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Abstract

Photodynamic therapy (PDT) is a minimally invasive, FDA-approved therapy for treatment of 

endobronchial and esophageal cancers that are accessible to light. Inflammatory breast cancer 

(IBC) is an aggressive and highly metastatic form of breast cancer that spreads to dermal 

lymphatics, a site that would be accessible to light. IBC patients have a relatively poor survival 

rate due to lack of targeted therapies. The use of PDT is underexplored for breast cancers but has 

been proposed for treatment of subtypes for which a targeted therapy is unavailable. We optimized 

and used a 3D mammary architecture and microenvironment engineering (MAME) model of IBC 

to examine the effects of PDT using two treatment protocols. The first protocol used 

benzoporphyrin derivative monoacid A (BPD) activated at doses ranging from 45 to 540 mJ/cm2. 

The second PDT protocol used two photosensitizers: mono-L-aspartyl chlorin e6 (NPe6) and BPD 

that were sequentially activated. Photokilling by PDT was assessed by live–dead assays. Using a 

MAME model of IBC, we have shown a significant dose–response in photokilling by BPD–PDT. 

Sequential activation of NPe6 followed by BPD is more effective in photokilling of tumor cells 

than BPD alone. Sequential activation at light doses of 45 mJ/cm2 for each agent resulted in >90 

% cell death, a response only achieved by BPD–PDT at a dose of 360 mJ/cm2. Our data also show 

that effects of PDT on a volumetric measurement of 3D MAME structures reflect efficacy of PDT 

treatment. Our study is the first to demonstrate the potential of PDT for treating IBC.
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Introduction

Inflammatory breast cancer (IBC) is a rare and highly malignant form of invasive breast 

carcinoma in which cancer cells form emboli that metastasize to the dermal lymphatic 

vasculature [1–6]. IBC has poorer prognosis than all other breast cancer subtypes with no 

targeted therapies for treatment. IBC is characterized by erythema, edema, and/or peau 

d'orange with or without a palpable mass in the breast. These symptoms along with blockage 

of lymphatic vasculature cause swelling of the breast, hence the name IBC. Epidemiologic 

studies have indicated that IBC is a heterogeneous disease [7, 8]. The expression of 

molecular markers in IBC differs depending on patient population; for example, Egyptian 

IBC patients have higher expression of RhoC GTPase than do patients from Tunisia, 

Morocco, and the USA [7, 8]. Conventional therapies (surgery, radiation, chemotherapy) 

alone or in combination are less effective against IBC than other breast cancers with the 3-

year relative survival rate being only 42 % as compared to 85 % [1]. There are no targeted 

therapies for treatment of IBC [9–11].

Photodynamic therapy (PDT) is a treatment that involves three components: (1) a 

photosensitizer that preferentially localizes primarily in sub-cellular organelles of neoplastic 

cells, (2) dissolved oxygen in cells and tissues, and (3) light to activate the photosensitizer. 

The photosensitizer termed benzoporphyrin derivative monoacid A (BPD, Verteporfin™) 

localizes mainly to mitochondria, whereas mono-L-aspartyl chlorin e6 (NPe6) shows 

preferential affinity for lysosomes. When these photosensitizers are activated with light, the 

resulting photochemistry leads to the formation of potentially lethal reactive oxygen species 

[12–16]. An essential component to successful PDT is accessibility of the tumors to light. 

PDT has been shown to be effective in treating head and neck, esophageal, oral, laryngeal, 

and lung cancers [17, 18]. PDT has also been successful in treatment of chest wall 

metastases in end-stage breast cancer patients, prolonging survival [19–21]. We suggest that 

PDT may have the potential to eradicate the dermal metastases that are characteristic of IBC.

Recent reports using cells cultured in 2D indicate that use of two PSs (i.e., combination 

PDT) significantly increased cell death [22–24]. Studies from the Kessel laboratory have 

shown that sequential targeting of lysosomes followed by mitochondria promoted 

photokilling via apoptosis in a 2D murine hepatoma model [23]. Cells cultured in 2D do not, 

however, recapitulate the cellular architecture, that is, critical for accurately modeling tumor 

growth and response to therapies [25, 26]. In contrast, 3D models predict resistance to 

chemo- and radiation therapies [27–29]. Hasan and colleagues have adapted ovarian and 

pancreatic cancer cells to 3D models to evaluate PDT in photokilling these resistant cancer 

cells [30–32]. The 3D MAME culture model developed in our laboratory mimics in vivo 

architecture and allows studies of cell–cell interactions over time. These MAME models are 

being used to study drug responses ([33], Sameni et al., submitted) and the involvement of 

the tumor microenvironment and proteolysis in malignant progression [34–39]. Here we use 
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an IBC MAME model to demonstrate the efficacy of PDT including increased efficacy upon 

sequentially targeting lysosomes and mitochondria.

