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Purpose. To investigate differences in the cellular uptake and intra-
cellular distribution of protein-bound doxorubicin in comparison to
free doxorubicin and a liposomal formulation (CAELYX®)
Methods. LXFL 529 lung carcinoma cells were incubated with an
acid-sensitive transferrin and albumin conjugate of doxorubicin, a
stable albumin doxorubicin conjugate, and free and liposomal doxo-
rubicin for up to 24 h. The uptake of doxorubicin was detected with
confocal laser scanning microscopy (CLSM). To investigate the in-
tracellular localization of the anticancer drug, lysosomes, Golgi ap-
paratus, and mitochondria were also stained by various organelle-
specific fluorescent markers. In vitro efficacy of the doxorubicin de-
rivatives was examined with the BrdU incorporation assay.

Results. The acid-sensitive albumin and transferrin doxorubicin con-
jugates showed enhanced cytotoxicity in comparison to liposomal
doxorubicin, whereas the stable albumin-doxorubicin conjugate
showed only marginal activity. Of all compounds tested, doxorubicin
showed the highest cytotoxicity. CLSM studies with specific markers
for lysosomes, mitochondria, and the Golgi apparatus demonstrated
that protein-bound doxorubicin or liberated doxorubicin was accu-
mulated in the mitochondria and Golgi compartments, but not in the
lysosomes after 24 h. Free doxorubicin showed a time-dependent
intracellular shift from the nucleus to the mitochondria and Golgi
apparatus. Fluorescence resulting from incubation with CAELYX
was primarily detected in the nucleus.

Conclusions. Our results indicate that other organelles in addition to
the cell nucleus are important sites of accumulation and interaction
for protein-bound doxorubicin or intracellularly released doxorubicin
as well as for free doxorubicin.

KEY WORDS: doxorubicin; drug protein conjugates; CAELYX®;
confocal laser scanning microscopy; organelle-specific markers; intra-
cellular distribution.

INTRODUCTION

Coupling anticancer drugs to macromolecules (1) or in-
corporating them into liposomes (2) is a promising strategy of
improving the selectivity of these agents for tumor tissue. The
rationale for this drug delivery strategy is based on the ob-
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servation that liposomes or polymers can accumulate in solid
tumors due to an enhanced permeability of tumor blood ves-
sels for circulating macromolecules (3).

For this reason, we recently synthesized a number of
albumin and transferrin conjugates with the clinically widely
used antineoplastic agent doxorubicin, which is well estab-
lished in the treatment of leukemia, breast carcinoma, and
other solid tumors (4,5). As shown in Fig. 1, doxorubicin ma-
leimide derivatives were bound to albumin or transferrin,
which contain either a stable amide bond at the 3'-amino
position of the anthracycline (abbreviated A-DOXO-MBS)
or an acid-sensitive carboxylic hydrazone bond at the 13-keto
position (abbreviated A-DOXO-HYD, T-DOXO-HYD).
The acid-sensitive link between drug and protein was de-
signed to allow the drug to be released intracellularly in acidic
endosomal or lysosomal compartments after cellular uptake
of the conjugate by the tumor cell (6).

In vitro studies with these conjugates and free doxorubi-
cin in several human tumor cell lines have shown that the
acid-sensitive protein conjugates A-DOXO-HYD and
T-DOXO-HYD were promising candidates for further bio-
logical assessment, whereas the conjugate in which the drug
was bound through a stable amide bond to albumin
(A-DOXO-MBS) showed no or only marginal inhibitory ef-
fects (4,5). Subsequent in vivo studies in tumor-bearing ani-
mal models demonstrated superior therapeutic effects for the
acid-sensitive conjugate A-DOXO-HYD when compared to
free doxorubicin at equitoxic dose (7,8); in contrast,
A-DOXO-MBS showed no antitumor efficacy (8).

Note that first fluorescence and confocal laser scanning
microscopy (CLSM) studies, which were recently published
by our group, showed significant differences in the intracel-
lular distribution of free doxorubicin and the doxorubicin of
our transferrin conjugates (4): whereas the unbound drug was
primarily detected in the nucleus after 24 h, most of the pro-
tein-bound doxorubicin or intracellularly released doxorubi-
cin was localized in the cytoplasm. This fact is remarkable
because of the observation that the in vitro efficacy of the
acid-sensitive transferrin conjugate was similar to that of free
doxorubicin (4).

