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T
he PEGylated liposomal doxorubicin
(DOX) or Doxil has been used for the
treatment of a variety of cancers due

to its prolonged circulation time, increased
drug accumulation in solid tumors, and
reduced acute cardiotoxicity relative to free
DOX.1�4 However, the slow (<5% in 24 h)
and passive drug release from the Doxil for-
mulation substantially limits its antitumor
efficacy.5,6 Therefore, a method capable of
actively triggering DOX release is needed to
increase its therapeutic efficacy on tumor
cells. A lysolipid thermoresponsive liposo-
mal formulation (ThermoDOX), which can
be triggered to release DOX rapidly at ele-
vated temperatures (40�42 �C), has proven
to be more effective in reducing tumor
volume in an animal model study.7�9

Although ThermoDOX has great therapeutic
potential, approximately 50% of its encapsu-
lated DOX is released from the liposomal
carrier within 1 h after intravenous adminis-
tration.10,11 Lysolipid dissociation from the

liposomes, as induced andmediated by plas-
ma proteins, is a suspected cause of their
intravenous instability.12,13

In a recent study, we reported a new
cationic liposomal system that contained
ammonium bicarbonate (ABC, NH4HCO3),
a raising agent commonly used in the food
industry to generate gas bubbles in baked
goods.14 After endocytosis and intracellular
trafficking to lysosomes, the ABC-containing
liposomes could be thermally triggered to
generate CO2 bubbles, which then grew
rapidly, collapsed violently, and ultimately
led to transient cavitation. As a result, the
lysosomal membranes were disrupted to
spill proteases into the cytosol, causing cell
necrosis.15 These findings suggest that the
ABC-containing liposomes can also be used
as a new class of thermoresponsive carriers
for the delivery of a drug into a locally
heated tumor at a high dosage, thus mini-
mizing the systemic cytotoxicity of the drug.
This new system can also solve the problem
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ABSTRACT The therapeutic effectiveness of chemotherapy is optimal only

when tumor cells are subjected to a maximum drug exposure. To increase the

intratumoral drug concentration and thus the efficacy of chemotherapy, a

thermoresponsive bubble-generating liposomal system is proposed for triggering

localized extracellular drug delivery. The key component of this liposomal

formulation is the encapsulated ammonium bicarbonate (ABC), which is used to

create the transmembrane gradient needed for a highly efficient encapsulation

of doxorubicin (DOX). At an elevated temperature (42 �C), decomposition of ABC
generates CO2 bubbles, creating permeable defects in the lipid bilayer that

rapidly release DOX and instantly increase the drug concentration locally. Because the generated CO2 bubbles are hyperechogenic, they also enhance

ultrasound imaging. Consequently, this new liposomal system encapsulated with ABC may also provide an ability to monitor a temperature-controlled drug

delivery process.

KEYWORDS: thermoresponsive liposome . triggered release . drug delivery . doxorubicin . chemotherapy

A
RTIC

LE



CHEN ET AL . VOL. 7 ’ NO. 1 ’ 438–446 ’ 2013

www.acsnano.org

439

of intravenous instability associated with ThermoDOX.
Figure 1 shows a schematic of the new liposomal
system and how it works. The key component of this
liposomal carrier is ABC, which can be readily incorpo-
rated into the aqueous compartment of liposomes to
generate ABC liposomes when the lipids are hydrated
to form a suspension. Rapid release of the drug from
liposomes can be achieved by thermal stimulation.
A remote-loading technique can also be used to

achieve highly efficient DOX encapsulation. After the
unencapsulated ABC has been removed via dialysis,
DOX is added to the liposome suspension at room
temperature. Some of the encapsulated ammonium
(NH4

þ) ions dissociated into protons (Hþ) and ammo-
nia (NH3). The ammonia molecules rapidly cross the
liposomal membrane and leaves free protons trapped
in the liposomes because of their low membrane
permeability. When the unprotonated DOX enters
the proton-rich environment of the liposomal aqueous
compartment by diffusion, it becomes protonated to
generate a DOX-bicarbonate salt by reacting with
bicarbonate (HCO3

�). The DOX in the liposomal aque-
ous phase can eventually reach a concentration ex-
ceeding its solubility limit in water.16�18 This technique
can also be used to load amphipathic drugs (weak
acids with acetate group or weak bases with ammo-
nium group).19

Besides acting as an agent for remote-loading of
DOX, the ABC encapsulated in liposomes can be used
to trigger rapid drug release via mild hyperthermia.

