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Abstract

Two specific binding sites for doxorubicin were revealed at the plasma membrane of human erythrocytes on

investigation of the binding of doxorubicin magnetic nanoconjugates. Free and conjugated doxorubicins modulated

signal transduction in erythrocytes in a similar way. Both up-regulated nitric oxide and cyclic GMP (cGMP) and down-

regulated cyclic AMP (cAMP) production and stabilize the membranes of damaged erythrocytes.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Doxorubicin (DOX), whose principle target was
previously thought to be DNA, has been shown to
exert its cytotoxic action solely by cell surface
interaction since extracellular drug was required to
initiate the cytotoxic cascade [1,2]. These findings
initiated studies with DOX conjugates to find
more efficient drug forms and to reduce the
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toxicity of free DOX. Increasing evidence firmly
suggests that the underlying mechanism for
anthracycline cytotoxicity is the induction of
apoptosis through intracellular-mediated signaling
pathways [3,4]. It has also been shown that
adriamycin initiates inhibition of the growth-
related NADH oxidase in the plasma membrane
of cancer cells associated with apoptosis [5].
Nevertheless, the events in DOX-induced apopto-
sis are poorly understood and determining the
mechanisms of DOX membrane effects remains a
challenge.
The purpose of this work was to investigate the

binding of DOX, immobilized on a magnetic
nanomaterial, to intact human erythrocytes, and
d.
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Fig. 1. Electron micrograph of the DOX-M conjugate sample.

O. Mykhaylyk et al. / Journal of Magnetism and Magnetic Materials 293 (2005) 464–472 465
to test the effects of this conjugate on signal
transduction in human erythrocytes using quanti-
tative determination of the intracellular cAMP and
cGMP pools and the stable nitric oxide (NO)
metabolites, NO2

� and NO3
�. Human erythrocytes

were chosen as a model cell system due to the
known interactions of DOX with blood compo-
nents. These interactions determine, to a great
extent, DOX pharmacokinetics [6]. The DOX-
erythrocyte binding mechanisms include the em-
bedding of DOX into the lipid matrix, the
insertion of DOX into the erythrocyte stroma
using the ‘flip-flop’ mechanism [7], or, depending
on the level of cholesterol in the membrane, using
a specific transporter [8].
2. Experimental

All chemicals were purchased from Sigma-
Aldrich. Nanodispersed magnetite was modified
by oligomerization of g-aminopropyltriethoxysi-
lane and activated with 1,6-diisocyanatohexane as
described elsewhere [9], followed by chemisorption
of hydroxyethylstarch from aqueous solution and
repeated activation with 1,6-diisocyanatohexane.
The mean diameter of the particle core was
24719 nm according to electron microscopy data
(Fig. 1) and the average nanocrystal size was
30 nm, as calculated from the broadening of the
main magnetite peak in the X-ray diffraction
pattern. To synthesize a set of doxorubicin
magnetic conjugates (DOX-M), DOX was chemi-
sorbed on the surface of the activated nanocarrier
from aqueous solution, pH 6.0, followed by
chemisorption of O-(2-Aminoethyl)polyethylene
glycol 3000 (APEG) from a 2.5% solution in
water. The activated carrier with chemisorbed
APEG was used as a reference sample. The
concentration values of immobilized DOX in
DOX-M conjugates were estimated from the
decrease in optical density of the contact solutions
at l ¼ 486 nm; � ¼ 7:50� 103 M�1 cm�1 and
found to be 0.16, 0.4, 1.2, 6.1, and 25.1mg
DOX/g activated carrier, respectively. The cyto-
toxicity of conjugated DOX in vitro against A2780
human ovarian carcinoma and KB human epider-
moid oral cavity cancer cell lines was close to that
of free DOX.
Packed erythrocytes from three different donors

were washed twice with physiological saline using
a commonly accepted method based on differential
centrifugation. To study DOX-M conjugate bind-
ing, washed erythrocytes (5� 107 cells/ml of
incubation medium) were pre-incubated at 371
for 30min and aliquots of the DOX solutions in
physiologic saline were added to achieve final
DOX concentrations in the range of
10�12–10�5M. This erythrocyte solution was
incubated at 371 with gentle agitation for 15min.
Thereafter, 0.1ml portions of the DOX-M suspen-
sions were added to the mixture, resulting in a
ratio of conjugate particles:erythrocytes of
4� 103:1. Samples were incubated for 15min at
37 1C with gentle agitation followed by magnetic
separation of the DOX-M conjugate-labeled cells
using a permanent magnet. We measured the
optical density of the supernatant at 532 nm (D532)
to determine concentration of erythrocytes re-
maining in suspension. The percentage of cells
binding magnetic carrier particles was defined by
the decrease in cell concentration in the super-
natant, after magnetically separating the cells, as
ð1� D532=D0

532Þ (%). Each concentration point
represents the mean of nine measurements (three
independent measurements for erythrocytes from
three different donors).



