-PIT, A431-luc-GFP bearing mice were separated into non-PIT group (10 

mice) without NIR light exposure and NIR-PIT treated group (11 mice). For the NIR-PIT 

treated group, NIR light was irradiated with 50 J/cm2 of light dose 1 day after pan–IR700 

injection. Tumor volumes were measured until the mice were euthanized with carbon 

dioxide after the tumor volume reached 2,000 mm3.

In vivo Luciferase–Luciferin Photon-Counting and Fluorescence Imaging and Image 
Analysis.

To obtain luciferase–luciferin photon-counting images, D-luciferin (15 mg/mL, 200 μL) was 

intraperitoneally injected to mice 6 days after tumor cell implantation. Luciferase activity 

was analyzed with a luciferase–luciferin photon-counting imaging system (Photon Imager; 

Biospace Lab, Paris, France) with results reported in relative light units (RLU). Regions of 

interest (ROI) were placed over the entire tumor. The counts per minute of RLU were 

calculated using M3 Vision Software (Biospace Lab) and converted to the percentage based 

on pretreatment RLU as %RLU.

IR700 and GFP fluorescence images were obtained with a 700 nm fluorescence channel of a 

Pearl Imager (LI-COR Bioscience) and the Maestro in vivo imaging system (CRi, Waltham, 

MA, USA), respectively. For GFP, a band-pass filter from 445 to 490 nm (excitation) and a 

long-pass blue filter over 515 nm (emission) were used. The tunable emission filter was 

automatically stepped in 10 nm increments from 500 to 600 nm for the green filter sets at 

constant exposure (500 ms). In IR700 and GFP fluorescence images, regions of interest 

(ROI) were placed on the tumor and the mean value of fluorescence intensity was calculated 

for each ROI. TBR was calculated from fluorescence intensities of tumors and fluorescence 

intensity of background by the following formula: (fluorescence intensity of tumor) − 

(fluorescence intensity of background)/(fluorescence intensity of background). Then, TBR 

was converted to the percentage based on pretreatment TBR as %TBR.

For all mice, scans of luciferase–luciferin photon-counting images, IR700 fluorescence 

images, and GFP fluorescence images were performed in the early phase (0 min 

(immediately after NIR-PIT), 10, 20, and 30 min after NIR-PIT) and in the late phase (24 

and 48 h after NIR-PIT) after NIR-PIT in this order.

Statistical Analysis.

Quantitative data were expressed as means ± SD. Mann–Whitney U-tests were used to 

compare all parameters between non-PIT and NIR-PIT treated groups. The cumulative 
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probability of survival was analyzed by the Kaplan–Meier survival curve analysis, and the 

results were compared with the Log-rank test. The paired t-tests were used to compare the 

parameters before and after NIR-PIT and to compare the parameters among different 

modalities of luciferase–luciferin photon-counting and fluorescence imaging. Statistical 

analysis was performed with JMP 13 software (SAS Institute, Cary, NC). A p value of less 

than 0.05 was considered significant.

RESULTS

Treatment Outcome after NIR-PIT.

The tumor volumes in the NIR-PIT treated group showed significantly greater reduction 

compared with those in the non-PIT group (p < 0.01 at 9, 12, and 14 days after NIR-PIT) 

(Figure 1B). Survival in the NIR-PIT treated group was also prolonged significantly, 

compared with the non-PIT group (p < 0.01, Log-rank test) (Figure 1C). These data suggest 

that NIR-PIT led to significant tumor reduction and prolonged survival for A431-luc-GFP 

tumor bearing mice.

Changes of IR700 Fluorescence Intensity after NIR-PIT.

To investigate IR700 fluorescence intensity changes after NIR-PIT, the TBR on IR700 

fluorescence imaging was compared before and after NIR-PIT (TBR Post PIT/TBR Pre PIT 

× 100 = %TBRIR700). %TBRIR700 values for 0 min, 10 min, 20 min, 30 min, 24 h, and 48 h 

after NIR-PIT showed 25 ± 9%, 29 ± 9%, 31 ± 12%, 30 ± 9%, 39 ± 14%, and 38 ± 19%, 

respectively. %TBRIR700 after NIR-PIT was significantly lower for the NIR-PIT treated 

group than for the non-PIT group in the early and late phase (%TBRIR700: p < 0.01 for 0 

min, 10 min, 20 min, 30 min, 24 h, and 48 h after NIR-PIT) (Figure 2C). %TBRIR700 

immediately after NIR-PIT showed approximately 75% decrease, and %TBRIR700 in the 

later phases increased gradually likely due to wash in of fresh APC into the treated region (p 
< 0.01 and 0.021 for 24 and 48 h after NIR-PIT, respectively) (Figure 2D).