Upon heating to a temperature of 40 �C or above, ABC
quickly decomposes to generate CO2 bubbles,20,21

creating permeable defects in the lipid bilayer and
thereby swiftly releasing DOX. This mechanism offers a
unique means to trigger localized extracellular drug
release in a locally heated tumor, generating a high
drug concentration gradient across the cell membrane.
After diffusing into a cell and eventually entering the
cell nucleus, the drug molecules bind strongly to
nuclear DNA, causing the cell to die (Figure 1). Mean-
while, mild hyperthermia can also increase tumor
perfusion and increase drug sensitivity in the cell.22,23

RESULTS AND DISCUSSION

Characteristics of the Test Liposomes. This study used the
lipid film hydration technique, followed by sequential
extrusion,24,25 to prepare the test liposomes at room
temperature with an aqueous solution containing
saturated ABC (2.7 M, as determined by a titration
method). A mixture of 1,2-dihexadecanoyl-sn-glycero-
3-phosphocholine (DPPC), cholesterol, and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-(amino-
(polyethylene glycol)-2000) (DSPE-PEG2000) at a mole
ratio of 6.0:4.0:0.5 was used for the lipid formulation.
The as-prepared liposomes had amelting temperature
of 52.0 �C, as determined using a differential scanning
calorimeter. Table 1 lists the amounts of DOX encap-
sulated in the ABC liposomes prepared at different
drug/lipid ratios (by w/w). The liposomes formulated
in the presence of aqueous ammonium sulfate

Figure 1. Schematic illustrations showing the structure and functions of the thermoresponsive, bubble-generating
liposomes demonstrated in the present work and the mechanism of localized extracellular drug release as triggered by heat.
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(AS liposomes) were used as a control. We achieved
efficient (>90%) and stable loading of DOX into
the aqueous phase of the liposomes by taking
advantage of the transmembrane gradient of AS
or ABC. Typically, the DOX encapsulated in the
liposomes was about 100-fold higher than its satu-
rated concentration in water at room tempera-
ture. Dynamic light scattering (DLS) measurements
indicate that the sizes and surface potentials of ABC
and AS liposomes were comparable (P > 0.05,
Table 1).

In Vitro Release Profiles. Figure 2a shows the release
profiles of DOX from the ABC liposomes that were
prepared at different drug/lipid ratios and then incu-
bated in phosphate buffered saline (PBS) at 37 and
42 �C, respectively. The original point in the x-axis
corresponds to the beginning of heat triggering. Since
the cell killing rate depends on themass dose of a drug,
the release profiles were presented as themass of DOX
released as a function of time. Among all studied
groups, the ABC liposomes formulated at a drug/lipid
ratio of 0.10 showed the highest DOX release at 42 �C.

TABLE 1. Formulation Parameters of ABC and AS Liposomes Containing Doxorubicin (DOX); the Data Are Presented

As Mean ( SD (n = 6)

liposomes drug/lipid ratio (by w/w)a diameter (nm) polydispersity index zeta potential (mv) encapsulation efficiency (%)b encapsulated DOX (mg)

ABC 0.02 150.4 ( 0.9 0.09 ( 0.02 �0.11 ( 0.01 90.5 ( 8.4 0.18 ( 0.02
ABC 0.05 150.5 ( 0.6 0.07 ( 0.01 �0.12 ( 0.01 96.2 ( 6.1 0.48 ( 0.03
ABC 0.10 150.9 ( 0.6 0.08 ( 0.01 �0.10 ( 0.01 93.9 ( 5.7 0.94 ( 0.06
AS 0.10 151.4 ( 0.4 0.07 ( 0.01 �0.11 ( 0.01 92.3 ( 6.7 0.92 ( 0.07

a Total lipid concentration: 10 mg/mL. b Drug encapsulation efficiency (%) was calculated using the formula: (weight of drug loaded�100)/(total weight of drug added in the
preparation).

Figure 2. (a) Release profiles of DOX from the ABC liposomes prepared at different drug/lipid ratios and incubated in PBS at
37 or 42 �C (n = 6), respectively; (b) release profiles of DOX from the AS andABC liposomes (drug/lipid ratio = 0.1) incubated in
PBS at 37 and 42 �C (n= 6), respectively. A zoom-in plot of drug release in the first couple ofminutes is also shown at the right-
hand side in each figure.
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Therefore, this specific formulation was used in the
remaining experiments.

