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Summary. In an attempt to develop platinum-containing 
drugs for use with hyperthermia that would be relatively 
nontoxic at 37°C but would become very cytotoxic at 42 ° 
or 43 ° C, several nuclear dyes were complexed to the tet- 
rachloroplatinum(II) dianion (PtC14) at a ratio of 2: 1. The 
cytotoxicity of PtCI4 complexes of three thiazin dyes 
(thionin, azure B, and methylene blue), the xanthene dye 
pyronin Y, and the thiazole dye thioflavin was examined in 
exponentially growing euoxic and hypoxic EMT6 cells in 
vitro at 37 °, 42*, and 43* C and at pH 7.40 and 6.45. Of the 
thiazin dye complexes, the cytotoxicity of Pt(methylene 
blue)2 was most enhanced at hyperthermic temperatures. 
Both Pt(pyronin Y)2 and Pt(thioflavin)2 also became mark- 
edly more cytotoxic at 42* and 43° C at pH 6.45 vs pH 7.40. 
In vivo tumor excision assays in the FSalIC fibrosarcoma 
showed that with each of the thiazin dye-platinum com- 
plexes, hyperthermia enhanced cell kill [most effectively 
on Pt(methylene blue)2] but was not dose-modifying. For 
both Pt(pyronin Y)2 and Pt(thioflavin)2, however, adminis- 
tration of 43 ° C, 30-min hyperthermia to the tumor imme- 
diately after i.p. drug injection was dose-modifying. 
Tumor growth delay studies in the FSalIC tumor system 
demonstrated that, as with the in vitro studies, Pt(pyro- 
nin Y)2 and Pt(methylene blue)2 were most enhanced by 
hyperthermia [tumor growth delay increased by 4.8- and 
3.0-fold, respectively, vs only 1.3-fold for cisplatin 
(CDDP)]. Examination of intracellular platinum levels 
after exposure of EMT6 cells to 25 ~tM of drug for 1 h at 
37 ° and 42°C and at pH 7.40 and 6.45 showed that each 
platinum-dye complex achieved platinum levels that were 
100-600 times higher at 37°C and pH 7.40 than those 
obtained using CDDP. The platinum levels for each drug 
dropped markedly when exposure took place at pH 6.45. 
Exposure at 42°C only moderately increased platinum 
levels in cells exposed to these drugs. Thus, for several of 
these drugs the level of cytotoxicity observed was in great 
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part independent of the intracellular platinum levels 
achieved. Pt(pyronin Y)2 is an effective drug for use with 
hyperthermia, and further studies using this combination 
with and without radiation are under way. 

Introduction 

The combination of cisplatin (CDDP), local hyperthermia, 
and radiation has proved to be a practical and reasonably 
successful treatment for solid tumors in our clinic [ 10], but 
we feel that better agents can be developed specifically for 
these trimodality protocols. An ideal drug for this use 
would become highly cytotoxic in the presence of hyper- 
thermia [9] and would serve as a powerful radiosensitizing 
agent across all the different environmentally determined 
regions present within tumors. 

Our laboratory has been studying new complexes of 
the platinum tetrachlorodianion with positively charged 
nuclear and mitochondrial dyes [7, 8, 16, 20-24, 28], 
which we designed as antitumor agents for use alone or in 
conjunction with hyperthermia and/or radiation. In this 
report, we describe the effect of hyperthermia on the cyto- 
toxicity of five complexes of the platinum tetrachlorodian- 
ion using three thiazin dyes, thionin, azure B, and methy- 
lene blue, the xanthene dye pyronin Y, and the thiazole dye 
thioflavin in both in vitro and in vivo systems. 

Materials and methods 

Dntgs. Thionin, azure B. methylene blue, pyronin Y, and thioflavin were 
purchased from Aldrich Chemical Co. (Milwaukee, Wis.). Potassium 
tetrachloroplatinate was a gift from Drs. Donald H. Picker and Michael J. 
Abrams, Johnson Matthey, Inc. (West Chester, Pa). The platinum com- 
plexes of tetrachloroplatinate and each of the dyes were prepared in our 
laboratory by reaction of potassium tetrachloroplatinate with a slight 
molar excess of the dye at a ratio of 2 tool dye: I mol potassium tet- 
rachloroplatinate in water at room temperature to form PtCh(dye)_,. The 
precipitated complexes were washed with ice-cold water, methanol, and 
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diethyl ether, then used for experiments [ 1, 16]. Elemental analysis of the 
complexes for C, H, N, CI, and Pt was carried out by Galbraith Labora- 
tories (Knoxville, Tenn.) and found to be in agreement with calculated 
values within 0.5%. These complexes are hereafter referred to as Pt(dye)2 
[i. e., Pt(thionin)2]. 

