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Drugs for temperature-sens|tive Hposomes have been HmRed to the hydrophilic drugs, such as methotrexate and 
c/s-dichlorediammineplatinmn, with a low affinity for the lipid bilayer. It was, however, of importance to investigate 
whether the concept of temperature-sensitive |iposomes can be extended to amplfiphHic or lipophflic compounds, 
because some useful drugs are amphiphfiic or lipophilic. In this study we tried to use adriamycin, an amphlphHic 
antitumor agent, as a drug for temperature-sensitive liposomes. In the absence of serum, the liposomes prepared from 
dipalmitoylphosphatldyleholine released adriamycln in a temperature-sensitive manner, i.e., they retained the major 
portion of entrapped adriamycin at a lower temperature 32°C, and released around 70% of the drug at 42°C, a 
temperature higher than the phase-transition temperature of the phospho|ipid. However, when sennn was preseht, the 
liposomes were leaky even at 32 ° C. To raise the stability of the |iposomes, we included various tool% of cholestero| in 
the liposomal membrane and examined te}nporature sensitivity and stability of the liposomes in the presence of serums. 
Our results indicated that the liposo|evs including 20 too|% cholesterol were considerably stable anO exhibRed the 
maximal temperature-sensitive release of adriamycin in the presence of serum. 

Introduction 

Liposomes are considered to be potentially useful 
drug carriers. They are nontoxic, biodegradable and 
capable of entrapping various compor, mds. However, 
the potential use of fiposomes for chemotherapy is 
limited by several factors, including lack of the target 
specificity of liposomes. To circumvent this disad- 
vantage, a number of studies have been performed by 
modifying the surface of liposomes with biological-re- 
cognition molecules, such as antibodies, lectins and 
polysaccharides [1-8]. 

Yatvin and his co-workers have used a unique alter- 
native approach for controlled release of drugs by using 
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temperature-sensitive liposomes in conjunction with lo- 
cal hyperthermia [9-12]. They encapsulated methotre- 
xate and cis-dichlorodiammineplatinum into either small 
unilamellar vesicles composed of DPPC and DSPC or 
reverse-phase evaporation vesicles composed of DPPC 
and dipalmitoylphosphatidyiglycerol. In in vitro experi- 
ments, they observed temperature-sensitive release of 
the drugs upon brief exposure to heating at 42 ° C, a few 
degrees higher than the physiological temperature. In 
mouse model experiments with mouse leukemia L1210 
or Sarcoma 180, they showed that the drugs were accu- 
mulated 4-fold more efficiently in the tumor heated at 
42°C than in the unheated contralateral control tumors 
in the same animals. They also observed that growth of 
L1210 or Sarcoma 180 tumor was significantly delayed 
by the treatment of the animals with the temperature- 
sensitive liposomes in conjunction with the local hyper- 
thermia. 

So far as the drugs for temperature-sensitive lipo- 
somes are concerned, only hydrophilie agents such as 
methotrexate and cis.dichlorodiam~neplatinum have 
been used by Yatvin and his co-workers [9-11]. The 
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principle of temperature-sensitive drug release may, 
however, be extended to amphiphilic and lipophilic 
agents, although such systems have not yet been devel- 
oped. Adriamycin, an anthracycline aminogiycoside, is 
a potent antitumor chemotherapy agent with a broad 
spectrum of antitumor activity. It is an amphipldlic 
drug and may act on cell membranes besides intercalat- 
ing into DNA molecules [13]. Goldman et al. [14] 
reported that various derivatives of adriamycin, such as 
daunomycin, N-trifluoroacetyladriamycin-14-valerate, 
adriamycin-14-octanoate and adriamycin-14-acetate, 
profoundly affected the thermotrophic behavior of 
DPPC liposomes. In the case of adriamycin, however, 
only slight changes were observed in the temperature of 
gel-liquid crystalline phase transition (Tin) and in the 
enthalpy of melting. Therefore, adriamycin is a possible 
candidate for the drugs which can be encapsulated into 
temperature-sensitive liposomes. In this study we at- 
tempted to prepare adriamycin.entrapped, temperatu~:e- 
sensitive liposomes which are stable in the presence of 
s ~ r u m .  

