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A B S T R A C T 

Introduction 

 

An important limitation to chemotherapy for cancer is that drugs must 

gain entry into cells through the plasma membrane, limiting 

chemotherapeutic agents to mostly lipophilic or low molecular weight 

compounds that passively diffuse into the cell cytoplasm. In contrast, 

many highly effective chemotherapeutic agents are large and water 

soluble and are actively transported into cells by endocytosis. Their poor 

ability to escape from the resulting intracellular endosomes leads to their 

inactivation via lysosome-endosome fusion. Photochemical 

internalization (PCI) is a method that leads to increased endosomal 

escape and significantly increases the efficacy of a large variety of agents 

[1-5]. PCI requires the use of specific membrane localizing 

photosensitizers that are transported into the cell via adsorptive 

endocytosis during which, the photosensitizer remains in the endosome 

membrane while the macromolecule is confined to the lumen. 

 

The vast majority of PCI studies have employed one of two amphiphilic 

photosensitizers aluminium phthalocyanine disulfonate (AlPcS2a) or 

meso-tetraphenyl porphyrin disulfonate (TPPS2a) which localize in the 

membranes of endosomes and lysosomes and, upon light activation, 

interacts with ambient oxygen yielding singlet molecular oxygen, a 

potent reactive oxygen species. The short lifetime of singlet oxygen in 

biological tissues limits its diffusion length (< 20 nm), and as such, 

damage to the vesicular membrane will be confined to the immediate 

vicinity of the photosensitizer. Upon release from the damaged 

endosome, the therapeutic macromolecule is able to diffuse through the 

cytosol to its intended target (e.g., DNA in the case of chemotherapeutic 

agents) instead of being transported and degraded in lysosomes.  

Activation of sonosensitizers via focused ultrasound, i.e., sonodynamic therapy, has been proposed as an 

alternative to light-activated photodynamic therapy for the treatment of a number of conditions from cancer 

to bacterial infections. The use of focused ultrasound allows treatment to sites buried deep within tissues, 

overcoming one of the main limitations of light-based modalities. Photochemical internalization is a 

technique that utilizes the photochemical properties of photodynamic therapy for the release of trapped 

endo-lysosomal macromolecules into the cell cytoplasm, greatly enhancing their efficacy. We have 

examined ultrasonic activation of disulfonated tetraphenyl chlorin (fimaporfin) together with the anti-cancer 

agent bleomycin, termed sonochemical internalization, as an alternative to light-activated photochemical 

internalization. Our results indicate that, compared to drug or focused ultrasound treatment alone, focused 

ultrasound activation of fimaporfin together with BLM significantly inhibits the viability of glioma 

monolayers and the treated cells’ ability to form clonogenic colonies. 
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We have previously shown in vitro, that in the presence of the 

sonosensitizer, AlPcS2a, focused ultrasound (FUS) can significantly 

enhance the effectiveness of chemotherapy by enabling endosomal 

escape [6-8]. This technique, termed sonochemical internalization (SCI), 

is comparable to light-based PCI but without the intrinsic drawback of 

limited penetration depth of light in biological tissues. The basic SCI 

concept is illustrated in (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Illustration of SCI of BLM. (a) 1) BLM enters the cell via endocytosis, 2) lysosome-endosome fusion 3) drug is trapped and degraded and never 

reaches its target. (b) Cell membrane is loaded with sonosensitizer 1) BLM enters the cell together with the sonosensitizer via endocytosis; the sonosensitizer 

and the drug co-localize in the endosome, with the sonosensitizer localized in the membrane and the drug in the lumen. 2). Application of FUS results in 

endosome rupture. 3) Escape of drug into the cytosol and subsequent interaction with its intended target. 