Cell culture. EMT6 mouse mammary tumor cells have been widely used 
for the study of hypoxia [ 12-14] and heat effects in vitro [3]. The EMT6 
tumor cell line was originally developed by Rockwell et al. [ 15]. Cultures 
were maintained in exponential growth in Waymouth's medium (I. S. I. 
Corp., Chicago, I11.) supplemented with 15% newborn calf serum, peni- 
cillin (100 IU/ml), and streptomycin (100 12g/ml) (Grand Island Biologi- 
cal Co., Grand Island, NY). The doubling time of these cultures, growing 
at 37°C in an atmosphere comprising 5% CO2/95% air, was 16-19 h. In 
vitro plating efficiencies of control cultures were 65%-80%. 

Heat treatments. Exponentially growing cells were exposed to a temper- 
ature of 37 °, 42*, or 43°C for 1 h. Heating was accomplished in a 
Plexiglas water tank, with a continuous inflow and outflow system 
monitored by a water-temperature controller (Braun Thermomix 1460; 
Braun Instruments) [6]. Cells underwent heating in sealed plastic flasks 
(Falcon Plastics) containing 5 ml complete medium. Water temperature 
could be maintained at ± 0.10"C (SD). 

Production ofhypoxia. To produce hypoxia, the plastic flasks, containing 
exponentially growing monotayers in complete medium plus serum, 
were fitted with sterile rubber septa and exposed to a humidified, con- 
tinuously flowing atmosphere of 95% N2/5% CO2 for 4 h at 37 ° C as 
previously reported [18, 19]. Parallel flasks were maintained in 95% 
air/5% CO2. At the end of 4 h, the drug or vehicle was added to the flasks 
by injection through the rubber septum without disturbing the hypoxia. 

Alterations in pH. The pH of the medium was adjusted using a sodium 
bicarbonate (NaHCO3)/5% CO2 buffer system [4]. For medium with 
serum, the lowest pH that could be achieved with 5% CO_, in the absence 
of NaHCO3 was 6.43 + 0.01. The reduced sol ubility of CO2 at 40 ° -  45 ° C 
increased the actual pH to 6.45 as measured by a bioprobe combination 
pH electrode (Orion Research, Cambridge, Mass.). For experiments, the 
original bicarbonate-buffered medium (pH 7.40) was replaced by media 
without NaHCO3, and flasks were either purged with 95% air/5% CO2. 
4 h before heating for normally oxygenated conditions or gassed with 
95% N2/5% CO2 for 4 h at 37°C for hypoxic experiments, as stated 
above. 

Drug o'eatments. Exponentially growing cells were exposed to varying 
concentrations of Pt(thionin)2, Pt(azure B)2, Pt(methylene blue)2, Pt(py- 
ronin Y)2, or Pt(thioflavin)2 in T-25 flasks for 1 h at 37", 42", or 43" C. 
Non-drug treated controls were handled identically. Drugs were prepared 
in sterile PBS immediately before use and added to the flasks in a small 
volume (50-I00 gl). Addition of the drug solution did not significantly 
alter the pH of the culture. 

Cell viability measurements. Cell viability was measured by the ability of 
single cells to form colonies in vitro, as described previously [18, 19]. 
Each experiment was repeated 3 - 5  times, and each data point per exper- 
iment represented the results of 3 different dilutions of cells plated in 
triplicate. 

Platimmt determinations. Solutions of CDDP, K2PtCI4, and each of the 
Pt(dye),. complexes were prepared in media without serum. The final 
concentration of all seven solutions was confirmed by flameless atomic 
absorption spectrophotometry [7]. EMT6 cells in exponential growth 
were trypsinized with a 1 : 1 0.25% trypsin: EDTA solution and centri- 
fuged at 500 g for 4 min. The cell pellets were resuspended in media 
containing 15% newborn calf serum at a concentration of approximately 
4 x 106 cells/ml for 1 h. Tubes containing the drugs in media were 
preheated in water baths at 37 ° and 42" C. The cells were added to the 
drug-containing media at each temperature and were incubated for I h at 
a concentration of I. 15 x 106 cells/ml of 25 12M drug solution. 

After incubation, the cells were placed on ice and washed four times 
with 0.9% PBS to remove extracellular drug. The final washings were 
determined by atomic absorption spectrophotometry to have below-de- 
tectable levels of platinum. The final cell pellet was sonicated, and the 
mass of intracellular platinum was determined by atomic absorption 
spectrophotometry. 

Flameless atomic absorption spectrophotometty. By this procedure [8], 
platinum from a 15-121 sample injection volume was atomized from the 
walls of pyrolytically coated graphite tubes. A Perkin Elmer model 2380 
atomic absorption spectrophotometer was used in conjunction with a 
Perkin Elmer model 400 graphite furnace to measure the absolute mass 
of platinum in the cell samples [2, 7]. Each measurement was made in 
triplicate in three independent experiments. 