The drug release behaviors of the ABC liposomes
were then compared with those of the AS liposomes.
As shown in Figure 2b, the amounts of DOX released
from the AS liposomes were minimal during the entire
course of the study at both temperatures (0.06 mg or
6% of the originally encapsulated content), suggesting
that the release of DOX from the AS liposomal carrier
was rather slow and temperature independent due to
the lack of a triggering mechanism.

Conversely, DOX release from the ABC liposomes
was highly dependent upon the environmental tem-
perature, a characteristic feature of thermoresponsive
drug release. The extent of DOX released from the ABC
liposomes at 37 �C was relatively low (approximately
0.1 mg or 10% of the initial content). When heated to
42 �C, however, a significant amount of the encapsu-
lated DOX (0.5 mg or 50%) was released instantly
(within 30 s). Additionally, the ABC formulation dis-
played a significantly improved stability inwhole blood
at 37 �C (approximately 85% retention of DOX in 1 h), as
compared to the lysolipid temperature-sensitive lipo-
somes (50% retention). These experimental results
suggest that the ABC formulation is relatively stable
at 37 �C and can retain the drug within the liposomes
during blood circulation. The drug release will be
extremely fast, however, when the carrier is locally
heated, generating a high drug concentration gradient
to facilitate diffusion of drug molecules into the tumor

cells (Figure 1). It is worth pointing out that maximum
therapeutic effects may only be achieved when tumor
cells are subject to a maximum drug exposure.26

The Role of ABC in Triggering Drug Release. Heating
causes ABC to decompose into water, ammonia, and
CO2 bubbles.20,21 A kinetic analysis of the reaction
suggested that the decomposition of aqueous ABC
was a second order, irreversible reaction.27 We evalu-
ated the temperature sensitivity of ABC liposomes by
their abilities to generate CO2 bubbles when they were
suspended in aqueous media and held at distinct
environmental temperatures with their AS counter-
parts serving as a control. The test tubes containing
the samples were immersed in a water-filled tank, and
the formation of CO2 bubbles was examined using an
ultrasound imaging system.15,28 Since the CO2 bubbles
are hyperechogenic, they act as an enhancer for ultra-
sound imaging.29

At all temperatures tested, the AS liposomes pro-
duced no bubbles (Figure 3a). Conversely, CO2 bubbles
appeared in the sample of ABC liposomes immediately
after elevation of the environmental temperature and
the amount of CO2 bubbles observed in the test tube
was in a temperature dependent manner. The higher
the environmental temperature was that the ABC
liposomes were subjected to, the more CO2 bubbles
would be generated. These observations indicate that
the decomposition of ABC encapsulated in liposomes
could enable immediate thermal activation of CO2

bubble formation. Our titration analysis revealed that

Figure 3. (a) Ultrasound images of the AS and ABC liposomes suspended in aqueous media and held at different
temperatures; (b) CLSM images of AS and ABC liposomes following heating to a local temperature of 42 �C; (c) sizes of the
AS andABC liposomes in PBS at different temperatures (n=6); and (d)fluorescencemicrographs showing the changes in color
of AS and ABC liposomes at different temperatures. In panels b and d, liposomes with relatively large diameters around 4 μm
were used for the purpose of imaging.
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the extents of ABC decomposition were approximately
20% and 40%, respectively, at 42 and 50 �C.

The process in which CO2 bubbles were released
from a liposome was further studied using ABC lipo-
somes prepared as described above but without
sequential extrusion. The liposomes (approximately
4 μm in diameter; to overcome the resolution limit of
optical instruments) were examined under a confocal
laser scanning microscope (CLSM) with their AS coun-
terparts being used as a control. The camera system
was operated at a speed of 20 frames per min.
Figure 3b shows representative CLSM images of AS
and ABC liposomes after the local temperature was
increased to 42 �C. Throughout the course of the study,
no gas bubbles were observed for the AS liposomes. In
contrast, heating the ABC liposomes generated CO2

bubbles in their aqueous compartment. Once their
internal pressure reached a certain level, the gas
bubbles permeated the membrane and formed a
transient pore (as indicated by the arrow in the second
frame taken at 30 s after heating), through which the
CO2 bubbles escaped and then detached (at 39 s) from
the liposomes. Thereafter, the lipid bilayer relaxed and
resumed its initial impermeable state. This process
occurred within only 40 s. Thus, the sizes of the ABC
liposomes were apparently invariant at all tempera-
tures tested (Figure 3c). These experimental results
confirm that the CO2 bubbles from the decomposition
of ABC can convert liposomemembranes into a perme-
able structure to enable drug release at the very
beginning of heating.