 

The synergistic effect of SCI, employing relatively low drug 

concentrations and FUS power levels, has the potential to reduce the 

problems of nonspecific tissue damage caused by thermal effects at high 

ultrasonic power and unwanted drug morbidity. Unfortunately, the use 

of AlPcS2a as the photo/sono sensitizer has proven unsuitable for 

standard clinical use and presently lacks clinical approval. The 

photosensitizer disulfonated tetraphenyl chlorin (TPCS2a; fimaporfin), 

with a smaller number of isomers, and lower batch-to-batch variation 

compared to AlPcS2a was, therefore, developed [9-10]. Fimaporfin has 

been used in several clinical studies, among these the first clinical trial 

of PCI with the drug bleomycin [11]. The purpose of the study reported 

here was to evaluate the increased efficacy of bleomycin (BLM) by 

fimaporfin mediated SCI. An in vitro model employing rat glioma 

monolayer cultures was used to evaluate SCI efficacy via clonogenicity 

and viability assays. 

 

Materials and Methods 

 

I Cell Lines 

 

The F98 rat glioma cell line was obtained from ATCC (CRL-2397) and 

was used in all cell monolayer experiments. The cells were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Carlsbad, 

California, USA) with high glucose and supplemented with 2 mM L-

glutamine, gentamycin (100 mg/ml), and 2% heat-inactivated fetal 

bovine serum (Gibco). Cells were maintained at 370C in a 7.5% CO2 

incubator. 

 

II Sonosensitizer/Drugs 

 

TPCS2a (the Amphinex formulation) was obtained from, PCI Biotech 

AS, Oslo, Norway. Bleomycin, (BLM) was obtained from Sigma, St. 

Louis, Missouri, USA. 

III Fluorescence Microscopy of TPCS2a Intra-Cellular 

Distribution 

 

1 × 104 F98 cells were plated out in 35 mm glass-bottomed imaging 

dishes (Fluorodish Cell Culture Dish, Florida, USA) and incubated in 

culture medium for 24 h to allow them to adhere. The F98 cells were 

incubated with 1 μg/ml TPCS2a for 18 h, followed by a triple wash and a 

4 h incubation in the pure medium. FUS irradiation was performed with 

a portable FUS generator (SonoCare Plus, Roscoe Medical, Inc., 

Strongsville, Ohio, USA) at 0.2 W/cm2 for 1 min (1 MHz, CW). One 

hour after FUS irradiation, fluorescence microscopy was done, and the 

cells were visualized using an inverted Zeiss laser-scanning microscope 

(LSM 410, Carl Zeiss, Jena, Germany).  

 

IV Glioma Cell Growth Viability Assays 

 

Two techniques were used for treatment and for assessing the results of 

the various treatment parameters. The 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS, 

Promega, Madison, Wisconsin, USA), was used to determine cell 

viability after treatment. Six wells (in 6-well flat-bottomed plates) for 

each set of treatment conditions were seeded with F98 cells at a density 

of 15,000 cells per well and incubated for 24 h prior to experimentation. 

The cells were exposed to either of the following: no treatment, BLM, 

BLM+FUS, TPCS2a +FUS (SDT) or TPCS2a + BLM +FUS (SCI). 

Following treatment, incubation was continued for 48 h at which point 

the culture medium was replaced with fresh clear buffer containing MTS 

reagents and incubated for a further 2 h. The optical density was read 

using an ELx800uv Universal Microplate Reader (BIO-

TEK Instruments, Inc.).  

 

Long-term survival was studied using a clonogenicity assay. F98 cells 

were plated out in 6 well tissue culture plates at 100 cells per well and 
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incubated overnight to allow them to adhere. The treatment groups were 

the same as for the MTS assay. Following treatment, the cells were 

allowed to grow for an additional 14 d whereupon they were washed, 

fixed in ethanol and stained with 0.5% crystal violet in 95% ethanol. 

Colonies containing more than 50 cells were scored as survivors. The 

colonies were photographed, and their number was counted visually. The 

number of colonies was normalized to a control group that received no 

treatment.  

 

V BLM and BLM +FUS Toxicity  

 

The viability of treated cells was assayed as described in the previous 

section. The cultures received either BLM only or BLM + FUS. Varying 

concentrations (0.075-0.3 μg/ml) of BLM in culture medium was added 

to the cultures. FUS irradiation was performed as previously described. 