Tumor. The FSalI fibrosarcoma [I1] adapted for growth in culture 
(FSalIC) [17] was carried in C3H/He male mice (Jackson Laboratory, 
Bar Harbor, Me.). For the experiments, 2 x  106 tumor ceils prepared 
from a brei of several stock tumors were implanted intramuscularly into 
the legs of 8- to 10-week-old C3H/He male mice. 

Tumor growth delay experiments. When the tumors were approximately 
100 mm 3 in volume, treatment was initiated. In those groups receiving 
the drug, either CDDP (5 mg/kg), Pt(thionin)2 (100 mg/kg), Pt(azure B)2 
(100 mg/kg), Pt(methylene blue)2 (100 mg/kg), Pt(pyronin Y)2 
(100 mg/kg), or Pt(thioflavin).~ (1 mg/kg) in 0.9% phosphate-buffered 
saline (PBS) (0.2 ml) was injected i.p. as a single dose. In the groups 
undergoing hyperthermia, heat was locally delivered as a single dose to 
the tumor-bearing limb by immersion in a specially designed Plexiglas 
water bath at 44°C, which enabled the centers of tumors to reach 
43" ± 0.2 ° C as measured by a digital readout thermistor (Sensortech Inc., 
Clifton, N J) placed into the center of the tumor in selected control 
animals as previously described [5]. No anesthetic was used. Hyperther- 
mia was delivered immediately following i. p. injections. The progress of 
each tumor was measured thrice weekly until it reached a volume of 
500 mm 3. Tumor growth delay was calculated as the number of days 
taken by each individual tumor to reach 500 mm 3 as compared with 
untreated controls. Each treatment group had seven animals, and the 
experiment was repeated three times. Days of tumor growth delay repre- 
sent the mean ± SE for the treatment group as compared with controls. 

Tumor e.rcision assay. When the tumors were approximately 100 mm 3 in 
volume (about 1 week after tumor cell implantation), the animals were 
injected i.p. with various doses of either Pt(thionin)z, Pt(azure B)2, 
Pt(methylene blue)2, or Pt(pyronin Y),_ at 1130, 250, or 500 mg/kg or with 
Pt(thioflavin)2_ at 0.5, 1, or 2 mg/kg either alone or immediately followed 
by hyperthermia (43° C, 30 min), as described above, to the tumor-bear- 
ing limb. Mice were sacrificed and soaked in 95% ethanol 24 h after 
treatment to allow for full expression of drug cytotoxicity and repair of 
potentially lethal damage. The tumors were excised under sterile condi- 
tions and single-ceU suspensions were prepared as previously described 
[25]. The untreated tumor cell suspensions had a plating efficiency of 
10%- 16%. The results are expressed as the surviving fraction _ S E  of 
cells from treated groups as compared with untreated controls [5]. 

Results 

The structures of the three thiazin dyes thionin, azure B, 
and methylene blue as well as those of the xanthene dye 
pyronin Y and the thiazole dye thioflavin are shown in 
Fig. 1. The thiazin molecules represent a structural series 
with increasing methylation of the amino groups. Pyronin 
Y is the tetramethylamino xanthene, which may be com- 
pared with methylene blue, the thiazin with the same sub- 
stitution pattern. Thiofiavin has a five-member heterocycle 
similar in structure to the six-member heterocyclic ring of 
the thiazin molecules. These five dyes, each of which bears 
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Fig, 2. Survival curve of exponentially growing, normally oxygenated 
( 0 )  and hypoxic (O)  EMT6 cells exposed to the concentrations of 
Pt(thioninb_ indicated at 37 °, 42 °, or 43* C and at pH 7.40 and 6.45. The 
survival value plotted on the y-axis represents heat killing alone under the 
conditions indicated. Points represent the means of 3 independent deter- 
minations+_ SEM (bars) 

Table 1. Concentrations of the free dyes that produced 1 log of kill of EMT6 cells under the various treatment conditions 

Dye Dye concentration, ~M 

pH 7.4 pH 6.45 

37°C 42°C 43'C 37*C 42"C 43"C 

Oxic Hypoxic Oxic Hypoxic Oxic Hypoxic Oxic Hypoxic Oxic Hypoxic Oxic Hypoxic 

Thionin 500 >500 500 250 250 250 500 >500 

Azure B 450 >500 250 >500 250 >500 >500 >500 

Methylene blue 100 260 50 125 50 75 150 t20 

Pyronin Y 25 75 20 75 10 50 125 150 

Thioflavin 10 150 10 50 5 25 5 25 

K2PtCI.; 500 >500 400 450 200 250 >500 >500 

200 175 150 150 

250 5O0 75 50 

100 120 100 110 

7 20 5 7 

I 5 0.5 0.25 

>500 >500 200 300 

Experimental details were the same as for the platinum(dye)2 complexes 

a diffuse, positive charge, form tight ion-pair complexes 
with the platinum tetrachlorodianion at a ratio of 2: 1 in a 
manner analogous to that of rhodamine-123 [16, 20, 23, 
24], fast black [5], and other positively charged dyes 
[16, 21, 23, 24]. 