The DOX release from test liposomes was demon-
strated by labeling the liposomes with DiO (3,30-dioc-
tadecyloxacarbocyanine, perchlorate), a lipophilicfluores-
cent dye. At all temperatures, the consistently orange
color (superposition of green DiO and red DOX) of the
AS liposome indicate that the DOX release from the
carrier wasminimal (Figure 3d). Conversely, the color of
the ABC liposome changed from orange (at 37 �C) to
yellow (at 42 �C) to green (at 50 �C) as temperature
increased due to release of DOX through the perme-
able defects as described above.

Structural analyses of the test liposomes were also
performed by small-angle X-ray scattering (SAXS) at
different temperatures. Figure 4a displays the SAXS
profiles of the AS liposome suspension collected dur-
ing a heating cycle. A series of scattering peaks with an
integral position ratio of 1:2:3 were observed, indicat-
ing that the as-prepared liposomes were multilamellar
vesicles. The interlamellar distance (i.e., the sum of the
thickness of a hydrophobic layer and a hydrophilic
layer) calculated from the primary peak position (qm)
via d = 2π/qmwas 10 nm. The correlation length of the
lamellar stacking in the vesicle estimated from the
full width at half height (/Δqm) of the primary peak
via D = 2π/Δqm was about 25 nm; therefore, there
were about 2�3 lamella involved in the formation of a
vesicle. The scattering pattern in terms of the posi-
tions and breadths of the peaks remained essen-
tially changed with increasing temperature, imply-
ing that the vesicles were structurally stable up to at
least 50 �C.

Figure 4. SAXS profiles of the (a) AS and (b) ABC liposome suspensions collected in a heating cycle. The SAXS profiles of AS
and ABC liposomes at (c) 35 �C, (d) 45 �C, and (e) 50 �C.

A
RTIC

LE



CHEN ET AL . VOL. 7 ’ NO. 1 ’ 438–446 ’ 2013

www.acsnano.org

443

Figure 4b shows the temperature-dependent SAXS
profiles of the ABC liposomes. Again, the integral
position ratios of the observed scattering peaks indi-
cate that the prepared liposomes were multilamellar
vesicles with interlamellar distances similar to those
obtained for the AS liposomes. Indeed, the SAXS profile
of ABC liposomes superposed fairly well with that of
the AS counterparts when the temperature was below
40 �C (Figure 4c). This data attests that the incorpora-
tion of ABC into liposomes did not perturb the mem-
brane structures significantly. However, at local tem-
peratures exceeding 40 �C, significant broadening and
intensity reduction were observed for the scattering

peaks (Figure 4d,e), suggesting that the structures
of the membrane became more disordered. The ob-
served structural perturbation could be attributed to
CO2 bubble formation in the liposomes at elevated
temperatures.

The release of relatively large bubbles formed may
destabilize the liposomes, hence causing a decrease
for the intensity of the peak associated with the multi-
lamellar vesicles. On the other hand, some of the CO2

bubbles of nanoscale in size might be trapped in the
membranes, so as to create some defects and distort
the original regular stacking of the membrane bilayers
(see Figure 1). The structural perturbation revealed by
SAXS is in agreement with the proposedmechanism of
the formation and release of CO2 bubbles at elevated
temperatures.

Extracellular Release of DOX and Its Intracellular Accumula-
tion. As shown by flow cytometry and fluorescence
microscopy, no intracellular fluorescence was observed
(Figure 5) after H460 cells (human lung nonsmall
carcinoma cell line) had been incubated in a medium
containing DiO-labeled liposomes for 2 h. This result
suggests that the ABC liposomes containing DSPE-
PEG2000 were unable to enter the tumor cells. Adding
PEG-lipids prolongs the circulation lifetimes of lipo-
somes but inhibits their cellular uptake.30,31 Therefore,
drug release fromABC liposomes can be triggered only
extracellularly. Extracellular drug release at the tumor
site appears preferable since it allows for diffusion of
the drug within the solid tumors and also enables the

Figure 5. Fluorescence microscopy and flow cytometry
investigation of the cellular uptake efficiency of DiO-labeled
liposomes by H460 cells after 2 h incubation.