The cultures received a range of US exposures (0-0.2 W/cm2) delivered 

over an interval of 1 or 2 min. The cells were allowed to grow for an 

additional 48 h (MTS assay) or 11-14 d (clonogenic assay). All 

experiments were performed in duplicate, and results are an average of 

at least four separate experiments. 

 

VI SDT/SCI 

 

The viability of treated cells was assayed as described previously. 

Following an initial 24 h incubation, cells were administered 0.3 μg/ml 

TPCS2a in DMEM for 18 h. For SDT evaluation, the cells were washed 

three times with PBS, and 1 ml of fresh medium was added, and 

incubation was continued for a 4 h “soak” period followed by FUS 

irradiation performed as previously described. The cultures received a 

range of US exposures (0-0.4 W/cm2) delivered over an interval of 1 or 

2 min. For SCI evaluation, following a triple wash, BLM was added at 

various concentrations (0.075-0.3 μg/ml) and incubation was continued 

for a 4 h “soak” period followed by FUS irradiation (0-0.2 W/cm2) for 1 

or 2 min. In both cases, the cells were allowed to grow for an additional 

48 h (MTS assay) or 11-14 d (clonogenic assay). All experiments were 

performed in duplicate, and results are an average of at least four 

separate experiments.  

VII Statistical Analysis 

 

All data were analyzed and graphed using Microsoft Excel. The 

arithmetic mean and standard error were used throughout to calculate 

averages and errors. Statistical significance was calculated using the 

Student’s t-test as well as the Welch’s t-test. Two values were considered 

distinct when their p-values were below 0.05. 

 

Synergism was calculated when analyzing SCI treatments. The 

following equation was used to determine if the SCI effect was 

synergistic, antagonistic, or additive [17]: 

 

ab

ba

SF

SFSF 
=

 

In this scheme, SF represents the survival fraction for a specific 

treatment. If two treatments are to be compared, the survival fractions of 

each separate treatment are multiplied together and then divided by the 

survival fraction when both treatments are applied together. The 

resulting parameter (α) describes the cumulative effect. If α > 1, the 

result is synergistic. If α <1, the result is antagonistic, and if α = 1, the 

result is simply additive. 

 

Results 

 

I Endosomal Escape of TPCS2a After FUS Irradiation  

 

Fluorescence microscopy was used to verify the uptake and intracellular 

localization of TPCS2a in the absence or presence of FUS irradiation 

(Figure 2). The sonosensitizer (red) is shown to be taken up in the F98 

cells and localized in granular organelles representing endosomes and 

lysosomes (Figure 2a), as previously observed for other cell types. One-

hour post FUS exposure (Figure 2b), a diffuse fluorescence throughout 

the cytosol was observed, indicating FUS-induced endosomal escape. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: FUS-induced endosomal escape of TPCS2a. a) Sonosensitizer (red) was taken up in the F98 cells and was localized in the granular organelles 

representing endosome/lysosomes. b) 1-hour post FUS exposure shows diffuse TPCS2a indicating an induced endosomal escape of sonosensitizer by FUS 

irradiation. 
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II Effects of BLM and SDT on F98 Cells 

 

In order to determine the optimal parameters for evaluating the effects 

of SCI on the viability and ability to form colonies of F98 cells, titrations 

of drug concentration and FUS sonication parameters (energy and 

irradiance) were performed. The colony growth and cell viability data 

illustrated in (Figure 3) show that F98 cells are sensitive to increasing 

BLM concentrations: the LD50 for BLM is approximately 0.4 μg/ml. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Effects of BLM on colony formation and cell viability. Both 

viability assays were compared to a control with varying BLM 

concentrations (0-0.6 µg/ml). a) 100 cells were seeded, and viability was 

recorded at each BLM concentration.  b) Cell viability was recorded for 

each BLM concentration using an MTS assay. Error bars denote standard 

error. 

 

In addition to varying BLM concentrations, the cells were also exposed 

to SDT with varying FUS irradiance and energy. As shown in (Figure 

4), the highest FUS irradiances (0.3 and 0.4 W/cm2) resulted in 

significant cytotoxicity. Almost all cells exposed to SDT at 0.4 W/cm2 

for 2 min. (48 J/cm2) were killed. Based on the data presented in (Figure 

4), exposure of TPCS2a-incubated F98 cells to 2 min of 0.1 and 0.2 

W/cm2 FUS resulted in cell survival/viability ranging between 35 and 

80%, and as such, these exposure conditions were deemed appropriate 

for the SCI studies.   