At normal pH (pH 7.40) and 37* C, Pt(thionin)2 is not 
very cytotoxic, killing only approximately 50% of nor- 
mally oxygenated and 40% of hypoxic EMT6 ceils on 
exposure to a 500 pM concentration of drug for 1 h 
(Fig. 2). The cytotoxicity of the free dye is shown in 
Table 1. When the temperature during drug exposure was 
further elevated to 43*C at pH 7.40, there was a marked 
increase in the cytotoxicity of Pt(thionin)2. Exposure to 

500 p.M Pt(thionin)2 for 1 h at 43°C and pH 7.40 resulted 
in the kill of approximately 2.5 log of EMT6 cells, whether 
they were normally oxygenated or hypoxic. Pt(thionin)2 
was more cytotoxic when the extracellular pH was reduced 
to pH 6.45. At pH 6.45 and 37* C, exposure to a concentra- 
tion of 500 ~M for 1 h killed approximately 1 log of nor- 
mally oxygenated EMT6 cells and approximately 1.5 logs 
of hypoxic EMT6 cells. 

When the temperature during drug exposure was in- 
creased to 42 ° C, there was a marked increase in the cyto- 
toxicity of Pt(thionin)2 toward normally oxygenated 
EMT6 cells, whereas there was a much smaller change in 
the cytotoxicity of the drug toward hypoxic EMT6 cells. At 
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Pt(methylene blue)2_ indicated at 37 °, 42", or 43" C and at pH 7A0 and 
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alone under the conditions indicated. Points represent the means of 3 
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42°C and pH 6.45, exposure to 500 IxM Pt(thionin)2 re- 
suited in the kill of approximately 3 logs of normally 
oxygenated EMT6 cells and nearly 2 logs of hypoxic 
EMT6 cells. Increasing the temperature during drug expo- 
sure to 43 ° C at pH 6.45 produced about 3.5 logs of kill of 
normally oxygenated EMT6 cells and almost 3 logs of kill 
of hypoxic EMT6 cells on treatment with 500 I.tM 
Pt(thionin)2 for I h. 

The cytotoxicity of Pt(azure B)2 was not effectively 
enhanced by hyperthermia at pH 7.40 and either 42 ° or 
43 ° C in normally oxygenated or hypoxic cells (Fig. 3). The 
killing of hypoxic EMT6 cells by 500 ~ Pt(azure B)2 for 
I h decreased 5-fold when the temperature during drug 
exposure increased from 37 ° to 42"C at pH 7.40. Even at 
43*C and pH 7.40, there was 2-fold less kill of hypoxic 
EMT6 cells by 500 gM than was seen at 37°C with the 
same drug treatment. At pH 6.45 and 37°C, Pt(azure B)2 
was also not very cytotoxic, killing 50% of normally oxy- 
genated or hypoxic EMT6 cells at a concentration of 
500 !tu~/. Exposure to 500 IxM for 1 h at 42 ° C and pH 6.45 
resulted in the kill of approximately 1 log of normally 
oxygenated EMT6 cells and of approximately 2.5 logs of 
hypoxic EMT6 cells. Increasing the temperature during 
drug exposure to 43*C at pH 6.45 produced almost 3 logs 
of kill of either normally oxygenated or hypoxic EMT6 
cells treatment with 500 gM Pt (azure B)2 for I h. 

At normal pH (pH 7.40) and 37*C, Pt(methylene 
blue)2 was only moderately cytotoxic (Fig. 4). There was a 
marked increase in the cytotoxicity of Pt(methylene blue)2 
toward both normally oxygenated and hypoxic EMT6 cells 
at elevated temperatures. At 42*C and pH 7.40, exposure 
to 500 laM for 1 h killed approximately 3 logs of normally 
oxygenated EMT6 cells and approximately 4 logs of hy- 

poxic EMT6 cells. When the temperature during drug 
treatment was further increased to 43"C at pH 7.40, expo- 
sure to 250 p.M Pt(methylene blue)2 killed 3.5 logs of 
normally oxygenated EMT6 cells, and exposure to 100 pM 
killed nearly 4.5 logs of hypoxic EMT6 cells. Pt(methylene 
blue)2 was slightly more cytotoxic at pH 6.45 and 37°C 
than at pH 7.40 and 37°C. 