Materials and Methods 

Chemicals 
Dipalmitoyl.L-a-phosphatidylcholine was purchased 

from Nippon Fine Chemicals (Osaka). Di-O-hexadecyl- 
DL-,,-phosphatidylcholine and cholesterol were from 
Sigma (St. Louis, MO). The purity of the lipids was 
checked by thin-layer chromatography on silica gel 
plates (Merck, Darmstadt), and all of them exhibited 
single spots on the plates. Adriamycin was purchased 
from Kyowa Hakkou (Tokyo), and it was dissolved in 
distilled water at 20 mg/ml before use. Inosine was 
from Sigma and was dissolved in distilled water. Fetal 
bovine serum was from JR Scientific (Woodland). Mouse 
serum was obtained from C3H/He mice (Institute of 
Medical Science, University of Tokyo). 

Preparation of adriamycin.entrapped liposomes 
This was performed essentially as described previ- 

ously [15]. 20/tmol of DPPC or DPPC plus cholesterol 
in chloroform were evaporated under reduced pressure 
to form a lipid film on the wall of a 10 ml conical-bot- 
tomed flask. After drying for 30 rain under reduced 
pressure, the fipid film was dispersed by vortexing at 
45-50°C in 0.25 m l o f  the aqueous solution of 
adriamycin (20 mg/ml). The lipid dispersion formed 
was submerged in a 45-50 o C water-bath, and sonicated 
with a probo-type sonicator Bio Ultra Sonic 150 
(Chiyoda Riken, Tokyo) at 100 mA for five l-rain 
intervals, with cooling periods in between. The soni- 
cared lipid dispersion was passed through a column of 
Scphadex (3-50 (1 × 30 cm) equilibrated with 10 mM 
Hopes buffer (pH 7.4) containing 0.85~ NaC1. The 
column was equipped with a water jacket to maintain 

the temperature at 32°C by circulating water. The 
liposome fractions, which were eluted at the void volume 
of the column, were collected and then used within a 
few hours. 

The amount of adriarnycin entrapped in the lipo- 
somes was assayed as described below. The mean value 
obtained from three to five independent experiments 
was 21, 18, or 30 mraol of adriamycin entrapped per 
mol of lipid for iiposomes containing 0, 20 or 50 mol~ 
cholesterol, respectively. The size of the adriamycin-en- 
trapped liposomes was measured by the dynamic light 
scattering method with Coulter Model N4 (Coulter 
Electronics, Hialeah, FL). Mean diameters of all lipo- 
some preparations were within the range 90-110 nm 
(data not shown). 

Measurement of adriamycin release from liposomes 
150 pl of the adriamycin-entrapped liposomes and 

150/tl of fetal bovine serum or 10 mM Hepes buffer 
(pH 7.4) containing 0.85~ NaC1 were mixed and in- 
cubated at the indicated temperature for 30 rain. After 
the incubation period, 200 /~1 of the mixture were 
withdrawn and applied to a Sephadex G-50 column 
(1 × 10 cm), which was equipped with water jacket to 
keep the column at a given temperature. The column 
was eluted with 10 mM Hepes (pH 7.4)/0.85~ NaCI, 
and 1 ml fractions were collected. 200 /~1 of each 
fraction were withdrawn and mixed with 1800 pl of 
methanol to disintegrate the vesicle structure. Fluores- 
cence intensity of the mixture was measured with a 
Hitachi 650-40 fluorescence spectrophotometer (Hitachi, 
Tokyo) at an excitation of 490 nm and emission of 590 
n m .  

Assay of temperature-sensitive release of inosine from 
DPPC liposomes 

Inosine-loaded DPPC liposomes were prepared as 
described above but using 0.1 M inosine. 300/~1 of the 
liposome suspension were incubated at 42°C for a 
given period and then applied to a Sephadex (3-50 
column (1 × 10 cm), which was maintained at 42°C. 
The column was eluted with 10 mM Hepes (pH 
7.4)/0.855 NaC1, and 1 ml fractions were collected. 
After receiving 50/~1 of chloroform, each fraction was 
vigorously mixed to disintegrate the membrane struc- 
ture and then centrifuged at 3000 r.p.m, for 15 rain. 
Absorbance of the water layer obtained was measured 
at 260 nm. 