Figure 6. (a) CLSM images and results of (b) flow-cytometry and (c) direct fluorometry measurements of the intracellular
accumulation of DOX in H460 cells treated with AS liposomes, ABC liposomes, or free DOX (20 μM of DOX in each studied
group) at distinct environmental temperatures and (d) their cell viability, as determined by the MTT assay.
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drug to reach tumor cells that do not internalize the
drug carriers.32

The kinetics of DOX accumulation in cells was
characterized by visualizing the intracellular localiza-
tion of DOX in H460 cells. No DOX (with red fluores-
cence) accumulation occurred in the nuclei of cells
incubatedwith the AS liposomes for 30min (Figure 6a).
In the group treatedwith the ABC liposomes, no appar-
ent intracellular DOX accumulation was observed at
37 �C. Conversely, at 5 min after heating to 42 �C, weak
red fluorescence (indicative of DOX) appeared near the
cell nuclei; over time, the DOX accumulation in the cell
nuclei gradually increased.

The above observations were also confirmed by our
quantitative flow cytometry and direct fluorometry
measurements (Figure 6b,c). Flow cytometry analysis
indicates that after initial drug exposure, accumulation
of free DOX in H460 cells was clearly noted. Accumula-
tion of DOX in cells treated with the ABC liposomes
increased constantly with the incubation time. Similar
results were obtained by using quantitative fluorome-
try of DOX from cellular lysates with a fluorescence
spectrometer, a method that is relatively unaffected by
quenching artifacts.33

Transport of DOX into the cell nuclei, where it has
cytotoxic effects, is an important process. Figure 6d
summarizes the results of cell viability after the cells
had been incubated with the AS and ABC liposomes,

respectively, with cells receiving no liposomes as a
control. Similar to the control group, no apparent
cytotoxicity was observed for the cells treated with
the AS liposomes at 37 and 42 �C for 30 min (P > 0.05);
this finding suggests that the amount of DOX released
from the AS liposomes was minimal and could not
cause a significant cell death, due to their slow and
passive drug diffusion process. For the group treated
with the ABC liposomes at 37 �C,most cells were viable;
however, when raising the local temperature to 42 �C,
the cell viability declinedmarkedlywith time according
to the amount of DOX accumulated in the cell nuclei
(P < 0.05, n = 6). In this case, the cell deathwas believed
to arise from the formation of CO2 bubbles during the
heating of ABC liposomes, leading to the structural
perturbation of their lipid membranes, promptly re-
leasing DOX, and ultimately causing the death of cells.

CONCLUSIONS

In summary, this study successfully demonstrated a
thermoresponsive, bubble-generating liposomal sys-
tem with high capacity for DOX encapsulation. The
system also enables heat-triggered release of DOX for
localized extracellular drug delivery. This novel carrier
for drug delivery can be used for controlled release of
drugs in a locally heated tumor or as an ultrasound
reporter for probing the status of vehicles after heat
triggering.

EXPERIMENTAL SECTION

Materials. The DPPC and DSPE-PEG2000 were purchased
from Avanti Polar Lipids (Alabaster, AL, USA), while DOX
was obtained from Fisher Scientific (Waltham, MA, USA). The
AS, ABC, and cholesterol were ordered from Sigma-Aldrich
(St. Louis, MO, USA). All other chemicals and reagents used
were of analytical grade.

Liposome Preparation. Liposome colloidal suspensions were
prepared by dissolving the lipid mixture in chloroform. The
organic solvent was removed with a rotavapor to generate a
thin lipid film (10 mg) on the glass vial. The lipid film was then
hydrated with an aqueous AS (350 mM) or ABC (2.7 M) solution
via sonication at room temperature and followed by sequential
extrusions through 800, 400, 200, and 100 nm polycarbonate
filters (six times each) at room temperature. The recovery rate of
the lipid following multiple extrusions was approximately 90%,
as determined by the lipid phosphate assay. The free AS or ABC
was removed by dialysis against a 10 wt% sucrose solution with
5 mM NaCl. Subsequently, DOX was mixed to the liposome
suspensions at distinct drug/lipid ratios andmaintained at room
temperature for 24 h. Finally, the liposomes were passed
through another G-50 column (GE Healthcare, Buckinghashire,
UK) to remove the unencapsulated DOX.