On the basis of these observations, we wanted to obtain
a more detailed picture of the intracellular distribution of
protein doxorubicin conjugates in comparison to the free drug
and a liposomal formulation of doxorubicin (CAELYX®).
CAELYX is a pegylated liposomal formulation of doxorubi-
cin which shows superior activity in several preclinical animal
tumor models when compared to free doxorubicin (9). In
addition to approval for the treatment of Kaposi’s sarcoma, it
has recently been approved for the second-line treatment of
ovarian cancer in the United States (10).

For our studies, CLSM is particularly suitable because
this technique allows a significant improvement in axial (z) as
well as in lateral resolution in comparison to conventional
fluorescence microscopy (11,12). In addition, fluorescent
drugs as well as fluorescent markers for staining various com-
partments of living cells can be detected simultaneously and
their colocalization can be analyzed using a suitable digital
imaging software (13).

In the present work, we compared the cellular uptake
and the intracellular distribution of the doxorubicin protein
conjugates A-DOXO-HYD, T-DOXO-HYD, and A-DOXO-
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Fig. 1. Structures of the albumin-doxorubicin conjugates A-DOXO-
MBS and A-DOXO-HYD and the transferrin-doxorubicin conjugate
T-DOXO-HYD.

MBS of free doxorubicin and of CAELYX in lung carcinoma
cells using CLSM. In particular, double labeling experiments
in living cells with specific markers for lysosomes, mitochon-
dria, and the Golgi apparatus were performed. In addition,
the relationships between in vitro efficacy, stability, intracel-
lular accumulation, and localization of the different doxoru-
bicin derivatives are discussed.

MATERIALS AND METHODS

Doxorubicin Derivatives

The albumin and transferrin conjugates of doxorubicin
were synthesized as previously described and used as a 300
M stock solution in buffer (0.15 M NaCl, 0.004 M sodium
phosphate, pH 7.4) (4,5). The precise characterization of
the albumin doxorubicin conjugate A-DOXO-HYD, in which
the doxorubicin maleimide spacer is bound to the cysteine-34
position of albumin, through electron spray mass spec-
trometry has been recently reported by us (14). The doxo-
rubicin-protein conjugates contained approximately 1-2%
of free doxorubicin and/or free doxorubicin spacer as shown
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by HPLC (size-exclusion HPLC BioSil SEC250 from
Biorad, Germany, and reversed-phase HPLC on a C-18
SYMMETRY® from Waters, Germany) at A = 495 nm and
with the aid of fluorescence detection. These noncovalently
bound forms of doxorubicin presumably bind to high-affinity
binding sites on the respective protein and are difficult to
remove even by repeated gel filtration over Sephadex® G-25.
Doxorubicin x HCl was a gift from Pharmacia & Upjohn
(Erlangen, Germany) and used as a 300 pM stock solution
in isotonic saline. CAELYX was a gift from Essex Pharma
(Munich, Germany) and has a liposome diameter of approxi-
mately 100 nm. The bilayer membrane consists of N-(car-
bonyl-methoxypolyethylene glycol 2000)-1,2-distearoyl-sn-
glycero-3-phospaethanolamine sodium salt (3.19 mg/ml), fully
hydrogenated soy 3-sn-phosphatidylcholine (9.58 mg/ml), and
cholesterol (3.19 mg/ml); doxorubicin content was 2 mg/ml.
According to consumer product information for CAELYX,
greater than 90% of doxorubicin is encapsulated in the
STEALTH® liposome. In the samples made available to us by
Essex Pharma, Germany, we were unable to detect any free
doxorubicin when CAELYX was gel filtrated over Sephadex
G-25, however. CAELYX was diluted with phosphate-
buffered saline (PBS) (0.008 M Na,PO,, 0.002 M KH,PO,,
0.13 M NaCl, pH 7.4) to a concentration of 300 pM immedi-
ately before use.