Increasing the temperature during drug exposure to 
42°C at pH 6.45 produced only a small increase in the 
cytotoxicity of Pt(methylene blue)2 in normally oxy- 
genated EMT6 cells. However, there was a marked in- 
crease in its cytotoxicity toward hypoxic EMT6 cells, such 
that exposure to 500 ~ / k i l l e d  nearly 5 logs of hypoxic 
cells. Exposure to 500 pM Pt(methylene blue)2 for 1 h at 
43°C and pH 6.45 killed approximately 3.5 logs of nor- 
mally oxygenated EMT6 cells, whereas exposure to 
250 p.M under the same conditions killed nearly 5 logs of 
hypoxic EMT6 ceils. Overall, however, at 43* C Pt(methy- 
lene blue)2 was more cytotoxic to cells under normal pH 
conditions (pH 7.40) than under acidic conditions 
(pH 6.45). 

Pt(pyronin Y)2 was moderately cytotoxic at normal pH 
(pH 7.40) and 37 ° C, killing nearly 2 logs of normally 
oxygenated EMT6 cells and nearly 1 log of hypoxic EMT6 
cells on treatment with 500 IxM for I h (Fig. 5). E.rposzlre 
to 250 pM Pt(pyronin Y)2 at 42* C killed approximately 3 
logs of normally oxygenated EMT6 cells, whereas expo- 
sure to 500 gM killed approximately 2 logs of hypoxic 
EMT6 cells. 

Increasing the temperature during drug exposure to 
43* C at pH 7.40 did not significantly change the cytotoxic- 
ity of Pt(pyronin Y)2 toward normally oxygenated EMT6 
cells compared with that seen at 42°C but did increase the 
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Table 2. Intracellular levels of platinum after 
exposure to various platinum complexes at 37" C 
or 42" C for 1 h 

EMT6 cells were exposed to 25 ~tM drug for I h. 
Platinum levels were measured by flameless 
atomic absorption spectrophotometry. Data are 
shown as ng Pt/106 cells_+ SE 

Treatment pH 7.40 pH 6.45 

37"C 42"C 37"C 42"C 

CDDP 0.95_+0.13 1 . 1 7 _ + 0 . 2 1  1.06-+0.08 1.16_+0.12 
K2PtCI4 0.18-+0.06 0.20-+0.04 0.21___0.11 0.24___0.12 

Pt(thioninb_ 306 -+ 42 373 -+ 53 280 +28 355 _+43 
Pt(azure B)2 637 -4- 121 760 -+ 130 10 -4- 2 17 + 2 
Pt(methyleneblue)z 202 _+ 32 287 ___ 46 176 -+24 437 -+51 

Pt(pyronin Y)2 649 -+ 108 767 + 127 102 -+ 15 147 +22 

Pt(thioflavin):_ 116 -+ 18 124 __. 16 54 +_ 13 60 _+ t2 

sensitivity of hypoxic EMT6 cells to this drug, such that 
exposure to 250 pM killed nearly 2 logs of cells. At ele- 
vated temperature and pH 6.45, Pt(pyronin Y)2 became 
markedly more cytotoxic to both normally oxygenated and 
hypoxic EMT6 cells. Exposure to a concentration of 
50 IxM for 1 h at 42°C and pH 6.45 killed almost 4.5 logs 
of normally oxygenated EMT6 cells, whereas while expo- 
sure to a concentration of 100 ~ 4  killed approximately 3.5 
logs of hypoxic EMT6 cells. Increasing the temperature 
during drug exposure to 43°C resulted in an additional, 
marked increase in the cytotoxicity of Pt(pyronin Y)2 to- 
ward both normally oxygenated and hypoxic EMT6 cells. 

At normal pH (pH 7.40) and 37 ° C, Pt(thioflavin)2 was 
more cytotoxic to normally oxygenated EMT6 cells than 
toward hypoxic EMT6 cells (Fig. 6). There was a l-log 
differential in cell kill by Pt(thioflavin)2, depending on the 
cellular oxygenation condition, such that 500 ItM killed 
slightly more than 3.5 logs of normally oxygenated EMT6 

cells, and the same treatment killed slightly more than 2.5 
logs of hypoxic EMT6 cells. 