Differential scanning calorimetry 
Differential scanning calorimetry of various lipo- 

somes was performed by a DSC20 (Seiko E & I, Tokyo) 
equipped with a SSC/580II Thermal Controller (Seiko 
E & I, Tokyo). 10 ~1 of liposome suspensions which 
contained 0.14/~mol of DPPC were analyzed by using a 
heating rate of 3 C ° per min and water as reference. 



Determination of phosphorus and cholesterol 
Total phosphorus was determined by the method of 

Gerlach and Deuticke [16]. Cholesterol was determined 
enzymaticaily using the assay kit of Nissui Pharmaceuti- 
cal (Tokyo). 

Resul ts  

Temperature-sensitive release of entrapped adriamycin 
from DPPC liposomes 

Since the thermotrophic behavior of DPPC lipo- 
somes is not drastically altered by the incorporation of 
adriamycin [14], we presumed that efflux rate of 
adriamycin from the liposomes may be markedly in- 
creased around the T m of DPPC, 41°C. 

It was reported that smaller liposomes are more 
slowly taken out of circulation by the reticuloendo- 
thelial system than larger liposomes [17,18]. We there- 
fore prepared sonicated small liposomes with mean 
diameters of approx. 100 nm and examined tempera- 
ture-sensitive release of adriamycin from the liposomes. 
Efflux of adriamycin was estimated fluorophotometri- 
cally after separation of the released drug from the 
liposome fractions by Sephadex G-50 column chro- 
matography. Fig. 1A illustrates a representative elution 
profile of released and liposome-associated adriamycin. 
The results indicate that the major portion (more than 
80%) of adriamycin was retained in the DPPC lipo- 
somes when the liposomes were incubated at 32°C for 
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Fig. 1. Temperature-sensitive adriamycin release from DPPC lipo- 
somes. Release of adriamycin from DPPC liposomes was measured 
upon exposure to heating at various temperatures between 32 and 
44°C for 30 rain, as described in Materials and Methods. (A) 
Representative elution profiles of adriamycin released from the lipo- 
somes heated at 32 (o) and 42~C (O). (B) Percentage release of 
adriamycin from the fiposomes is pleUed versus the heating tempera- 
tures between 32 and 44°C. Each value ~epresents the mean of three 

independent experiments. ADM, adriamycin. 
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Fig. 2. Time-course of drug release from DPPC hposomes. Drug 
release from the DPPC liposomes at 42°C was assayed for adriamy- 
cin (e) and inosine (o) as described in Materials and Methods. Mean 

values of three independent experiments are plotted. 

30 min. By contrast, around 70~ of the drug ,~as 
released upon exposure of the liposomes to heating at 
42°C for 30 min, indicating that the major part, but not 
all, of the entrapped adriamycin was released at 42 ° C, 
i.e., above the Tm of DPPC. We also measured the 
percentage of drug release from the liposomes at various 
temperatures between 32 and 4g°C. As shown in Fig. 
1B, the degree of the drug release was not increased 
between 32 and 37 ° C, but it was markedly enhanced 
around 40 o C. These results may suggest that the gel to 
liquid-crystalline phase transition of the adriamycin-en- 
trapped DPPC liposomes occurrred at approx. 40°C, 
i.e., at a temperature slightly lower than the Tm of the 
lipid. Thus, adriamycin, an amphiphilic compound, was 
released from DPPC liposomes in a temperature-sensi- 
tive manner. In the following experiments, we employed 
32 and 42°C, respectively, as the temperat,tres under 
and above the critical temperature at which adriamycin 
was markedly released from the DPPC liposomes. 

The time-course of drug release at 42°C was fol- 
lowed for 1 h (Fig. 2). The results indicated that the 
percentage of drug release increased linearly up to 10 
min and reached a plateau at 30 min. The rate of 
adriamycin efflux was very low, compared with that of 
efflux of inosine (a representative of hydrophilic com- 
pounds; Fig. 2) and cytosine arabinoside as described 
by Magin and Weinstein [12]. This delayed efflux of 
adriamycin may be due to the amphiphilic nature of the 
drug. 