Fluorescence Spectra

Fluorescence spectra were recorded with a Perkin-Elmer
LS50B spectrofluorimeter. Fluorescence was excited at 479
nm (excitation and emission slide widths were 5 and 20 nm,
respectively; spectra were recorded from 500 to 750 nm).
Doxorubicin or doxorubicin formulations were diluted with
buffer (0.004 M sodium phosphate, 0.15 M NaCl, pH 7.4) to a
concentration of 3.0 pM and fluorescence spectra were re-
corded at room temperature. For incubation studies with calf
thymus DNA (from Sigma, Germany), DNA was added to a
final concentration of r J0.01 (0.6 mg/ml), where r is the ratio
between the molar concentration of doxorubicin and the
DNA base pairs. Fluorescence spectra were recorded after
the samples were incubated with DNA for 5 min.

Cell Culture

LXFL 529 cells were grown as monolayer cultures in cell
culture flasks (Greiner Labortechnik, Frickenhausen, Ger-
many) in RPMI 1640 culture medium with phenol red supple-
mented with 10% heat-inactivated FCS, 100 pg/ml glutamine,
100 U/ml penicillin, and 100 pg/ml streptomycin. Cell culture
media, supplements, and fetal calf serum (FCS) were pur-
chased from Boehringer Ingelheim Bioproducts, Germany.

LXFL 529 human lung carcinoma cells were cultured
at 37°C in a humidified atmosphere of 95% air and 5% car-
bon dioxide at 37°C. Media were routinely changed every 3
days. For subculture or experiments, cells growing as mono-
layer cultures were released from the tissue flasks by treat-
ment with 0.05% trypsine/ethylenediaminetetraacetic acid
(EDTA), and viability was monitored using the cell analyzer
system Casy 1 from Schirfe Systems (Reutlingen, Germany).
For the experiments, cells were used during the logarithmic
growth phase.



CLSM Studies of Doxorubicin Formulations

BrdU-Incorporation Assay

The 5-bromo-2’-deoxyuridine cell proliferation kit (cat.
no. 1647229) was obtained from Boehringer Mannheim
(Mannheim, Germany). To determine the index of DNA syn-
thesis, BrdU was measured according to the instructions of
the manufacturer. Briefly, 1.0-1.2 x 10* cells/cm? were plated
in each well of a 96-well tissue culture plate. Medium supple-
mented with 10% FCS was added and cells were allowed to
adhere for 24 h. Subsequently, cells were preincubated with
various drug concentrations for 20 h and were then labeled by
adding 10 mM BrdU to each well. Cultures were incubated in
the presence of BrdU for 4 h. After this period, cells were
fixed with FixDenat solution at room temperature (RT) for
30 min, washed three times with washing solution at RT, and
incubated with a monoclonal anti-BrdU-peroxidase Fab frag-
ment (diluted 1:10000 with PBS) for 90 min at room tempera-
ture (RT). DNA was then washed three times with washing
solution at RT and incorporated BrdU was visualized by add-
ing 100 wl of the peroxidase substrate BM blue. After an
incubation time of 10 min, the extinction of the samples was
quantified with an ELISA reader (Dynatech Laboratories
Inc., Sullyfield, U.K.) at a wavelength of 405 nm and set as the
index of DNA synthesis. Four separate cultures were deter-
mined per concentration. Results are shown as means + SD
(n = 3); similar results were obtained in an additional sepa-
rate experiment.

Confocal Microscopy

A Zeiss LSM 410 inverted microscope was used (lasers:
HeNe 543 nm, Ar 488 nm, and Ar UV 364 nm). Optical
sections at intervals of 0.3 pm were taken with a 63x/1.4
Plan-Apochromat objective.

Image processing was performed on a Silicon Graphics
02 workstation using IMARIS, a three-dimensional (3D)
multichannel image processing software for confocal micro-
scopic images (Bitplane AG, Zurich, Switzerland). Colocal-
ization analyses were carried out using the “colocalization”
software from Bitplane AG. The instrument adjustments for
obtaining CLSM images were kept constant to allow image
studies with the drug formulations to be compared with one
another.