ARTICLE IN PRESS

0

2

4

6

0 2 4 6 8
Incubation time, hour

D
O

X
 d

es
or

pt
io

n,
 %

Fig. 2. DOX release profile vs. incubation time for DOX-M

conjugate at 37 1C in a physiological solution, pH 7.4.
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DOX-M nanoparticle ordering in the erythro-
cyte suspension was investigated by small angle
neutron scattering (SANS), which was performed
on frozen erythrocyte suspensions at �10 1C using
a ‘‘Yellow Submarine’’ spectrometer at the Buda-
pest Neutron Center (l ¼ 4:08 and 8.16 Å). A
linear chain model was used to fit the data. DOX-
M conjugate samples with 6.1mg immobilized
DOX/g carrier were measured using this techni-
que. A DOX-M suspension in physiological saline
was added to the washed erythrocyte suspension
(hematocrit index ¼ 0.4) at 37 1C, at a final
concentration of 3.2� 103 conjugate particles/cell
and frozen immediately (sample a), after a 10min
incubation (sample b), or after a 30min incubation
(sample c). Another erythrocyte sample was
preincubated for 10min with 0.2 mM free DOX
to saturate binding sites, then the DOX-M
suspension was introduced as above, and frozen
after a 30min incubation (sample d).
To test the effects of the preparations on signal

transduction by human erythrocytes, a suspension
of 5� 107 cells/ml was quickly mixed with aliquot
of free or conjugated DOX in saline (final
concentration from 0 to 8 mg DOX/ml or
9� 10�8–1.5� 10�5M) and incubated at 37 1C
for 15 or 30 s (early interaction period), or 15 or
30min (late interaction period). Upon incubation,
8� 104 particles of DOX-M conjugate/cell were
applied to ensure saturation of the binding sites.
The observed effects on signal transduction were
stipulated solely by immobilized DOX, as DOX
desorption from the conjugate during the observa-
tion times was negligible (less than 0.4% over 1 h,
Fig. 2) and the conjugate did not penetrate the cell
over the duration of the experiment (Fig. 4).
The concentrations of cGMP and cAMP

extracted into ethanol were determined using an
Amersham radioimmune analysis test system and
a Beckman beta counter [10]. The reference
concentrations in the erythrocyte suspension were
0.4970.17 and 38.376.4 pmol/g protein for
cGMP and cAMP, respectively. Each data point
represents a mean of four measurements (probe
duplicates for erythrocytes from two different
donors).
To determine the content of stable NO meta-

bolites (NO2
� and NO3

�), the cell suspension was
added to an equal volume of 1N HClO4 solution,
following the incubation period. NO2

� content in
deproteinized aliquots was determined using
Griess reactant with Green’s method [11]. NO3

�

content was determined using a modified colori-
metric method [12] in which the dinitroderivative
brucine, 10,11-dimetoxystrichnine, was used in
place of strychnine. The brucine reactant was
added to deproteinized probes in a probe:reagent

ratio of 2:1, incubated for 10min at 100 1C, and
the extinction D405 nm was measured. Data repre-
sent the mean of 12 measurements performed in
four parallel probes from three different donors
for each time point. The reference concentrations
in the erythrocyte suspensions were
0.60070.055 nmol/g protein and 10.370.5 mmol/
mg protein, for NO2

� and NO3
�, respectively.

The protein content was determined by the
Bradford Assay using bovine serum albumin as a
standard.
Erythrocyte acid resistance was determined

using a kinetic method [13]. Changes in extinction
were determined at 750 nm every 30 s throughout
the hemolysis of intact and NaNO2-damaged
erythrocytes in the presence of different concen-
trations of free and conjugated DOX.
3. Results and discussion

DOX immobilized at the surface of magnetite
nanoparticles retained its ability to bind its target
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Fig. 3. Mean values of erythrocyte binding for DOX-M

conjugates with varying ratios of immobilized DOX to free

DOX in the incubation medium.