For the purpose of using liposomes in targeting 
chemotherapy, we need temperature-sensitive liposomes 
that are stable in the presence of serum. Therefore, we 
examined the effect of serum on the release of 
adriamycin from the DPPC liposomes at 32 and 42 ° C. 
As shown in Fig. 3, over 50~ of entrapped adriamycin 
was released by the incubation at 32°C for 30 rain with 
50~ (v/v)  fetal bovine serum (Fig. 3), human serum or 
C3H mouse serum (data not shown). These resuits 
indicated that the DPPC liposomes are temperature- 
sensitive in the absence of serum, but they are much less 
temperature-sensitive because of their leakiness at lower 
temperatures in the presence of serum. 
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Fig. 3. Effect of sen3m on the release of adriamycin (ADM) from 
DPPC liposomes. Release of adriamycin from the liposomes in the 
presence of serum was measured as described in Materials and 
Methods. (A) Representative elution profiles of the drug release at 
temperatures of 32 (O) and 42°C (o) in the presence of serum. 
Dotted line represents the elution profile of adriamycin at 32°C in 
the absence of serum (Fig. 1A). (B) Percentage release of adriamycin 
from the liposomes was measured at various temperatures between 32 
and 42eC in the presence of serum. Mean values of two or three 
independent assays are plotted. Dotted line represents the release of 
adriamycin at various temperatures in the absence of serum (Fig. 1B). 

Efffect of inclusion of cholesterol on the temperature sensi- 
tivity and stability of liposomes in the presence of serum 

Inclusion of cholesterol in the liposomal membrane 
generally increases the stability of the liposomes [19], 
but it abolishes the phase transition of the membrane at 
contents higher than 20-25 mol% in the case of DPPC 
[20]. Therefore, we tried to determine the conditions 
under which cholesterol stabilizes the liposomes in the 
presence of serum but does not eliminate the tempera- 
ture-sensitive release of adriamycin. 

To optimize the cholesterol content, we included 
various tool percentages of cholesterol in the liposomal 
membranes and examined the temperature-sensitive re- 
lease of adriamycin in the absence or presence of 50% 
fetal bovine serum. As shown in Fig. 4, the liposomes 
containing up to 25 tool% cholesterol released the major 
portion of entrapped-adriamycin in a temperature-sen- 
sitive manner when serum was absent. In the presence 
of serum, however, the maximal temperature-sensitive 
release of the entrapped drug was observed with the 
liposomes containing 20 mol% cholesterol. The other 
liposomes containing less than 20 mol% cholesterol were 
less temperature-sensitive because of their leakiness at 
32°C (Fig. 4). In contrast, the liposomes containing 33 
or 50 tool% cholesterol were not temperature-sensitive 
because the liposomes were so stable that they did not 
release large amounts of adriamycin even at 42 °C (Fig. 

4). Similar results were obtained with human or mouse 
serum instead of fetal bovine serum (data not shown). 
These results indicated that the liposomes containing 20 
mol% cholesterol were most temperature-sensitive in the 
presence of serum. Furthermore, more than 90% of 
adriamycin was released at 42°C from the liposomes 
containing 20 tool% cholesterol, whereas less than 80% 
of the drug was released from the liposome~ devoid of 
cholesterol, indicating that inclusion of cholesterol en- 
hanced the cumulative percentage release of adriamycin 
from the liposomes at 42°C (Fig. 4). It was also note- 
worthy that the stability of the liposomes containing 20 
mol% cholesterol at 32 ° C was comparable to that of the 
liposomes containing 33 or 50 mol% cholesterol (Fig. 4). 

Drug release from the liposomes containing 20 tool% 
cholesterol was determined in the presence of serum at 
various temperatures between 32 and 42 ° C. The results 
shown in Fig. 5 clearly demonstrated that the liposomes 
were less leaky at temperatures lower than 37 °C but 
they released more adriamycin at temperatures higher 
than 40 o C, and thus inclusion of 20 mol% cholesterol 
made DPPC liposomes temperature-sensitive in the 
presence of serum. However, it was also observed that 
relatively large efflux of adriamycin occurred at around 
37 o C (Fig. 5), suggesting that the presence of cholesterol 
lowered the temperature of onset of drug release. 