The CLSM experiments were performed in the following
manner: After subcultivation, cells were resuspended in me-
dium to a final concentration of approximately 2 x 10* cells/
cm? and allowed to adhere on sterile ChamberSlides (NUNC,
Denmark) with a thin glass bottom for 24 h. Cells were incu-
bated with final drug concentrations of 1.0 uM (free doxoru-
bicin) or 2.0 uM (all other substances) for 4 and 24 h, respec-
tively. Subsequently, the nuclei of the cells were stained by
incubation with Hoechst 33342 (final concentration: 1.76 uM;
Molecular Probes, Eugene, Oregon) for 15 min. The medium
was removed, the cells were washed twice with prewarmed
medium, and the chamber slides with the medium-covered
cells were transferred to the confocal microscope. Optical
sections (40 layers, thickness: 0.3 wm) were taken at 488 nm
(doxorubicin) and 364 nm (Hoechst 33342). In the next step,
the cells were incubated for 15 min with the respective or-
ganelle-specific marker in prewarmed medium (final concen-
trations: 75 nM LysoTracker Red [L-7528] for lysosomes, 75
nM MitoTracker Red [M-7513] for mitochondria, 1.0 pM
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BODIPY® TR ceramide [D-7540] for the Golgi apparatus; all
markers were purchased from Molecular Probes, Eugene
Oregon). The medium was removed, and the cells were
washed twice with PBS and then covered with PBS. Optical
sections (40 layers, thickness: 0.3 wm) were taken at 543 nm
(LysoTracker Red, MitoTracker Red, BODIPY TR cer-
amide) and 364 nm (Hoechst 33342). 3D visualization of the
cell stacks was performed using IMARIS. The correct loca-
tion of the cells was determined by tuning the 3D position of
the nuclei of the individual confocal pictures.

RESULTS

BrdU Incorporation Assay

The results of the cytotoxicity experiments with doxoru-
bicin, CAELYX, and the albumin and transferrin conjugates
in the LXFL 529 lung carcinoma cell line are shown in Fig. 2
(compounds were tested in the range from 0.01 to 10 uM).
Doxorubicin has a strong inhibitory effect on DNA synthesis
with an ICs, value of around 0.04 pwM. The acid-sensitive
conjugates A-DOXO-HYD and T-DOXO-HYD are also ac-
tive in this cell line with comparable ICs, values for both de-
rivatives (0.3 uM for A-DOXO-HYD, 0.4 pM for T-DOXO-
HYD); CAELYX showed a significantly lower inhibitory ef-
ficacy (ICs, value [B.0 pwM). The stable albumin conjugate
A-DOXO-MBS does not inhibit DNA-synthesis at the con-
centrations tested.
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Fig. 2. Influence of free doxorubicin, CAELYX, A-DOXO-HYD,

T-DOXO-HYD and A-DOXO-MBS (ICs, not reached) on DNA
synthesis in the LXFL 529 lung carcinoma cell line.
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CLSM Double Fluorescence Studies with Doxorubicin and
Doxorubicin Derivatives: Organelle-Specific Staining of
Lysosomes, Mitochondria, and Golgi Apparatus

To characterize the fluorescent properties of doxorubicin
and the doxorubicin formulations prior to incubation with the
tumor cells, fluorescence spectra of a 3 wM solution of doxo-
rubicin, T-DOXO-HYD, A-DOXO-HYD, A-DOXO-MBS,
and CAELYX were recorded which revealed that the relative
intensity of the maximum fluorescence emission at 555-560
nm for free doxorubicin is approximately three- to fourfold
higher compared to the conjugates, and sixfold higher com-
pared to CAELYX. This difference in the fluorescent prop-
erties of the drug formulations was, in part, compensated in
the CLSM studies by incubating the cells with a higher con-
centration of the doxorubicin formulations (2 pM) compared
to free doxorubicin (1 wM). When doxorubicin or the doxo-
rubicin formulations were incubated with one or five equiva-
lents of human serum albumin, only marginal changes
(<10%) were observed in the fluorescence spectra.

When CAELYX was incubated for 24 h at 37°C with
phosphate buffer (3 wM) or 10% FCS, the relative intensity of
the maximum fluorescence emission at 555-560 nm increased
by approximately 30-40% over the initial value, which corre-
sponds to 5-10% leakage of doxorubicin from the liposome
when compared with the relative intensity of the maximum
fluorescence emission at 555-560 nm of a 3 pM solution of
free doxorubicin. Incubation studies with calf thymus DNA
resulted in pronounced quenching (>90%) of the intrinsic
fluorescence of the anthracycline chromophore in the case of
doxorubicin. Quenching for the acid-sensitive protein conju-
gates was lower (T-DOXO-HYD [[(50%], A-DOXO-HYD
[(B0%]), whereas only marginal quenching was observed for
A-DOXO-MBS and CAELYX (<10%). These results are in
accordance with those obtained in an analogous study with
polyethylene glycol doxorubicin conjugates (15) and indicate
that the anthracycline moiety attached to the protein through
a hydrazone linker is accessible for interactions with DNA.