Characterization of Test Liposomes. The encapsulated DOX con-
centration was measured using fluorescence measurements
(Spex FluoroMax-3, Horiba Jobin Yvon, Edison, NJ, USA) after
destruction of the liposomeswith Triton X-100. Themean particle
size and zeta potential of the liposomes was evaluated by DLS
(Zetasizer 3000HS, Malvern Instruments Ltd., Worcestershire, UK);
also, the polydispersity index, a value indicating the size distribu-
tion of the liposomes was determined.

Release of DOX from Test Liposomes. An aliquot of dispersed
DOX-loaded liposomes was added to a quartz cell; fluorescence

intensity of the solution was monitored with a fluorescence
spectrometer at 37 and 42 �C over time.

Ultrasound Imaging. The thermoresponsive characteristics of
the ABC liposomes were evaluated by examining the genera-
tion of CO2 bubbles in a test tube containing the particles in PBS
(pH 7.4) at 37, 42, and 50 �C; the AS liposomes were used as a
control. The test tube was immersed in a water-filled tank, and
an ultrasound imaging system with a 7 MHz lineararray trans-
ducer (Z-one, Zonare, Mountain View, CA, USA) was employed
to visualize the CO2 bubbles. Consecutive ultrasonic B-mode
images were recorded with a computer.

SAXS Measurements. The structures of the liposomes were
probed by SAXS at different temperatures. The aqueous sus-
pensions of the liposomes were directly introduced into the
sample cell comprising two Kapton windows. The SAXS experi-
ments were performed at the Endstation BL23A1 of theNational
Synchrotron Radiation Research Center (NSRRC), Taiwan. The
energy of X-ray source and sample-to-detector distance were
14 keV and 2259 mm, respectively. The scattering signals were
collected by a MarCCD detector of 512 � 512 pixel resolu-
tion. The scattering intensity profile was output as the plot
of the scattering intensity I(q) versus the scattering vector,
q = (4π/λ) sin(θ/2) (θ = scattering angle), after corrections for
sample transmission, empty cell transmission, empty cell scat-
tering, and the detector sensitivity.

Internalization of ABC Liposomes. The ability of cellular inter-
nalization of the ABC liposomes was analyzed by fluorescence
microscopy (Axio Observer, Carl Zeiss, Jena, Germany) and flow
cytometry (Beckman Coulter, Fullerton, CA, USA). H460 cells
were treated with DiO-labeled ABC liposomes in the serum-free
medium; after incubation for 2 h, test samples were aspirated.
Cells were then washed twice with the prewarmed PBS before
they were fixed in 4% paraformaldehyde.
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Intracellular Accumulation of DOX. To monitor the DOX accumu-
lation intracellularly, H460 cells were treated with test lipo-
somes in the serum-free medium. After incubation, the cells
were washed twice with prewarmed PBS and then fixed in 4%
paraformaldehyde. The intracellular accumulation of DOX was
qualitatively examined using CLSM (TCS SL, Leica, Germany)
and quantitatively determined by flow cytometery.

Intracellular DOX accumulation was also evaluated using a
fluorimetric assay as described elsewhere.34 After treatment,
the cells were harvested and cell lysates were prepared. DOX
concentrations in the cell lysates were then measured with a
microplate fluorometer (SpectraMax Gemini XS, Molecular De-
vices, Sunnyvale, CA, USA) at an excitation wavelength of
485 nm and an emission wavelength of 560 nm. To adjust for
background fluorescence from the cellular components, DOX
standardization curves were also prepared using cell lysates. In
this case, untreated cells were lysed with 1% Triton X-100 in PBS
containing DOX at known concentrations.

Cell Viability Assay. H460 cells were cultured with test lipo-
somes for varying durations. After treatment, the samples were
aspirated, and cells were incubated in a medium containing
1 mg/mL MTT reagent for 4 h. A 1 mL quantity of DMSO was
then added. Optical density readings were obtained with a
multiwell scanning spectrophotometer.

Statistical Analysis. Two groups were compared by the one-
tailed Student's t-test using statistical software (SPSS, Chicago,
IL, USA). Data are presented as mean ( SD. A difference of
P < 0.05 was considered statistically significant.
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