Fig. 4. Mouse cerebral cortex 1 h after i.v. injection of 25 mg
DOX-M conjugate (or 0.15mg DOX)/g (w/w): arrows denote

electron dense particles distributed in endothelial cells (1), in the

blood capillary lumen (3) and in neurophyl (4), and attached to

the membrane of erythrocyte (2).
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receptors in competition with free DOX. Fig. 3
shows the binding of immobilized DOX to human
erythrocytes in the presence of 10�12–10�5M free
DOX. The introduction of free DOX inhibited
immobilized DOX binding, providing evidence of
specific DOX binding at the cell surface. As shown
by the concurrent binding measurements (Fig. 3),
there are two highly specific binding sites (receptor
pools) for DOX at the plasma membrane of
human erythrocytes. No specific binding with the
plasma membrane was observed for the nanodis-
persed magnetite without immobilized DOX;
however, a small amount of magnetite bound to
the erythrocytes. This nonspecific binding of
magnetic nanoparticles resulted in a substantial
protector effect against the hemolysis of erythro-
cytes damaged by NaNO2 treatment (Table 3,
[DOX] ¼ 0).
Fig. 4 shows the electron dense particles of the

DOX-M conjugate attached to a mouse erythro-
cyte membrane in the blood capillary lumen of the
cerebral cortex, after i.v. injection of the conjugate.
The attached particle density is close to 100
particles/mm2 of erythrocyte surface, which, when
accounting for the apparent erythrocyte area
(E90 mm2), corresponds to at least 9� 103 DOX
binding sites at the cell surface.
Using the SANS method, aggregates of the

DOX-M nanoparticles with an Rg of 90 nm were
detected immediately after introduction of the
DOX-M preparation into the erythrocyte suspen-
sion (Fig. 5a). Upon incubation, SANS intensity
distributions changed (Fig. 5b and c) and the
gyration radius of the scattering centers (DOX-M)
decreased to 50 and 15 nm after 10 and 30min of
incubation, respectively, from the initial 90 nm as
shown in Fig. 5a. The decrease in the scale of the
structures is consistent with desaggregation of the
material due to interaction with erythrocytes
(adsorption at the plasma membrane). Preincuba-
tion with free DOX prior to introduction of the
nanomaterial resulted in the inhibition of desag-
gregation: Rg was estimated to be 135 nm after
30min of incubation (Fig. 5d). This result can be
interpreted in terms of inhibition of the specific
adsorption of the immobilized DOX-containing
nanomaterial by free DOX, confirming the specific
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Fig. 5. 2D SANS intensity patterns, corrected for background transmission, for samples of human erythrocytes (ref) and after

introduction of 3.2� 103 DOX-M conjugate particles per cell (6.1mg DOX per gram carrier). Samples were frozen immediately (a),

after 10min of incubation (b), and after 30min of incubation (c). The sample in (d) was preincubated for 10min in the presence of

0.2 mM free DOX, then the DOX-M suspension was introduced, followed by 30min of incubation and freezing. The vertical and

horizontal dimensions of the plots correspond to 2qmax momentum transfer, and qmax ¼ 0:053 (A
�1

(S–D ¼ 5.5m; l ¼ 8:13A).
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binding of the immobilized DOX preparations to
the erythrocyte plasma membrane. Another im-
portant question is whether DOX binding per-
forms a receptor function and modulates signal
transduction in erythrocytes.
The effects of rapid cell activation (within

30min) due to interaction with free and immobi-
lized DOX were compared in the concentration
range of 9� 10�8–1.5� 10�5M DOX. We ob-
served immediate and similar effects of free and
immobilized DOX on the formation of second
messengers (Table 1), resulting in an increase in
NO metabolites (Fig. 6 to the right), steady state
cGMP concentrations, and a reciprocal decrease in
cAMP levels (Fig. 6 to the left).
An overall significant increase in the cGMP/

cAMP ratio was observed (Table 2). For free and
conjugated DOX, maximal [cGMP]/[cAMP] ratios
were 33- and 25-fold greater, respectively, than the
basal ratios at ½DOX� ¼ 0: The NO metabolites
were 4.4- and 5.5-fold greater than basal NO
metabolites at ½DOX� ¼ 0 for NO2

�, and 5.5- and
5-fold greater for NO3

�. Similar changes of the
tested parameters in response to free and immo-
bilized DOX preparations provided evidence that
immobilized DOX retained its ability to modulate
cell signal transduction, in a similar manner to free
DOX. It is also important that the termination of
cell activation occurred after 30min of incubation.
Preparations with lower immobilized DOX

concentrations (0.4 and 2 mg/ml) can be more
effective than those with high concentration
(8.25 mg/ml) in achieving the highest signaling
effect. Interestingly, the highest specific cytotoxi-
city in both A2780 human ovarian carcinoma and
KB human epidermoid oral cavity cancer cell lines
occurred for conjugates with a DOX concentra-
tion of 6.1mg/g carrier, which was also one of the
most effective in generating immobilized DOX
signal effects (Figs. 6).
A substantial increase in NO production as a