Methods

Tissue culture

SUM149 cells (a kind gift from Dr. Steven Ethier, MUSC) were used as a model of human 

IBC. Cells were maintained in 2D in Dulbecco's Modified Eagles Medium/Ham's F-12 

(Sigma-Aldrich) supplemented with 5 % FBS (Hyclone), 5 μg/ml insulin (Sigma-Aldrich), 1 

μg/ml hydrocortisone (Sigma-Aldrich), and 1 % Mycozap Plus-CL (Lonza). The invasive 

human TNBC breast cancer cell lines, MDA-MB-231 and Hs578T, were purchased from 

ATCC. MDA-MB-231 cells were maintained in medium composed of DMEM 

supplemented with 10 % FBS, 4 mM L-glutamine, and 1 % MycoZap plus-CL. Hs578T cells 

were cultured and maintained in DMEM medium supplemented with 10 % FBS, 5 μg/ml 

insulin, 4 mM L-glutamine, and 1 % MycoZap plus-CL. All cell lines were maintained in 

T-25 flasks in a humidified incubator (5 % CO2) at 37 °C.

For some experiments, the SUM149 cells were transduced to express red fluorescent protein 

(RFP). Briefly, 50,000 cells were seeded in a 6-well dish and transduced with 20 μl cignal 

RFP viral particles (Qiagen). Transduced cells were flow sorted using the BD FACS vantage 

cell sorter to select the population of cells that expressed RFP. The SUM149-RFP cell line 

was maintained in 2D as described above for the wild-type cells.

Generation of MAME model of breast cancer cells

A reconstituted basement membrane (rBM) overlay model, developed by Bissell and 

colleagues [40–42], modified by Brugge and colleagues [43, 44], and adapted for multiple 

breast cancer cell lines by our laboratory [36, 38, 45], was used for all the experiments. To 

generate MAME models, glass coverslips (12 mm) were placed in 35-mm dishes and coated 

with 50 μl rBM (Cultrex, Trevigen). The rBM was allowed to gel for 15 min at 37 °C before 

seeding 5000 cells resuspended in 50 μl mammary epithelial cell growth medium (MEGM) 

medium [composed of mammary epithelial basal medium and MEGM SingleQuot kit 

supplements and growth factors (Lonza)]. After incubation at 37 °C for an hour to allow 

cells to adhere, an overlay of MEGM containing 2 % rBM was added and 3D structures 

were allowed to form for 6–7 days.

Photodynamic therapy

BPD-PDT—MAME cultures were incubated for 60 min at 37 °C with 1.5 μM BPD, washed 

with PBS, and replenished with overlay media. Cells were irradiated using a 700-watt 

quartz-halogen lamp and an interference filter that confines the irradiation to 690 ± 10 nm at 

a power density of 1.5 mW/cm2. Irradiation was performed using light doses from 45 to 540 

mJ/cm2; this corresponds to time intervals ranging from 30 s to 6 min. Two controls were 

used: a protocol that results in 100 % killing and a dark control [46]. Following irradiation, 

samples were incubated at 37 °C for 18–24 h before live/dead assays were performed.
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Combination PDT using BPD and NPe6—SUM149 cells were grown in MAME 

cultures for 7 days. On day 7, cultures were incubated with 1.5 μM BPD and/or 40 μM NPe6 

for 60 min. Then the cells were irradiated with light at 690 nm (to initiate photodynamic 

effects of BPD) and/or at 660 nm (to initiate photodynamic effects of NPe6); see the figures 

for light doses. The sequential treatments are represented as NPe6/BPD when NPe6 was 

activated before BPD and BPD/NPe6 when BPD was activated before NPe6. Following 

irradiation, samples were incubated at 37 °C for approximately 24 or 48 h before live/dead 

assays were performed.