Changes of Luciferase Activity in Luciferase–Luciferin Photon-Counting Images after NIR-
PIT.

To investigate changes of luciferase activity after NIR-PIT, the percentage of RLU based on 

pretreatment RLU (RLU Post/RLU Pre × 100 = %RLU) was evaluated. %RLU values 

showed 55 ± 24%, 44 ± 18%, 37 ± 15%, 30 ± 13%, 20 ± 14%, and 20 ± 16% for 0 min, 10 

min, 20 min, 30 min, 24 h, and 48 h after NIR-PIT, respectively. %RLU after NIR-PIT was 

significantly lower at all times for the NIR-PIT treated group than for the non-PIT group in 

the early and late phases (p < 0.01 for 0 min, 10 min, 20 min, 30 min, 24 h, and 48 h after 

NIR-PIT) (Figure 3C). % RLU immediately after NIR-PIT showed an approximately 50% 

decrease compared with pretreatment %RLU and gradually continued to decrease thereafter 

indicating continuing cell death. %RLU after 30 min was significantly lower than that 

immediately after NIR-PIT (p < 0.01). %RLU in the late phase significantly decreased 

compared with that 30 min after NIR-PIT, respectively (p < 0.01 and 0.021 for 24 and 48 h 

after NIR-PIT, respectively) (Figure 3D).
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Changes of GFP Fluorescence Intensity after NIR-PIT.

To investigate changes of GFP fluorescence intensity after NIR-PIT, the percentage of TBR 

change in GFP fluorescence imaging based on pretreatment TBR (TBR Post/TBR Pre × 100 

= %TBRGFP) was evaluated. %TBRGFP values showed 99 ± 8%, 101 ± 11%, 99 ± 12%, 96 

± 9%, 27 ± 8%, and 14 ± 10% for 0 min, 10 min, 20 min, 30 min, 24 h, and 48 h after NIR-

PIT, respectively. Only after 24 and 48 h NIR-PIT was the % TBRGFP significantly lower 

than that for the non-PIT group, respectively (p < 0.01 for 24 and 48 h after NIR-PIT), 

although there were no significant differences between the non-PIT and NIR-PIT treated 

groups in the early phases (Figure 4C). % TBRGFP in the early phase resulted in almost no 

change compared with pretreatment %TBRGFP (Figure 4D). %TBRGFP 24 and 48 h after 

NIR-PIT showed approximately 70 and 80% decrease on average, respectively.

Comparison of Signal Intensity among Imaging Modalities in Luciferase–Luciferin Photon-
Counting and Fluorescence Images.

To investigate which imaging modalities best reflected cell death after NIR-PIT, %TBR and 

% RLU were compared for luciferase–luciferin photon-counting and fluorescence imaging. 

Immediately after NIR-PIT, % TBRIR700 was significantly lower than %RLU (p < 0.01), 

and %RLU was significantly lower than %TBRGFP (p < 0.01) (Figure 5A). After 10, 20, and 

30 min, %TBRGFP was significantly higher than %TBRIR700 and %RLU, respectively (vs 

%TBRIR700, p < 0.01 for 10 min, 20 min, and 30 min after NIR-PIT; vs %RLU, p < 0.01 for 

10 min, 20 min, and 30 min after NIR-PIT), although there was no significant difference 

between %TBRIR700 and %RLU (Figures 5B–5D). After 24 and 48 h, %RLU and 

%TBRGFP were significantly lower than % TBRIR700, respectively (%RLU, p < 0.01 for 24 

and 48 h; % TBRGFP, p < 0.01 and p = 0.015 for 24 and 48 h, respectively), although there 

was no significant difference between %RLU and %TBRGFP (Figures 5E, 5F).

DISCUSSION

Previous articles have shown that NIR-PIT induces necrotic and immunogenic cell death in 

treated tumor cells immediately after NIR light exposure as shown by morphological 

changes observed in the treated tumor cells such as the rapid volume expansion, cell 

membrane rupture, and release of cell contents into the extracellular space.5,7–9 Both acute 

and longer term imaging methods are needed to assess such changes in vivo.