To investigate and compare the cellular uptake as well as
the intracellular distribution of A-DOXO-HYD, A-DOXO-
MBS, T-DOXO-HYD, CAELYX, and free doxorubicin,
LXFL 529 lung carcinoma cells were incubated with the drug
formulations for 4 and 24 h, respectively, followed by a 15 min
incubation with the respective fluorescence organelle-specific
marker. Because of the observation in earlier experiments
that fixation of the cells resulted in a falsification of the fluo-
rescence staining, we used living cells in our double-labeling
experiments.

In a first series of experiments, LXFL 529 cells were
incubated with the doxorubicin derivatives for 4 h, followed
by incubation with the lysosomal marker. The results of these
studies are shown in Fig. 3A-E for all compounds as a single
layer through the middle of the cells. Doxorubicin is primarily
localized in the cell nucleus after this time (Fig. 3A), which is
in accord with the literature data (16,17). In contrast, when
the cells were incubated with A-DOXO-HYD, A-DOXO-
MBS, or T-DOXO-HYD, no or only marginal fluorescence
was detected in the nucleus and was mainly observed in
the cytoplasm. The fluorescence intensity observed with
CAELYX after 4 h was lower compared to the other com-
pounds (Fig. 3E). As shown in Fig. 3A-E, hardly any fluo-
rescence resulting from doxorubicin is detected in the
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lysosomes with the exception of tumor cells incubated with
doxorubicin, where some accumulation is observed. Double-
labeling experiments with LysoTracker Red after 24 h re-
vealed that doxorubicin from the derivatives did not accumu-
late to a much greater extent in these organelles (data not
shown).

In a next set of experiments, we wanted to determine
which intracellular compartments were the major sites of
doxorubicin accumulation after 24 h for the different com-
pounds. Thus, we performed double-labeling experiments
with MitoTracker Red and the Golgi marker. The CLSM
images are shown in Fig. 4A-E (MitoTracker Red) and Fig.
5A-E (Golgi marker); a representative single layer showing
the fluorescence of doxorubicin and of the organelle marker
as well as a pseudo-3D animation highlighting colocalization
is shown from top to bottom.

After a 24 h incubation with free doxorubicin, fluores-
cence is now also observed in the cytoplasm of the LXFL 529
cells, and the double-labeling experiments show that a part of
this fluorescence is associated with mitochondria as well as
the Golgi apparatus.

The doxorubicin protein conjugates A-DOXO-HYD,
T-DOXO-HYD, and A-DOXO-MBS display a very similar
cellular distribution pattern with the major fluorescence
seen in the cytoplasm (Fig. 4B-D, Fig. 5B-D). After 24 h,
fluorescence was also detected in the nucleus for A-DOXO-
HYD; in contrast, hardly any fluorescence was discernible
in the nucleus of the tumor cells that were incubated with
T-DOXO-HYD or A-DOXO-MBS (Figs. 4 and 5C and D).
Double-labeling experiments show that doxorubicin from the
conjugates is localized in the mitochondria as well as in the
Golgi apparatus. This feature is clearly seen when comparing
the individual pictures for the conjugates and organelle mark-
ers with the colocalization pictures showing the overlap of the
two fluorescence signals.

Fluorescence in LXFL 529 cells that were incubated with
CAELYX is seen in the nucleus and, in part, in the cytoplasm.
Double-labeling experiments indicate that the cytoplasmic
compartment contains rather mitochondria and not the Golgi
apparatus.