Live–dead assays

The live–dead assay kit (Life Technologies) has two components. A dye calcein AM (CG) 

that fluoresces green when cleaved by intracellular esterases is used to identify live cells. A 

second dye, ethidium homodimer-1 (EB), exhibits red fluorescence when incorporated into 

the DNA of dead cells. Cells were incubated with assay reagents for 30 min at 37 °C and 

washed once with warm PBS, and then warm MEGM media were added, and the cells were 

imaged live on a Zeiss 510 LSM META NLO confocal microscope using a 20× water-

immersion objective. Z-stacks through entire structures were captured for 16 contiguous 

fields in at least three separate experiments (each such image takes 40–60 min to capture). 

The images were reconstructed in 3D and are represented here as either extended depth of 

focus images (en face view) or volume rendered 3D images tilted at a 45° angle using 

Volocity software. The green and red fluorescence intensities were quantified for each 

image. Cell viability was calculated as described by Celli et al. [46] and converted to 

percentage of dark controls and plotted against the PDT dose.

Methods for assessing apoptosis

Cleaved Caspase-3 Immunofluorescence—SUM149 cells were grown in MAME 

cultures and treated on day 7 using the sequential NPe6/BPD PDT protocol at a dose of 22.5 

mJ/cm2. MAME structures were then fixed at 6, 12, and 24 h post-PDT using 4 % 

paraformaldehyde for 20 min, washed 3 times with PBS, and permeabilized with 0.2 % 

Triton X-100 for 5 min followed by quenching three times with 0.1 M glycine for 10 min. 

Non-specific binding sites were then blocked with 0.2 % BSA for 60 min. Samples were 

incubated overnight at 4 °C with a 1:400 dilution of cleaved caspase-3 antibody (Cell 

Signaling Technology). The samples were then washed four times with PBS for 10 min 

each. The cells were then treated with a 1:1000 dilution of AlexaFluor 488 (Life 

Technologies) for an hour at room temperature and washed four times with PBS for 10 min 

each, and the samples were imaged on the Zeiss 510 LSM META NLO confocal microscope 

using a 40× water-immersion objective. The z-stack images were quantified to determine the 

intensity of cleaved caspase-3 and reconstructed in 3D using Volocity software.

Nuclear staining with Hoechst—SUM149 cells were grown in MAME cultures for 7 

days and treated with the sequential NPe6/BPD–PDT protocol at a dose of 22.5 mJ/cm2; 24 

h later, a 1:1000 dilution of Hoechst dye HO33342 was added for 15 min. The medium was 

replaced and MAME structures were imaged live on a Zeiss 510 LSM META NLO confocal 

microscope using a 40× water-immersion objective. The images were reconstructed in 3D to 

show an extended depth of focus images (en face view) using Volocity software.
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Statistics

Statistical significance was determined using GraphPad Prism 6.0 software. Experiments 

were analyzed using multiple comparison t test, one-way or two-way ANOVA as stated for 

each experiment.

Results

3D MAME structures exhibit a dose–response to photokilling by BPD–PDT

We utilized a MAME model of IBC to assess the dose–response to a PDT protocol in which 

mitochondria are targeted using BPD. Approximately 50 % of 3D structures were killed at a 

45 mJ/cm2 BPD–PDT dose. When we increased the light dose, there was a progressive 

decrease in cell viability (Fig. 1, Table 1), ultimately resulting in a 95 % photokilling effect 

at a light dose of 540 mJ/cm2. Thus, there was a significant increase in death of IBC MAME 

structures in response to escalating the BPD–PDT dose.

At the molecular level, breast cancer is characterized based on expression of hormone 

receptors [estrogen receptor (ER) and progesterone receptor (PR) and the amplification of 

the human epidermal growth factor receptor type 2 (HER2)]. The most lethal cancers are 

characterized by the absence of ER, PR, and HER2 over-expression and designated triple-

negative breast cancers (TNBCs). Due to limited commercial availability of models for IBC, 

most experiments were performed with the SUM149 IBC cell line, which is also a TNBC 

cell line [38, 47]. We also analyzed the efficacy of PDT for two commercially available non-

IBC TNBC cell lines: MDA-MB-231 (Fig. 2) and Hs578T (Supplemental Fig. 1). Increases 

in doses of BPD–PDT resulted in a significant dose–response in photokilling of MDA-

MB-231 and Hs578T MAME structures. At the lowest BPD–PDT dose (45 mJ/cm2), there 

were ∼15 and 18 % cell deaths in MDA-MB-231 and Hs578T 3D structures, respectively. 

At the highest BPD–PDT dose (540 mJ/cm2), ∼6 and 73 % cell deaths in MDA-MB-231 

and Hs578T 3D structures, respectively, were observed. These data demonstrate the efficacy 

of PDT in photokilling MAME structures of TNBCs and suggest that PDT may be useful for 

treating TNBC chest wall metastases that would be easily accessible to light.