Increasing the temperature during drug exposure to 
42* C had a very marked effect on the cytotoxicity of this 
drug toward both normally oxygenated and hypoxic EMT6 
cells. Increasing the temperature during drug exposure to 
43°C produced a moderate increase in the cytotoxicity of 
Pt(thioflavin)2 toward cells under both oxygenation condi- 
tions. Exposure to 50 IxM for 1 h at 43°C and pH 7.40 
killed approximately 3 logs of normally oxygenated EMT6 
cells and approximately 3.5 logs of hypoxic EMT6 cells. 
At 37°C and pH 6.45, treatment with 100 gM for 1 h killed 
almost 3 logs of normally oxygenated EMT6 cells and 
nearly 3.5 logs of hypoxic EMT6 cells. A concentration of 
50 laM Pt(thioflavin)2 at 42 ° C and pH 6.45 killed 4.5 logs 
of normally oxygenated EMT6 cells in a l-h treatment, 
whereas 25 I.d//killed approximately 3.5 logs of hypoxic 
EMT6 under the same conditions. Increasing the tempera- 
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Table 3. Growth delay of the FSalIC fibrosarcoma produced by combi- 
nations of Pt(dye)2 or CDDP with heat 

Treatment group Tumor growth delay, days a 

43 ° C, 30 min b 1.4 +- 0.7 

CDDP (5 mg/kg) 4.4+ 0.9 
CDDP ---~Heat 5.9"-- 1.1 

Pt(thionin)~ ( 100 mg/kg) 3.1 +_ 0.5 
Pt(thionin)2 ---+Heat 4.6__. 0.7 

Pt(azure B)2 (100 mg/kg) 2.6 +- 0.5 
Pt(azure B)2 ~Hea t  5.6 +- 0.9 

Pt(methylene blue)2 (100 mg/kg) 3.6 +- 0.6 
Pt(methylene blue)2 --->Heat 10.9 +- 1.2 

Pt(pyronin Y)2 (100 mg/kg) 2.0 +- 0.5 
Pt(pyronin Y)2 ~Hea t  9.5 +- 1.1 

Pt(thioflavin)2 (1 mg/kg) 1.3 +- 0.3 
Pt(thioflavin)2 --->Heat 3.9___ 0.7 

= Tumor growth delay is the difference in the number of days for the 
treated tumors to reach 500 mm 3 compared with untreated control tumors. 
The data presented represent the means of 14 animals + SE 
b On day 1 of treatment, heat was locally delivered as a single dose to 
the tumor-bearing limb by emersion in a water bath at 44* C, which enabled 
the tumors to reach 43" C 
Drug was injected in PBS as a single i. p. dose 

ture further during drug exposure to 43° C at pH 6.45 pro- 
duced only a small additional increment in the cytotoxicity 
of Pt(thioflavin)2 toward cells under either condition of 
oxygenation. 

In general, the cytotoxicity of the free dyes was much 
less effected by hyperthermic temperatures during drug 
exposure. Table 1 shows the dye concentrations that pro- 
duced 1 log of cell kill under the various treatment condi- 
tions. 

Intracellular platinum levels were measured following 
exposure of normally oxygenated EMT6 cells to 25 ktM 
CDDP, K2PtCI4, or each of the five Pt(dye)2 complexes for 
1 h at pH 7.40 or 6.45 and at 37* or 42* C (Table 2). After 
exposure to 25 /.tM CDDP under each of the conditions 

tested, approximately 1 ng platinum was found in 1 x 106 
EMT6 cells. There was a trend toward a slightly higher 
level of platinum content in the EMT6 cells after exposure 
of the cells to CDDP at 42°C, but this effect was not 
statistically significant. As has previously been described 
[ 15], platinum in the form of K2PtC14 enters cells poorly. 
There was no difference in the amount of platinum from 
K2PtC14 found in the EMT6 cells at either pH or at the 
different temperatures. At pH 7.40 and 37* C, much more 
platinum was found in EMT6 cells after exposure to each 
of the platinum-dye complexes than was found with either 
CDDP or K2PtC14. Platinum levels from Pt(azure B)2 or 
Pt(pyronin Y)2 amounted to >600 ng/1 × 106 cells, where- 
as the lowest levels measured were from Pt(thioflavin)2, at 
about 100 ng/1 × 106 cells for the same treatment. 

All of these platinum complexes showed decreased 
levels of platinum in EMT6 cells when the extracellular pH 
was reduced to pH 6.45. The greatest changes occurred 
with Pt(azure B)2 (a decrease of 64-fold) and Pt(pyronin 
Y)2 (a decrease of 6.4-fold). The smallest changes oc- 
curred with Pt(thionin)2 (a decrease of 1.1-fold) and 
Pt(methylene blue)2 (a decrease of 1.15-fold), but these 
were not statistically significant. In all cases there was a 
trend toward increased levels of platinum in the cells with 
increased temperature (42"C) during drug exposure, but 
this difference only reached statistical significance with 
Pt(methylene blue)2. The level of platinum obtained in 
1 × 106 EMT6 cells exposed to 25 gM Pt(methylene blue)2 
for 1 h at pH 6.45 increased about 2.5-fold from 176 ng at 
37"C to 437 ng at 42"C (P<0.01). 