DISCUSSION

CLSM does not allow one to distinguish between pro-
tein-bound or encapsulated doxorubicin and intracellulary
liberated doxorubicin. The fluorescence intensity of doxoru-
bicin is dependent on the microenvironment within the cell
and physical parameters such as concentration and pH value
(18). Above all, pronounced quenching is observed when
doxorubicin intercalates with DNA (19-21). Taking this into
consideration, confocal fluorescence microscopy does not
give a quantitative description of the intracellular distribution
of doxorubicin formulations, but has been shown to be a use-
ful noninvasive technique for identifying principal sites of
drug localization (16,17,21).

A first objective of the present work was thus to assess
any major differences regarding the intracellular distribution
after incubation of lung cancer cells with free doxorubicin,
doxorubicin protein conjugates, and a liposomal formulation
of doxorubicin. A second objective was to investigate whether
doxorubicin accumulated in lysosomes, the Golgi apparatus,
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Fig. 3. CLSM images depicting the intracellular distribution of doxorubicin (A; green), A-DOXO-HYD (B; green), A-DOXO-MBS (C; green), T-DOXO-HYD (D;
green), CAELYX (E; green), and the lysosome marker (A, B, C, D, E; red) in LXFL 529 cells after 4 h. Colocalization of doxorubicin and derivatives with lysosomes
(yellow) and the cell nuclei (blue) is shown in A’, B, C’, D', and E'. Pictures A, B, C, D, and E are single optical sections taken in the middle of the cells; pictures
A', B’,.C’, D', and E’ represent 3D reconstructions.
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Fig. 4. CLSM images depicting the intracellular distribution of doxorubicin (A; green), A-DOXO-HYD (B; green), A-DOXO-MBS (C; green), T-DOXO-HYD (D;
green), CAELYX (E; green), and the mitochondrium marker (A’, B’, C’, D', E’; red) in LXFL 529 cells after 24 h. Colocalization of doxorubicin and derivatives with
the mitochondria (yellow) and the cell nuclei (blue) is shown in A”, B”, C", D", and E". Pictures A, A’, B, B’, C, C’', D, D’, E, and E’ are single optical sections taken
in the middle of the cells; pictures A”, B”, C", D", and E” represent 3D reconstructions.
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Fig. 5. CLSM images depicting the intracellular distribution of doxorubicin (A; green), A-DOXO-HYD (B; green), A-DOXO-MBS (C; green), T-DOXO-HYD (D;
green), CAELYX (E; green), and the Golgi marker (A’, B’, C’, D', E"; red) in LXFL 529 cells after 24 h. Colocalization of doxorubicin and derivatives with the Golgi
apparatus (yellow) and the cell nuclei (blue) is shown in A”, B", C", D", and E". Pictures A, A’, B, B’, C, C’, D, D', E, and E’ are single optical sections taken in the
middle of the cells; pictures A”, B”, C", D", and E” represent 3D reconstructions.
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or mitochondria with the aid of double-labeling experiments.
Emphasis was laid on these organelles because (a) lysosomes
and the Golgi apparatus are important organelles during en-
docytosis and vesicle trafficking (22), and (b) cardiotoxicity of
doxorubicin appears to be associated with the accumulation
of this drug in the mitochondria of heart muscle cells (23,24).

Double-labeling experiments with a lysosome marker
show that doxorubicin does not accumulate in these organ-
elles when lung carcinoma cells are exposed to free doxoru-
bicin or the doxorubicin derivatives. This result indicates that
the concentrations of doxorubicin in lysosomes are too low to
be detected by colocalization with the LysoTracker, either
because the doxorubicin protein conjugates, CAELYX, or
intracellularly released doxorubicin from these formulations
are not transported to lysosomes, or because once released,
doxorubicin diffuses rapidly from the lysosomes into the cy-
toplasm or because lysosomes fuse with other organelles, thus
trafficking the doxorubicin compounds to new intracellular
compartments.

Key differences between doxorubicin and the doxorubi-
cin protein conjugates are the initial intracellular sites of ac-
cumulation and the shift between nucleus and cytoplasm with
time: doxorubicin is primarily localized in the nucleus during
the first hours of incubation (after 1 h it is almost solely
confined to the nucleus when incubated with 1 uM of doxo-
rubicin [data not shown]) with fluorescence also seen in the
cytoplasm after 4 h. In a related study by Lopes de Menezes
et al. (21), who incubated a B lymphoma cell suspension for 1
h with doxorubicin, doxorubicin fluorescence was observed in
the nucleus as well as in the cytoplasm using confocal micros-
copy. In addition, subcellular fractionation showed that after
a 1 h incubation with doxorubicin at 10°C, approximately
20% of doxorubicin was found in the cell nucleus and ap-
proximately 40% in the mitochondria as shown by HPLC.