Combination PDT promotes photokilling of IBC structures in MAME model

Next, we assessed the cytotoxic response of combining two photosensitizers that target two 

critical organelles within a cell, mitochondria, and lysosomes, using BPD and NPe6, 

respectively. These photosensitizing agents differ in their absorbance spectra, and so 

photodamage with each agent can be separately initiated [23]. We examined the effects on 

photokilling of the order of activation of the photosensitizers at three doses (Fig. 3, Table 2, 

Supplemental Fig. 2).

At a PDT dose of 22.5 mJ/cm2, we observed a significant difference in photokilling in 

response to the order of irradiation of the mitochondrial targeted PS and the lysosomal 

targeted PS (Fig. 3a–c, Supplemental Fig. 2a). Cell death with BPD was 19 % and with 

NPe6 was 5 %. The response to a combination of BPD and NPe6 was greater than additive 

compared to either alone. A sequential protocol of irradiation at 690 nm followed by 660 

nm, resulted in 35 % cell death. In contrast, a sequential protocol of 660 nm irradiation 
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followed by 690 nm irradiation yielded 57 % photokilling. Thus, targeting lysosomes before 

mitochondria resulted in enhanced photokilling efficacy for IBC MAME structures.

Kessel and Reiners [23] developed a protocol for photokilling involving NPe6 and BPD, 

which resulted in a greatly enhanced degree of photokilling, using a 2D model of 1c1c7 

hepatoma cells. Based on this study, we chose a light dose of 45 mJ/cm2 for NPe6 and 22.5 

mJ/cm2 for BPD (Fig. 3d–f, Table 2, Supplemental Fig. 2b). In our IBC MAME model, cell 

death resulting from BPD alone was ∼12 % and with NPe6 alone 27 %. A sequential 

protocol targeting either mitochondria or lysosomes first resulted in ∼60 % cell death. A 

two-fold difference in light doses when targeting mitochondria first did, however, results in 

an increase in photokilling by 25 % compared to the effect of a light dose of 22.5 mJ/cm2 

(for both BPD and NPe6) (see Table 2).

Using a light dose of 45 mJ/cm2, we observed a substantial degree of photokilling, with the 

order of activation of the photosensitizers not being significant (Fig. 3g–i, Table 2, 

Supplemental Fig. 2c). Cell death with either BPD or NPe6 was 36 and 44 %, respectively. 

We observed a significant increase in cell death using sequential protocols targeting 

mitochondria first or lysosomes first, i.e., cell deaths of 81 and 94 %, respectively. If 

lysosomes are targeted first, all IBC MAME structures were eradicated at a light dose of 45 

mJ/cm2.

Changes in volume of IBC MAME structures indicate response to combination PDT

A decrease in tumor burden is used as a standard measure of response to anti-tumor therapy. 

In this respect, mathematical algorithms for 3D modeling of patient tumors and prediction of 

surgical volume better assess breast tumor stage and response to therapies [48, 49]. The 

volume of nasopharyngeal carcinoma rather than their size is associated with poorer survival 

and faster recurrence [50–52]. Here we measured the volume of MAME structures to 

determine if this parameter could be used to quantify response to combination PDT (Fig. 4). 

We observed an increase in size and volume of MAME structures over a period of 4 days for 

the dark controls (Fig. 4a–e). In contrast, there was significant decrease in the size and 

volume of MAME structures over the 4 days following NPe6/BPD treatment at a light dose 

of 22.5 mJ/cm2 (Fig. 4a′–e′). These data suggest that the volumetric measurement of MAME 

structures can be used as an indirect method to evaluate response to therapy.

Apoptosis is the mechanism of cell death following combination PDT

PDT targeting either mitochondria or lysosomes results leads to the initiation of apoptosis, 

an irreversible route to cell death [12, 14–16, 53–59]. Morphologic features associated with 

apoptosis include cell shrinkage, dense cytoplasm, chromatin condensation (pyknosis), and 

nuclear fragmentation (karyorrhexis) [60–62]. The apoptotic process is very tightly 

regulated; however, once executioner caspases (i.e., caspases-3, 6 or 7) are activated, a cell 

is destined to undergo programmed cell death [62–66]. We observed a time-dependent 

increase in activated caspase-3 as a result of NPe6/BPD treatment at a dose of 22.5 mJ/cm2 