The potential of each of the Pt(dye)2 complexes as 
antitumor agents alone and in combination with local hy- 
perthermia was tested in the FSaIIC fibrosarcoma by 
assessment of tumor growth delay (Table 3) and tumor cell 
survival (Fig. 7, 8). Tumor growth delay was measured 
after a single dose of drug given alone or immediately 
followed by hypertherrnia (43"C, 30 min) locally to the 
tumor-bearing limb (Table 3). The hyperthermia treatment 
itself had only a small effect on tumor growth delay 
(1.4 days). CDDP (5 mg/kg) produced a growth delay of 
4.4 days; with hyperthermia, the growth delay produced by 
CDDP increased to 5.9 days. A dose of 100 mg/kg was 
selected for initial single-dose testing of the Pt(dye)2 corn- 
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Fig. 7. Survival curve of FSalIC cells from FSalIC tumors 
treated with various doses of Pt(thionin)2, Pt(azure B)2, or 
Pt(methylene blue)2 ( e )  with hyperthermia (43"C, 30 min) 
delivered immediately after drug administration or (O)  
without hyperthermia. The survival value for hypenhermia 
alone was 0.65 ___ 0.05. The data represent the mean of 3 in- 
dependent experiments ( +_ SEM) 
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Fig. 8. Survival curve of FSalIC cells from FSalIC tumors treated with 
various doses of Pt(pyronin Y)2, or Pt(thioflavin)2 ( • )  with hyperther- 
mia (43°C, 30 min) delivered immediately after drug administration or 
(O) without hyperthermia. The survival value for hyperthermia alone 
was 0.65 +_ 0.05. The data represent the mean of 3 independent experi- 
ments (+  SEM) 

plexes in vivo. Four of these complexes were well tolerated 
at this dose, but the maximum tolerated dose of Pt(thio- 
flavin)2 was I mg/kg. Among the platinum-thiazin com- 
plexes, the enhancement in tumor growth delay increased 
with increasing level of methylation of the dye molecule. 
The greatest enhancement in tumor growth delay was seen 
with the drug Pt(pyronin Y)2, which produced little tumor 
growth delay itself (2 days), and was increased about 4.8- 
fold to 9.5 days with the addition of local hyperthermia to 
treatment with the drug. Treatment with Pt(thioflavin)2 at 
the dose of 1 mg/kg was enhanced 3.0-fold when drug 
administration was followed by hyperthermia. 

The survival of FSalIC tumor ceils treated with the 
platinum-thiazin complexes alone or followed by treat- 
ment with hyperthermia is shown in Fig. 7. The tumor 
cell survival due to hyperthermia treatment alone was 
0.65 _+ 0.05. For each of these three drugs, the addition of 
hyperthermia to treatment with the drug produced an addi- 
tional aliquot of tumor cell kill; that is, the tumor cell 
survival curves for the drug alone and the drug plus hyper- 
thermia were essentially parallel. The pattern for increased 
tumor cell kill by the platinum-thiazin complexes in com- 
bination with hyperthermia was the same as that for tumor 
growth delay. Tumor cell kill by Pt(thionin)2, Pt(azure B)2 
and Pt(methylene blue)2 was increased about 1.9-fold, 2.6- 
fold and 9-fold, respectively, by the addition of hyperther- 
mia to the drug treatment. 

On the other hand, there was evidence of dose modifi- 
cation of Pt(pyronin Y)2 and Pt(thioflavin)2 by hyperther- 
mia (Fig. 8). The tumor cell kill by Pt(pyronin Y)2 at a dose 
of 100 mg/kg was enhanced about 14.6-fold by hyperther- 
mia, whereas at a dose of 500 mg/kg Pt(pyronin Y)2, tumor 
cell kill was enhanced 21.3-fold. Tumor cell kill by Pt(thio- 
flavin)2 at a dose of 0.5 mg/kg was enhanced about 2. l- 
fold by the addition of hyperthermia to drug treatment, 
whereas at the higher dose of 2 mg/kg Pt(thioflavin)2, hy- 
perthermia enhanced tumor cell kill about 3.8-fold. Over- 

all, in the tumor-cell survival assay, Pt(pyronin Y)2 
showed the greatest enhancement of tumor cell kill by 
hyperthermia. 