In contrast to the results obtained with free doxorubicin,
cells incubated with the doxorubicin protein conjugates are
practically devoid of fluorescence in the nucleus after 4 h in
our study. Because we have shown that the stable conjugate
A-DOXO-MBS shows marginal quenching and the acid-
sensitive transferrin and albumin conjugate demonstrate
quenching to a lesser extent than free doxorubicin when in-
cubated with DNA, we can conclude that less doxorubicin is
delivered to the cell nucleus when LXFL 529 cells are incu-
bated with the doxorubicin protein conjugates.

After 24 h, considerable fluorescence is seen in the cy-
toplasm of cells incubated with either doxorubicin or the pro-
tein conjugates. In addition, some fluorescence is now also
observed in the nucleus of cells treated with the conjugates,
although of very weak intensity in the case of A-DOXO-MBS
and T-DOXO-HYD (see Fig. 4C,D and Fig. 5C,D). When
LXFL 529 cells were incubated with CAELYX for 4 and 24 h,
the major amount of doxorubicin fluorescence is observed in
the nucleus.

Our double-labeling experiments indicate that doxorubi-
cin that is detected in the cytoplasm is localized in mitochon-
dria as well as in the Golgi apparatus. The extent of colocal-
ization is particularly pronounced in the incubation studies
with the doxorubicin conjugates A-DOXO-HYD, T-DOXO-
HYD, and A-DOXO-MBS (see Fig. 4 and Fig. SB-D). Ac-
cumulation of the drug protein conjugates in the Golgi appa-
ratus would be expected considering that the Golgi apparatus
and the trans-Golgi network play a pivotal role in the sorting
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of vesicles that enter and leave the cell (22). The other sites of
doxorubicin accumulation are the mitochondria. Several stud-
ies have shown that doxorubicin impairs the function of heart
mitochondria by interacting with the negatively charged phos-
pholipid, cardiolipin, by inhibiting mitochondrial enzymes or
by lipid peroxidation, leading to an overall inhibition of cell
respiration (23,24). Moreover, Nicolay et al. demonstrated by
fluorescence microscopy that heart mitochondria and the
nucleus are the predominant sites of doxorubicin localization
(24). Our results would now suggest that the mitochondria of
lung carcinoma cells are also sites of drug accumulation by
which free doxorubicin as well as doxorubicin from the inves-
tigated drug formulations exert their cytotoxicity: Specific lo-
calization of doxorubicin in mitochondria is especially pro-
nounced for the protein doxorubicin conjugates and is also
seen when LXFL 529 cells are exposed to free doxorubicin for
a longer period. Considering the fact that only weak fluores-
cence was observed in the cell nucleus when the cells were
exposed to the doxorubicin protein conjugates, we can tenta-
tively suggest that the inhibition of mitochondrial function is
an important factor by which acid-sensitive transferrin and
albumin conjugates of doxorubicin kill tumor cells. Whether
doxorubicin additionally accumulates in other organelles such
as the endoplasmic reticulum cannot be ruled out by our stud-
ies, however (double labeling experiments were not carried
out with a marker for the endoplasmatic reticulum because a
unique marker for this cellular compartment is not commer-
cially available).

A surprising result from our investigation is that the in-
tracellular fluorescence pattern of the three doxorubicin con-
jugates is, on the whole, quite similar despite the fact that the
stable amide conjugate A-DOXO-MBS does not exhibit cy-
totoxicity in contrast to the acid-sensitive conjugates A-
DOXO-HYD and T-DOXO-HYD (see Fig. 2). This result is
a first indication that the conjugates are taken up by LXFL
529 cells and trafficked intracellularly in a similar manner
irrespective of the chemical bond between the drug and the
protein. Furthermore, there is no pronounced difference be-
tween the acid-sensitive transferrin and albumin conjugates
T-DOXO-HYD and A-DOXO-HYD with respect to cellular
sublocalization and cytotoxicity.