(Fig. 5a, b). By 24 h post-PDT, nuclear fragmentation and chromatin condensation were 

present (Fig. 5c). The activated caspase-3 and changes in nuclear morphology observed here 

in response to sequential PDT protocol are consistent with cell death occurring by apoptosis.
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Calcium and metabolic byproducts such as cytokines that are released by necrotic cells can 

damage the neighboring cells due to a bystander effect [67–70]. In contrast, apoptosis 

initiated by low-dose PDT does not initiate a bystander effect or immune response because 

toxic metabolites are not leaked from apoptotic cells [69, 70]. Here we evaluated the 

response to a low PDT dose of 22.5 mJ/cm2 in IBC MAME models at one and two days 

following PDT. We observed that photokilling was similar on days 1 and 2 post combination 

PDT, which would be consistent with the absence of a bystander effect (Supplemental Fig. 

3).

Discussion

IBC and TNBCs are lethal subtypes of breast cancer for which there are no targeted 

therapies. The usual treatment for these subtypes of breast cancer is chemotherapy followed 

by mastectomy and radiation with the prognosis poor. TNBC accounts for about 20–40 % of 

IBC cases and 15–20 % of non-IBC breast cancers [47, 71]. PDT has not yet been evaluated 

for treatment of IBC or its dermal metastases. The success of PDT in treating chest wall 

recurrences of breast cancer [19, 20] suggests that it will be efficacious against the dermal 

metastases of IBC. To our knowledge, this study is the first to show that PDT is an effective 

modality for photokilling of IBC structures in MAME models. 3D models are increasingly 

being used in pharmaceutical screening of cancer drugs as these models mirror human tumor 

biology and are adaptable to high throughput screening. Furthermore, studies in 3D also 

address clinically relevant issues such as drug and light penetration that might affect the 

therapeutic response of therapies such as PDT.

PDT that targets mitochondria can induce release of cytochrome c, a known trigger for 

apoptosis [53, 63]. Lysosomal photodamage results in release of lysosomal proteases into 

the cytoplasm leading to cleavage (activation) of the pro-apoptotic protein Bid and an 

interaction with the mitochondrial membrane that results in cytochrome c release and 

apoptosis [59, 72]. Photodamage to lysosomes followed by additional photodamage due to 

targeting mitochondria was found to promote cell death in 2D models [23]. Here we found 

that the combination PDT protocol eradicated IBC structures more effectively. PDT 

targeting lysosomes and mitochondria sequentially was also shown to be more effective in 

treatment of sarcomas in a mouse model [73]. Yousefi et al. [74] reported that a calpain-

mediated cleavage of autophagy related protein 5 (ATG5) could amplify a pro-apoptotic 

signal. In accordance with this study, a recent report by Kessel et al. [75] suggests a calpain-

mediated mechanism for the improved efficacy of the sequential protocol, a possibility that 

will be the subject of future investigations. Studies with combination PDT also suggest that 

before this protocol is taken to the clinic, one should consider the combinations and 

variations of PDT doses. In fact, a serious side effect of PDT at higher doses is partial or full 

thickness skin ulceration and skin necrosis. We surmise that these side effects could be 

reduced or eliminated using combination PDT since the overall PDT dose can be reduced 

without affecting the anti-tumor response.
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Conclusions

Our data demonstrate the feasibility for eradication of 3D MAME structures of IBC by 

BPD–PDT. To our knowledge, this is the first study to show using an IBC MAME model 

that combinatorial targeting of lysosomes and mitochondria with PDT is significantly more 

efficacious than targeting mitochondria alone. Furthermore, combination PDT results in 

photokilling of IBC MAME structures by apoptosis as evidenced by activated caspase-3 and 

changes in nuclear morphology. Our study suggests that the use of PDT and in particular the 

lower doses made possible by the combination PDT protocol should be explored for the 

treatment of IBC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IBC Inflammatory breast cancer

ECM Extracellular matrix

rBM Reconstituted basement membrane

2D 2-dimensional

3D 3-dimensional

PDT Photodynamic therapy

BPD Benzoporphyrin derivative monoacid A

NPe6 N-aspartyl chlorin e6

MAME Mammary architecture and microenvironment engineering

Aggarwal et al. Page 12

Breast Cancer Res Treat. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MEGM Mammary epithelial cell growth medium
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Fig. 1. 
BPD–PDT induces dose-dependent photokilling of SUM149 cells in MAME cultures. 