 

III SCI Mediated BLM Effects on F98 Cells 

 

Two SCI methods were compared to BLM controls, as shown in (Figure 

5). The SCI experiments were performed with a FUS irradiance of either 

0.1 W/cm2 for 2 min or 0.2 W/cm2 for 1 min. The results show that SCI 

is significantly more effective compared to the BLM controls. As 

expected, SCI efficacy is sensitively dependent on BLM concentration: 

cell survival/viability decreases with increasing drug dose. Interestingly, 

at the highest drug dose (0.3 g/ml), no statistically significant 

difference in efficacy was observed between the two SCI methods (0.2 

W/cm2; 1 min vs. 0.1 W/cm2; 2 min) suggesting that efficacy at higher 

drug doses is dependent on the total energy delivered (12 J/cm2 in both 

cases). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Effects of SDT on F98 cells as a function of FUS irradiation 

parameters. SDT effect compared to a non-treated control with varying 

FUS exposure (0.1-0.4 W/cm2) over an interval of 1 or 2 min using: a) 

colony assay, or b) MTS assay. Asterisks (*) denote significant 

differences (p<0.05). Each data point represents the mean of four 

experiments. Error bars denote standard errors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Effects of BLM and SCI on colony formation and cell 

viability. SCI effect compared to a BLM control with varying FUS 

exposure (0-0.2 W/cm2) over an interval of 1 or 2 min.  Both viability 

assays were compared to a control with increasing BLM concentration 

from 0.075-0.3 µg/ml. a) Colony assay. b) MTS assay. Asterisks (*) 

denote significant differences (p<0.05). Each data point represents the 

mean of four experiments. Error bars denote standard errors. 
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Even in the absence of sonosensitizer, FUS exposure increased the 

efficacy of BLM (BLM vs. BLM+FUS group), as seen in (Figure 6) for 

both colony and cell viability assays. Since SCI is a technique that relies 

on the combination of drug, sonosensitizer and FUS exposure, the 

resultant toxicities should show more than an additive effect of the single 

modalities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Effects of BLM, BLM+FUS and BLM - SCI on cell colony 

and cell viability. Both assays were compared to a control with varying 

BLM concentration from 0-0.3 µg/ml. (a) Colony assay. (b) MTS assay. 

Asterisks (*) denote significant differences (p<0.05). Each data point 

represents the mean of four experiments. Error bars denote standard 

errors. 

 

The degree of synergism was calculated by comparing the survival 

fractions of BLM or SDT alone with that obtained for FUS+BLM or 

BLM-SCI using the cell survival data from (Figure 6b) at a sonication 

level of 0.2 W/cm2 - 1 min. As evidenced from the calculated  values, 

SCI demonstrated a pronounced synergistic effect of  = 3.3 and 3.9 for 

0.15 and 0.3 g/ml BLM respectively (the higher the α value, the greater 

the degree of synergism). Calculated  values in the case of FUS+BLM 

were 1.4 and 1.36 for 0.15 and 0.3 g/ml respectively. These results 

clearly demonstrated an increased synergistic effect of SCI compared to 

SDT or FUS+BLM applied independently.  

 

Discussion 

 

The limited penetration depth of light in biological tissues poses a 

significant challenge to light-based therapies such as PDT and PCI. In 

contrast, SDT and SCI have the potential to treat lesions deep within 

tissues and through the intact human skull. SDT has been extensively 

studied over a period of three decades in both in vitro and in vivo 

experiments. [12-17]. On the other hand, SCI is a relatively new 

therapeutic modality: the first studies were published in 201 [18]. 

Madsen et al. and Gonzalez et al. employed the combination of 

FUS+AlPcS2a+BLM in in vitro glioma models consisting of either 

glioma monolayers or 3-D multicellular spheroids, while Osaki et al. 

investigated the efficacy of SCI in vitro using a murine colon cell line 

and in vivo employing a murine mammary tumor model [6, 7, 19, 20]. 