Our experiments do not allow us to define the endocy-
totic pathways of the doxorubicin protein conjugates in detail.
The following observations, however, suggest that endocyto-
sis of the transferrin conjugate by the transferrin receptor
may not necessarily be the dominant factor by which such
conjugates exert their cytotoxicity.

We have previously noted that extensive in vitro and in
vivo studies with transferrin and albumin drug conjugates did
not reveal a significant difference between the two proteins as
potential drug carriers (4,5,25,26). An approximate estima-
tion of the ratio of the number of doxorubicin transferrin
conjugates to the number of transferrin receptors expressed
on tumor cells (approximately 0.5-2 x 10°) (27) reveals a ratio
of around 10°-10°1 at the ICs, values of doxorubicin protein
conjugates in cell culture systems (0.1-1.0 wM). This indicates
that the contribution of the transferrin receptor might be
small when other endocytotic pathways in tumor cells are
dominant, especially when cells are exposed to relatively high
drug concentrations (1.0-2.0 wM). It should be added that the
ICs, values of transferrin and albumin conjugates with chlo-
rambucil were nearly identical in MOLT4 leukemia and
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MCF7 breast carcinoma cells despite the fact that the trans-
ferrin receptor was expressed on these tumor cells (25,26). In
addition, analogously constructed doxorubicin conjugates
with polyethylene glycol of molecular weight 20,000 and
70,000 Da showed very similar in vitro activity compared to
the corresponding transferrin conjugates (15). Fluorescence
microscopy studies with doxorubicin polyethylene glycol con-
jugates with LXFL 529 cells also demonstrated that the
nucleus was practically devoid of any fluorescence (15).

We would like to point out, however, that the drug load-
ing ratio in our conjugates is very low (1.0-1.5). The role of
the transferrin receptor or other tumor-associated receptors
will certainly be of great importance when large amounts of
drugs are incorporated into the internalizing carrier, such as is
the case with liposomes carrying targeting moieties, for in-
stance (28).

Whether cellular uptake of CAELYX takes place by en-
docytosis is not clear from our studies. A number of studies
have indicated that the dominant mechanism for cellular up-
take of liposomal formulations is drug leakage from the lipo-
some in the cell culture medium and subsequent diffusion of
free drug into the cell (29,30). Our incubation studies with
CAELYX in physiological buffer or 10% FCS show that slow
drug leakage occurs over 24 h. This observation, as well as the
weak intracellular fluorescence intensity detected after incu-
bation of LXFL 529 cells with CAELYX, suggests that endo-
cytosis is not the major mechanism for cellular uptake. Recent
investigations with a very similar pegylated liposomal formu-
lation of doxorubicin (DXR-SL) have also revealed a much
weaker intracellular fluorescence intensity when B lymphoma
cells were incubated with DXR-SL compared to free doxo-
rubicin (21). In addition, the cytotoxicity of DXR-SL could be
significantly reduced (greater than fivefold) in the presence of
a cation exchange resin (Dowex), which removes liberated
doxorubicin from the cell culture medium. The ICs, value of
DXR-SL was approximately 25-fold lower than that for free
doxorubicin (after an incubation time of 24 h with B lym-
phoma cells) compared to a 75-fold decrease noted in our
study.

Further experiments are warranted in order to obtain a
detailed picture of the precise endocytotic pathways for dif-
ferent drug delivery systems on the cellular level.

In summary, our in vitro studies in LXF529 lung carci-
noma cells show that following drug exposure:

1. Free doxorubicin and doxorubicin from the liposomal
doxorubicin (CEALYX) is initially localized in the cell
nucleus and additionally observed in the Golgi apparatus and
mitochondria with time.

2. Predominant sites of accumulation for doxorubicin
transferrin and albumin conjugates are the Golgi apparatus
and mitochondria.

3. The cellular distribution pattern and cytotoxicity of
acid-sensitive transferrin and albumin conjugates are very
similar.

4. Incorporating a stable amide bond between doxoru-
bicin and albumin does not prevent cellular uptake of the
conjugate but leads to a dramatic loss of cytotoxicity.

5. Inhibitory effects decrease in the order doxorubicin >
acid-sensitive doxorubicin transferrin and albumin conjugates
> CAELYX >> non-acid-sensitive doxorubicin albumin con-
jugate.
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