Discussion 

Various physiological environments exist in solid tumor 
masses, which may effect the metabolic status of tumor 
cells and the actions of antitumor agents [9, 25, 26]. We are 
searching for drugs capable of becoming very cytotoxic in 
conjunction with hyperthermia across various environmen- 
tal conditions. Thionin, azure B and methylene blue form a 
series of thiazin dyes with increasing methylation. Within 
the series of platinum-dye complexes formed by these 
three molecules, there is a trend toward increasing cytotox- 
icity to hypoxic EMT6 cells at acidic pH (pH 6.45) and 
hyperthermic temperatures with increasing methylation of 
the dye molecule. There is also a trend within this series of 
three complexes toward increasing cytotoxicity to nor- 
mally oxygenated EMT6 cells at normal pH (pH 7.40) and 
elevated temperatures with increasing methylation of the 
dye molecule. Therefore, in vitro studies would predict that 
Pt(methylene blue)2 would be the most effective of the 
Pt(thiazin)2 complexes in vivo. This prediction was borne 
out in both tumor-growth delay and tumor-cell survival 
studies where the enhancement of hyperthermia on the 
effect of these drugs was observed with Pt(methylene 
blue)2. It is interesting to note that Wang et al. [27] also 
found a positive interaction between methylene blue and 
hyperthermia. 

The xanthene dye Pyronin Y is structurally most 
closely related to the thiazin dye methylene blue. The 
enhancement in cytotoxicity toward hypoxic EMT6 cells 
by Pt(pyronin Y)2 at acidic pH (pH 6.45) with hyperther- 
mia was even greater than that seen -with Pt(methylene 
blue)2 under the same conditions. The enhancement pro- 
duced by hyperthermia of the cytotoxicity of Pt(py- 
ronin Y)2 toward normally oxygenated EMT6 cells at nor- 
mal pH (pH 7.40) was at least as large as the effect of 
hyperthermia on the cytotoxicity of Pt(methylene blue)2 
toward EMT6 cells under the same conditions. In vivo, 
Pt(pyronin Y)2 showed the largest differential enhance- 
ment of any of the drugs examined in this study, both in the 
tumor-growth delay assay and in the tumor-cell survival 
assay. 

The platinum complex of the thiazole dye, thioflavin, 
was the most cytotoxic of the agents examined in this 
study. At normal pH (pH 7.40), the cytotoxicity of Pt(thio- 
flavin)2 showed a marked enhancement with hyperthermia, 
and, at acidic pH (pH 6.45), this dye complex was con- 
siderably cytotoxic under all of the conditions tested. In 
vivo, it was markedly more toxic than the other platinum 
complexes examined in this study; however, even at a dose 
of 1 mg/kg, there was a 3-fold enhancement in the tumor 
growth delay produced by this drug by hyperthermia. 

One of the rationales for preparing these complexes 
was that by associating the negatively charged PtC14 with 
positively charged nuclear dyes, a neutral species would be 
formed that would enable more platinum to gain entrance 
into the cell. The data in Table l indicate that at normal pH 
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fpH 7.40) and temperature (37* C), about 100- to 600-fold 
more platinum enters cells in the form of these platinum- 
dye complexes than as CDDP at the same concentration 
and time of exposure. The platinum-dye complexes, how- 
ever, are not as cytotoxic as CDDP, indicating that the 
platinum in this form is not as active or accessible in acting 
on critical intraceUular target molecules. 

In the series of thiazin-containing platinum-dye 
complexes at normal pH, the highest levels of platinum in 
cells were found with Pt(azure B)2. Although it was not the 
most effective agent in this group with hyperthermia, 
Pt(azure B)2 was the most effective radiosensitizer among 
this group of complexes, both in vitro [dose modifying 
factor (DMF)2.5 at a concentration of 100 p.M] in hypoxic 
EMT6 cells and in vivo (DMF 2.1 at a dose of 100 mg/kg) 
in the FSalIC fibrosarcoma [24]. Pt(thionin)2 was also an 
effective radiosensitizer, but Pt(methylene blue)2 was not 
[9]. Pt(pyronin Y)2, which produced platinum levels in the 
cells comparable with those of Pt(azure B)2, was a moder- 
ately effective radiosensitizer of hypoxic EMT6 cells in 
vitro (DMF 1.5 at a concentration of 100/aM) and, at the 
dose of 100 mg/kg, was also a moderately effective 
radiosensitizer of the FSa.IIC fibrosarcoma in vivo 
(DMF 1.5) [24]. The platinum levels achieved in EMT6 
cells with several of these agents decreased markedly when 
the extracellular pH was reduced to pH 6.45. In general, 
however, there was no corresponding decrease in cytotox- 
icity. The radiosensitizing potential of these drugs at 
pH 6.45 is currently under study. 

In conclusion, of the five platinum-dye complexes ex- 
amined in this study, Pt(pyronin Y)2 appears to have the 
most favorable properties for use in combined modality 
therapy because it showed a marked increase in cytotoxic- 
ity, tumor growth delay, and tumor cell kill in combination 
with hyperthermia and was also a moderately effective 
radiosensitizer in vitro and in vivo [24]. Further studies are 
now under way with this drug. 
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