IR700 fluorescence images showed greatly decreased intensity in the early phase after NIR-

PIT, but IR700 fluorescence intensity increased in the late phase due to wash in of fresh 

IR-700-bearing APCs. This resulted in higher intensity at later time points than the other 

imaging modalities. This is likely due to wash in of fresh APCs which is enhanced by 

dramatic changes of up to 24-fold in vascular permeability, particularly to nanosized 

molecules, a phenomenon that has been termed “super-enhanced permeability and retention” 

(SUPR).24,25 SUPR also helps redistribute the APC within the tumor after NIR-PIT. This 

phenomenon can explain increased IR700 fluorescence intensity in the later phase. 

Considering that IR700 fluorescence intensity regresses after exposure of NIR light due to 

photobleaching or photochemical reaction, it is possible that IR700 fluorescence in the early 

phase expresses the delivery of NIR light to targeted tumors but will not reflect residual 
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tumor viability after NIR-PIT. IR700 fluorescence imaging, therefore, is most useful in 

guiding the application of NIR light as successful activation will result in immediate 

bleaching. This is fortunate because it is potentially readily incorporated into human 

treatment as the IR700 is already present in the APC. However, it is important to remember 

that IR700 fluorescence does not necessarily reflect residual tumor viability after NIR-PIT.

In contradistinction, luciferase activity measured by luciferase–luciferin photon-counting 

imaging better reflects treatment effects. Luciferase–luciferin photon-counting images 

showed greater intensity reductions than GFP fluorescence images in the early phase and 

showed greater intensity reduction than IR700 fluorescence images in the late phase. Our 

results suggest that luciferase activity can express the decline of tumor viability both in the 

early phase after NIR-PIT and in the later phases of treatment response to NIR-PIT.16–19 

NIR-PIT induces a rapid release of ATP from treated tumor cells5 leading to rapid 

reductions in luciferase–luciferin photon-counting. Luciferase–luciferin photon-counting 

images showed significantly lower intensity than GFP fluorescence images in the early 

phase and showed significantly lower intensity than IR700 fluorescence images in the late 

phase. Luciferase–luciferin photon-counting imaging is the most sensitive of the optical 

modality tested NIR-PIT effects.15 As a result, it is thought that luciferase–luciferin photon-

counting imaging is the most suitable modality to monitor tumor viability in the acute phase 

after NIR-PIT. However, what should be noted is that luciferase–luciferin photon-counting is 

a very low-resolution procedure26 and has an obvious limitation that such imaging cannot be 

translated into humans at this time.

On the other hand, GFP fluorescence intensity had no significant decrease in the early phase 

after NIR-PIT, although remarkable decreases were seen in the late phase. Value as a 

biomarker of GFP fluorescence intensity in the late phase after NIR-PIT has been reported 

in previous articles,27,28 which support the results in the late phase in this study. The in vivo 
results differ somewhat from what is observed in vitro where lower GFP fluorescence is 

immediately observed after NIR-PIT.5 It is thought that, unlike in the in vitro condition, in 
vivo, the GFP protein has poor clearance from the tumor bed and will remain functionally 

intact within the extracellular space following extrusion from the cell. The relatively large 

molecular weight of GFP protein (27 kDa) might also influence this phenomenon. Thus, 

GFP fluorescence images do not reflect early changes after NIR-PIT but better reflect later 

changes. As with luciferase–luciferin photon-counting, this modality is most useful in the 

research setting.

NIR-PIT induces a rapid necrotic and immunogenic cell death.5,6 Among the three optical 

methods, luciferase–luciferin photon-counting imaging best demonstrates that early cell 

killing. This is consistent with the proposed mechanism of action of NIR-PIT and differs 

from what is found in conventional photodynamic therapy which induces a slower apoptotic 

cell death.29

The clinical usefulness of luciferase–luciferin photon-counting or endogenous protein 

fluorescence imaging is currently limited because neither method is approved for human use 

owing to concerns regarding immunogenicity and inherent limitations that the signal 

obtained from these imaging modalities is limited by depth of tumors in the body because of 
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tissue absorption. Other imaging methods that do not suffer from similar limitations include 

magnetic resonance imaging (MRI) or 2-[18F]-fluoro-2-deoxy-D-glucose positron emission 

tomography (18F-FDG PET).30,31 However, these methods are much more difficult to 

perform in the acute post treatment setting. For now, except for IR700 fluorescence, they 

will remain the province of research. However, other, exogenously delivered optical imaging 

agents to monitor NIR-PIT may be useful as they could be performed during the treatment.