Differential scanning calorimetry of the adriamycin-loaded 
liposomes composed of DPPC and cholesterol 

Thermotrophic behavior of the adriamycin-loaded 
liposomes was examined by differential scanning 
calorimetry. As shown in Fig. 6A and B, incorporation 
of adriamycin into DPPC liposomes induced only slight 
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Fig. 4. Effect of cholesterol inclusion on the temperature-sensitive 
release of adriamycin (ADM) from liposomes. Adfiamycin-entrapped 
liposomes were prepared from DPPC and cholesterol in various molar 
ratios as described in Materials and Methods, and.drug release from 
these liposomes in the presence or absence of serum was assayed at 32 
and 42 ° C. Height of the bar indicates percentage release of the drug 
at 32 or 42°C, and thus the dotted sections indicate the amount of 
temperature-sensitively released drug. Mean values of three to five 

independent experiments arc plotted. 
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Fig. 5. Release of adriamycin (ADM) at various temperatures from 
the liposomes containing 20 mol~ cholesterol. Drug release from the 
liposomes containing 20 tools cholesterol was assayed at various 
temperatures as described in Materials and Methods, and mean values 
of three independent assays are plotted (@). For comparison, the 
results of adriamycin release from the DPPC liposomes in the absence 
( . . . . . .  ; Fig. l) or in the presence ( . . . . .  ; Fig. 3) of serum are also 

illustrated. 

changes in the temperature of the main phase transition 
and in the enthalpy of melting. These results confirmed 
the data of Goldman et al. [14], and were consistent 
with the results of drug release described in Fig. 1. We 
also examined the effect of cholesterol on the thermo- 
trophic behavior of the adriamycin-loaded liposomes. 
As shown in Fig. 6B-E, the main phase transition was 
observed with the fiposomes including up to 20 mol~ 
cholesterol, although the enthalpy of melting was re- 
duced with increasing cholesterol content. The results of 
Fig. 6D indicated that inclusion of 20 mol~ cholesterol 
broadened the transition profile but did not signifi- 
cantly shift the temperature of the main phase transi- 
tion. These results were consistent with the results of 
temperature-sensitive release of adriamycin from the 
liposomes (Fig. 4), suggesting that the cooperative phase 
transition of liposomal membranes is a prerequisite for 
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Fig. 6. Differential scanning calorimetry of adriamycin-entrapped 
liposomes. Differential scanning calorimetry of the liposomes pre- 
pared from DPPC and cholesterol in various molar ratios was per- 
formed as described in Materials and Methods. The liposome pre- 
parations contained (mol~ cholesterol) 0, A; 0, B; ]0, C; 20, D; and 

33, E. All liposomes except A were loaded with adriamycin. 

189 

the temperature-sensitive release of adriamycin from the 
liposomes. 

Discussion 

In this paper we showed that the adriamycin-loaded 
DPPC liposomes released the drug in a temperature- 
sensitive manner, and that inclusion of 20 mol~ 
cholesterol in the liposomal membrane stabilized the 
liposomes in the presence of serum. As described by 
Magin and Weinstein [12], it has been considered that 
the drug for temperature-sensitive liposomes should 
generally be hydrophilic with a low affinity for the lipid 
bilayer. However, our results clearly indicated that the 
concept of temperature-sensitive drug release can be 
extended to an amphiphilic antitumor agent, adriamy- 
cin. Adriamycin may be one of the most appropriate 
antitumor drugs for temperature-sensitive liposomes be- 
cause of the following reasons. (1) As shown above, 
entrapment of adriamycin in liposomes does not drasti- 
cally change the thermotrophic behavior of the DPPC- 
cholesterol hposomes. (2) Due to its amphiphilic nature, 
adriamycin can be entrapped more efficiently in lipo- 
somes, compared with hydrophific drugs [15]. (3) En- 
capsulation of adriamycin into liposomes markedly re- 
duces the cardiotoxicity of the drug [21-23]. (4) As 
reported by Hahn et al. [24], adriamycin is one of the 
drugs which exhibit strikingly enhanced cytotoxicity 
against tumor cells when combined with 42-43°C hy- 
perthermia. 