Timeline shows events during PDT of MAME cultures (a). Tiled 16-panel images and z-

stacks through the depth of structures were captured and reconstructed in 3D to show an en 

face view (b). Images show live cells (green, calcein AM) and dead cells (red, ethidium 

homodimer-1) and were taken 24 h after PDT with 1.5 μM BPD and for untreated dark 

control; scale bar equals 350 microns. Intensities of red (dead) and green (live) fluorescence 

were used to calculate viability that is plotted against PDT dose (c). Significance was 

calculated by one-way ANOVA, p-value <0.0001; n = 8, mean ± SD
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Fig. 2. 
BPD–PDT induces dose-dependent photokilling of MAME structures of MDA-MB-231 

cells. Tiled 16-panel images and z-stacks through the depth of structures were captured and 

reconstructed in 3D to show an en face view (a). Images show live cells (green, calcein AM) 

and dead cells (red, ethidium homodimer-1) and were taken 24 h after PDT with 1.5 μM 

BPD and for untreated dark control; scale bar equals 700 microns. Intensities of red (dead) 

and green (live) fluorescence were used to calculate viability that is plotted against PDT 

dose (b). Significance was calculated by one-way ANOVA, p-value <0.0001; n = 6, mean ± 

SD
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Fig. 3. 
Combination PDT promotes photokilling of SUM149 cells in MAME cultures. Optical 

sections through the depth of 3D structures were captured for 16 contiguous fields 24 h after 

therapy and reconstructed in 3D. Representative images show live cells (green, calcein AM) 

and dead cells (red, ethidium homodimer-1) for untreated dark control (a, d, g); light 

irradiation targeting mitochondria (BPD-690 nm) and lysosomes (NPe6-660 nm) at dose of 

22.5 mJ/cm2 each (b, c); PDT targeting mitochondria (BPD) at dose of 22.5 mJ/cm2 and 

lysosomes (NPe6) at dose of 45 mJ/cm2 (e, f); and PDT targeting mitochondria (BPD) and 

lysosomes (NPe6) at dose of 45 mJ/cm2 each (h, i); scale bar equals 80 microns
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Fig. 4. 
SUM149 structure volume assesses phenotypic response to the sequential PDT protocol. 

Schematic shows events during treatment and assessment of response to treatment. 

Representative 3D images of SUM149-RFP cells in MAME cultures (red) treated with 

sequential PDT (NPe6 followed by BPD at 22.5 mJ/cm2) (a′–e′) or untreated dark control 

(a–e) over 5 days after PDT: day 0 (a, a′), day 1 (b, b′), day 2 (c, c′), day 3 (d, d′), and day 4 

(e, e′); scale bars equal 80 microns. The volume of structures was calculated using Volocity 

and is plotted against days post-treatment (f); untreated dark control (red line), NPe6/BPD–

PDT (black line). Significance was calculated by two-way ANOVA. * p-value <0.0001, n = 

20, mean ± SD
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Fig. 5. 
Mechanism of cell death following sequential PDT protocol is apoptosis. Panel A shows 

representative images of expression of cleaved caspase-3 in response to the sequential PDT 

protocol PDT or a dark control. Images through the depth of structures were captured at 6, 

12 and 24 h after treatment and images were reconstructed in 3D using Volocity; each 

square unit equals 22.59 microns. Green florescence represents cleaved caspase-3 and 

purple represents nuclei (pseudocolored, Hoechst). Fluorescent intensity was quantified 

using Volocity and plotted against treatment (b); significance was calculated by ANOVA 

followed by Tukey's post hoc analysis. * p-value <0.05, **** p-value <0.0001, n = 20, mean 

± SD. Representative images showing fragmented nuclei (yellow arrows) stained with 

Hoechst (gray scale) 24 h after sequential PDT protocol compared to intact nuclei for dark 

control (c); images show an en face view of single 3D structure and scale bars equal 22 

microns
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Table 2
Viability (% control) of 3D structures in response to combination PDT

Treatment Irradiation (nm) 690 nm-22.5 mJ/cm2, 660–22.5 
mJ/cm2

690 nm-22.5 mJ/cm2, 660–45 
mJ/cm2

690 nm-45 mJ/cm2, 660–45 
mJ/cm2

BPD 690 80 ± 8 89 ± 10 64 ± 9

NPe6 660 95 ± 4 73 ± 22 56 ± 14

BPD and NPe6 690 » » 660 65 ± 16 40 ± 19 19 ± 13

BPD and NPe6 660 » » 690 43 ± 9 40 ± 25 6 ± 4
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