This study had several limitations. First, we used subcutaneous models to evaluate 

therapeutic effects of NIR-PIT in this study because luciferase–luciferin photon-counting 

and fluorescence imaging cannot evaluate deeper locations due to autofluorescence or tissue 

absorption. Actually, an orthotopic tumor model is much more clinically relevant compared 

with subcutaneously xenografted tumor model.32–35 However, in the present study, we 

focused on comparison among imaging modalities of luciferase–luciferin photon-counting 

and IR700/GFP fluorescence imaging in evaluating therapeutic effects after NIR-PIT. The 

orthotopic model also requires high surgical skills for proper implanting of the tumor. That 

is why we chose a simple subcutaneous xenograft tumor model in this study, but the 

adequacy in tumor location other than subcutaneous region has not been tested or validated. 

Second, strictly simultaneous scans of luciferase–luciferin photon-counting and fluorescence 

imaging were not performed in the acute phase after NIR-PIT because three different kinds 

of images were obtained from the same mouse. However, comparison of luciferase–luciferin 

photon-counting and IR700/GFP fluorescence images in the identical mouse was necessary 

for fairly comparing signal intensity among these different image modalities. Finally, we 

used the Maestro imaging system to evaluate GFP fluorescence in the present study, but it 

does not take advantage of the capabilities of GFP imaging at the cellular and subcellular 

levels. Since NIR-PIT affects cellular dynamics, cells labeled with GFP in the nucleus and 

red fluorescence protein (RFP) in the cytoplasm36–38 can be used with a proper magnifying 

imaging apparatus to detect nuclear–cytoplasmic interactions even in vivo due to NIR-PIT.39 

Thus, further investigation is required for evaluation of therapeutic effects in early phase 

after NIR-PIT using fluorescence imaging.

In conclusion, this study revealed a significant acute phase response to NIR-PIT using in 
vivo luciferase–luciferin photon-counting and fluorescence imaging. IR700 fluorescence 

imaging can address the delivery of NIR light to tumor tissues during NIR-PIT. Luciferase–

luciferin photon-counting imaging can indicate therapeutic effects in the early phase as well 

as in the late phase after NIR-PIT, while GFP fluorescence is slower to show therapeutic 

effects.
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Figure 1. 
Treatment outcome after NIR-PIT. (A) NIR-PIT outline. (B) NIR-PIT leads to tumor volume 

reduction in A431-luc-GFP tumor bearing mice (n = 10 mice in non-PIT group, n = 11 mice 

in NIR-PIT treated group; *p = 0.01, Mann–Whitney U-test). (C) NIR-PIT leads to 

prolonged survival in A431-luc-GFP tumor bearing mice (n = 10 mice in non-PIT group, n = 

11 mice in NIR-PIT treated group; p < 0.01, Log-rank test).
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Figure 2. 
IR700 fluorescence imaging in response to NIR-PIT. (A) NIR-PIT outline. IR700 

fluorescence images were scanned at each time point as shown. (B) IR700 fluorescence real-

time images of A431-luc-GFP tumor bearing mice for NIR-PIT. Yellow arrows indicate the 

tumor. IR700 fluorescence intensity greatly decreased in the early phase (0, 10, 20, 30 min 

later) after NIR-PIT. IR700 fluorescence intensities in the late phase (24 and 48 h later) after 

NIR-PIT were higher than those immediately after NIR-PIT. (C) Comparison of IR700 

fluorescence intensity in A431-luc-GFP tumor bearing mice between non-PIT and NIR-PIT 

treated groups. %TBRIR700 in NIR-PIT treated group showed significant decreases at each 

time point after NIR-PIT compared with that in non-PIT group (*p < 0.05, vs non-PIT 

group, Mann–Whitney U-test). (D) Time course analysis of IR700 fluorescence intensity in 

the NIR-PIT treated group. %TBRIR700 at each time point after NIR-PIT showed significant 

decreases in comparison with pretreatment %TBRIR700 (*p < 0.05, vs pretreatment 

%TBRIR700, paired t-test). %TBRIR700 24 and 48 h after PIT showed significant increases in 

comparison with %TBRIR700 immediately after NIR-PIT (**p < 0.05, vs %TBRIR700 

immediately after NIR-PIT, paired t-test).