 

The primary aim of the present study was to investigate the ability of 

SCI to increase the efficacy of BLM in a rat glioma cell line using the 

sono-photosensitizer TPCS2a. TPCS2a was developed in order to 

overcome some of the limitations associated with AlPcS2a, which has 

traditionally been used in PCI studies. Due to its strong absorption in the 

far-red region of the electromagnetic spectrum, AlPcS2a is especially 

useful for preclinical studies; however, it contains a large number of 

isomers with resulting batch-to-batch variations which may result in 

differences in clinical response [5, 9, 10]. TPCS2a was developed to 

address key clinical drug requirements including purity and 

reproducibility. Furthermore, the photobleaching rate of TPCS2a has 

been found to be much greater than AlPcS2a, which may be beneficial in 

degrading photosensitizer remaining in the skin. TPCS2a-induced PCI of 

BLM was recently evaluated in a phase I clinical trial in patients with 

local, recurrent, advanced, or metastatic cutaneous or subcutaneous 

malignancies [21]. The treatment was found to be safe and tolerable by 

all patients, and a TPCS2a dose of 0.25 mg/kg was recommended for 

future trials. 

 

Results shown in (Figure 2) suggest that FUS irradiation induces 

endosomal escape of TPCS2a and is consistent with observations of 

Madsen et al. (6) and Gonzalez et al. (7) who obtained similar results for 

AlPcS2a in F98 monolayers. The results shown in (Figure 6) suggest that 

FUS potentiates the cytotoxic effects of BLM in both the absence and 

presence of TPCS2a compared to drug alone. The increased efficacy of 

FUS in the absence of the sonosensitizer is likely due to the sonoporation 

of the cell membrane [22-25]. In the presence of TPCS2a, the FUS-

mediated-enhanced inhibitory growth effect of BLM is likely due to 

endosomal escape, in a similar manner to PCI. 

 

Due to the different sonosensitizer concentrations used (0.3 g/ml vs. 1 

g/ml for AlPcS2a) and the different FUS irradiation parameters, a direct 

efficacy comparison between the two sonosensitizers is somewhat 

difficult. Even so, a reasonable estimate may be obtained by comparing 

alpha values, which represent the degree of synergism between multiple 

modalities. Based on such a comparison, the AlPcS2a - SCI results of 

Gonzales et al. in an F98 spheroid model (7) were found to be in 

qualitative agreement with the TPCS2a - SCI findings of this study. For 

example, Gonzalez et al. reported an alpha value of 3.3 (0.5 g/ml BLM; 

0.2 W/cm2; 36 J/cm2) which compares favorably with the value (3.9) 

calculated in this study under somewhat similar conditions (0.3 g/ml 

BLM; 0.2 Wcm2; 12 J/cm2). 

 

It is thought that the mechanism underlying both cell plasma and 

endosome disruption is similar for both PCI and SCI, which are based 

on PDT and SDT effects, respectively. It should be noted that there is 

still some uncertainty as to the exact mechanism of the effects of SDT 

on cells, although ultrasound-induced inertial cavitation is likely a key 

component in the production of singlet oxygen via sonoluminescence 

emission [17, 18, 26, 27]. According to this hypothesis, indirect 

photoactivation of the sensitizing drug results in singlet oxygen 

generation. TPCS2a has a significant absorption peak around 400 nm, 
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which overlaps with the most intense region of the sonoluminescence 

emission spectrum ( 200 to 400 nm), thus providing the possibility of 

significant singlet oxygen formation. 

 

Conclusion 

 

Fimaporfin mediated SCI of BLM significantly increased its efficacy 

several folds. The  values obtained showed a significant degree of 

synergism of BLM-SCI compared to SDT, FUS activation of BLM or 

BLM alone. The noninvasive nature of FUS has the potential to lower 

drug concentrations and the possibility of repetitive fractionated 

treatment lowering the toxic side effects of chemotherapy. Unlike light-

based treatment modalities, SCI is not limited by the poor tissue 

penetration inherent to light transmission.   
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