To stabilize adriamycin-loaded liposomes in the pres- 
ence of serum, we included various mol percentages of 
cholesterol in the DPPC liposomal membrane and ex- 
amined the temperature sensitivity of the liposomes. 
Our results indicated the following two beneficial ef- 
fects of cholesterol on the temperature-sensitive drug 
release from the liposomes. (1) The liposomes contain- 
ing 20 mol~ cholesterol exhibited maximal tempera- 
ture-sensitivity because of their low leakiness at lower 
temperatures in the presence of serum (Fig. 4 and 5). (2) 
Inclusion of cholesterol increased cumulative per- 
centage release of adriamycin at 42°C in the presence 
of serum, i.e., the liposome containing cholesterol re- 
leased more than 90~ of entrapped adriamycin at 42 ° C, 
whereas the percentage drug release from the liposomes 
composed of DPPC alone did not exceed 80~ (Fig. 4). 
In addition to these beneficial effects, however, inclu- 
sion of 20 mol~ cholesterol also had a detrimental 
effect on the temperature-sensitive liposomes, i.e., it 
broadened the temperature-sensitive release properties 
of the liposomes by reducing the temperature of onset 
of drag release, resulting in the drug release of a signifi- 
cant amount at 37-38°C (Fig. 5). To circumvent this 
effect, we are now attempting to raise the temperature 
of onset of drug release by including DSPC, whose Tm 
is 55 ° C, in the liposomal membrane. 
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A differential scanning calorimetric study by Estep et 
at. [20] showed that inclusion of less than 25 mol~ 
cholesterol reduced but not did abolish the highly coop- 
erative phase transition in the DPPC membrane. Simi- 
lar results were obtained by the differential s~,anning 
calorimetry of the adriamycin-entrapped liposomes (Fig. 
6), indicating that the encapsulation of adriamycin into 
DPPC-cholesterol liposomes did not drastically affect 
their thermotrophic behavior. As shown in Fig. 6D, the 
adriamycin-loaded liposomes containing 20 mol~ 
cholesterol exhibited a cooperative phase transition, in- 
dicating that the temperature-sensitive release of 
adriamycin from the liposomes is correlated with the 
thermotrophic properties of the liposomes. The lowered 
temperature of onset of drug release from the iiposomes 
(Fig. 5) may be explained, at least in part, by the 
broadening of the phase transition profile (Fig. 6D). 
However, although the enthalpy of melting was signifi- 
cantly reduced in the liposomal membrane containing 
20 mol~ cholesterol in comparison with the liposomes 
devoid of cholesterol (Fig. 6D and 6B), the former 
liposomes were more temperature-sensitive than the 
latter, regardless of the presence of serum (Fig. 4). 
These results suggest that the high temperature sensitiv- 
ity of the liposomes containing 20 mol~ cholesterol 
should also be due to the interaction between adriamy- 
cin and the liposomal membrane, which was not re- 
fleeted in the thermotrophic behavior of the membrane. 

Hermetter and Paltauf [25] reported that the stability 
of phosphatidylcholine liposomes in the presence of 
serum was increased by replacement of the ester linkage 
in the position 2 of glycerol with ether linkage. There- 
fore, we examined the effect of inclusion of di-O- 
hexadecylphosphatidyicholine, whose Tm is close to that 
of DPPC [26], on the stability of liposomes. However, 
our resuRs indicated that the inclusion of the ether-type 
lipid in bilayers at various mol percentages did not 
significantly improve stability of the liposomes in the 
presence of serum (data not shown). 

The results of our preliminary experiments using 
mouse model system indicated that adriamycin-loaded 
DPPC liposomes, when injected intravenously, de- 
livered 4-5-times more adriamycin to tumors heated to 
42°C than to unheated control tumors of the same 
animals. Such in vivo experiments are now in progress. 
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