Maruoka et al. Page 12

Mol Pharm. Author manuscript; available in PMC 2019 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Luciferase–luciferin photon-counting imaging in response to NIR-PIT. (A) NIR-PIT outline. 

Luciferase–luciferin photon-counting images were scanned at each time point as shown. (B) 

Luciferase–luciferin photon-counting real-time images of A431-luc-GFP tumor bearing 

mice for NIR-PIT. Yellow arrows indicate the tumor. Luciferase activity continued to 

decrease in the early phase (0, 10, 20, 30 min later) after NIR-PIT. Luciferase activity in the 

late phase (24 and 48 h later) was lower than that 30 min after NIR-PIT. (C) Comparison of 

luciferase activity in A431-luc-GFP tumor bearing mice between non-PIT and NIR-PIT 

treated groups. %RLU in the NIR-PIT group showed significant decreases at each time point 

after NIR-PIT compared with that in the non-PIT group (*p < 0.05, vs non-PIT group, 

Mann–Whitney U-test). (D) Time course analysis of luciferase activity in the NIR-PIT 

treated group. %RLU at each time point after NIR-PIT showed significant decreases in 

comparison with pretreatment %RLU (*p < 0.05, vs pretreatment %RLU, paired t-test). 

Additionally, %RLU 24 and 48 h after NIR-PIT showed significant decreases in comparison 

with %RLU 30 min after NIR-PIT, respectively (**p < 0.05, vs %RLU 30 min after NIR-

PIT, paired t-test).
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Figure 4. 
GFP fluorescence imaging in response to NIR-PIT. (A) NIR-PIT outline. GFP fluorescence 

images were scanned at each time point as shown. (B) GFP fluorescence real-time images of 

A431-luc-GFP tumor bearing mice for NIR-PIT. Yellow arrows indicate the tumor. GFP 

fluorescence intensity showed almost no change in the early phase (0, 10, 20, 30 min later) 

after NIR-PIT. GFP fluorescence intensity in the late phase (24 and 48 h later) was greatly 

lower than that before NIR-PIT. (C) Comparison of GFP fluorescence intensity in A431-luc-

GFP tumor bearing mice between non-PIT and NIR-PIT treated groups. %TBRGFP 24 and 

48 h after NIR-PIT showed significantly lower intensity in non-PIT group than in NIR-PIT 

treated group (*p < 0.05, vs non-PIT group, Mann–Whitney U-test). (D) Time course 

analysis of GFP fluorescence intensity in the NIR-PIT treated group. %TBRGFP only 24 and 

48 h after NIR-PIT showed significant decreases in comparison with pretreatment % 

TBRGFP (*p < 0.05, vs pretreatment %TBRGFP, paired t-test).
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Figure 5. 
Comparison of signal intensity after NIR-PIT among IR700 fluorescence imaging, 

luciferase–luciferin photon-counting imaging, and GFP fluorescence imaging. (A) 

Difference in signal intensity immediately after NIR-PIT. %TBRIR700 was significantly 

lower than %RLU (*p < 0.05, vs RLU ratio, paired t-test), and %RLU was significantly 

lower than %TBRGFP (**p < 0.05, vs %TBRGFP, paired t-test). (B) Difference in signal 

intensity 10 min after NIR-PIT. %TBRIR700 and %RLU were significantly lower than 

%TBRGFP, respectively (*p < 0.05, vs %TBRGFP, paired t-test). (C) Difference in signal 

intensity 20 min after NIR-PIT. %TBRIR700 and %RLU were significantly lower than 

%TBRGFP, respectively (*p < 0.05, vs % TBRGFP, paired t-test). (D) Difference in signal 

intensity 30 min after NIR-PIT. %TBRIR700 and %RLU were significantly lower than 

%TBRGFP, respectively (*p < 0.05, vs %TBRGFP, paired t-test). (E) Difference in signal 

intensity 24 h after NIR-PIT. %RLU and %TBRGFP were significantly lower than 

%TBRIR700, respectively (*p < 0.05, vs %TBRIR700, paired t-test). (F) Difference in signal 

intensity 48 h after NIR-PIT. %RLU and % TBRGFP were significantly lower than 

%TBRIR700, respectively (*p < 0.05, vs %TBRIR700, paired t-test).
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