result of free and immobilized DOX signal action
can be indicative of a physiological increase in
intracellular Ca2+-ion concentration, with subse-
quent constitutive NO-synthase activation. Both
pathways for [Ca2+]i increase are associated with
activation of the phospholipid signal system. One
pathway is characterized by phosphatidyl inositol
hydrolysis: an increase in inositol phosphates and
diacylglycerol, the second messengers responsible
for the mobilization of cytoplasmic free calcium
and activation of protein kinase C. It must be
noted that the main conjugated calcium store in
erythrocytes is in the plasma membrane (calcium is
mainly associated with phosphatidyl inositol
phosphates and sphingomyelin). Thus, another
pathway for [Ca2+]i increase is sphingomyelin
hydrolysis with ceramide production. Ceramide
can be further hydrolyzed to sphingosine, accom-
panied by Ca2+ release from the plasma mem-
brane. Sphingosine is known to be an apoptosis
trigger [3]. The increase in cGMP levels upon free
and immobilized DOX signal action is apparently
stipulated by the activation of soluble guanylate
cyclase by NO. The reciprocal decrease in cAMP
levels in the early period of DOX signal action can
be also stipulated by an NO increase, as NO is an
inhibitor of the membrane adenylate cyclase [14].
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Table 1

Concentrations of the secondary messengers cAMP, cGMP and

NO metabolites NO2
� and NO3

� in human erythrocytes

incubated in the presence of different concentrations of free

DOX or immobilized DOX (DOX-M conjugates) for 15 s, 30 s,

15min and 30min after their introduction into erythrocyte

suspensions

Preparation [DOX] (mg/ml) 15 s 30 s 15min 30min

½cAMP�=½cAMP�½DOX�¼0 ðM; n ¼ 4Þ

Free DOX 0.05 0.90 0.92 0.43** 0.71

0.10 0.80 1.24 0.46** 0.72

0.40 0.73 0.93 0.50** 0.65

2.00 0.64 1.12 0.62* 1.13

8.00 0.96 0.72 0.78 1.23

DOX-M conjugates 0.05 1.01 1.04 0.77 0.77*

0.10 0.78 0.81 0.66 0.72*

0.40 0.91 0.67 0.49* 0.63*

2.00 0.56 0.69 0.68 0.80

8.00 0.69** 0.93 0.71 0.70

½cGMP�=½cGMP�½DOX�¼0 ðM; n ¼ 4Þ

Free DOX 0.05 1.3 2.3 8.6** 8.5**

0.10 3.3** 2.5** 11.9** 12.2**

0.40 4.4** 3.0* 17.5* 21.6*

2.00 3.1** 2.3** 14.3* 11.9*

8.00 2.6* 2.5 12.4* 11.8*

DOX-M conjugates 0.05 2.87** 1.63 6.52** 5.11**

0.10 3.62** 1.77 6.76* 7.37**

0.40 5.02* 1.80 11.54** 9.93*

2.00 2.40 3.29 11.47** 9.48**

8.00 1.3 2.3 8.6** 8.5**

½NO�
2 �=½NO

�
2 �½DOX�¼0 ðM; n ¼ 12Þ

Free DOX 0.05 0.8 1.7** 1.9** 0.8

0.10 0.9 2.1** 2.2** 1.1

0.40 1.2 2.0** 2.0** 1.2

2.00 1.8* 3.6** 2.9** 1.3

8.00 1.9** 4.4** 2.8** 0.9

DOX-M conjugates 0.05 1.5* 2.1** 1.4 1.8**

0.10 1.0 2.3** 1.9** 2.0*

0.40 1.9** 2.5** 1.6* 2.0

2.00 2.2** 3.8** 1.8* 3.1**

8.00 3.9** 5.5** 2.2* 1.8

½NO�
3 �=½NO

�
3 �½DOX�¼0 ðM; n ¼ 12Þ

Free DOX 0.05 2.03** 2.54** 2.35** 2.21**

0.10 2.72** 2.53** 3.11** 2.84**

0.40 2.88** 3.79** 2.95** 3.75**

2.00 3.63** 4.75** 2.79** 2.06**

8.00 4.04** 5.16** 3.59** 2.23**

DOX-M conjugates 0.05 1.71** 3.08** 1.59** 1.87**

0.10 2.37** 3.68** 1.90** 2.36**

0.40 3.61** 4.23** 1.76** 1.76**

2.00 4.52** 4.64** 1.64** 2.16**

8.00 4.57** 5.02** 1.61* 2.27*

*po0.05, **po0.01, mean differs significantly from reference

data at ½DOX� ¼ 0:
Data were normalized to the values determined at ½DOX� ¼ 0

without the addition of DOX (for free DOX) or in the presence

of the carrier itself (for DOX-M conjugate).
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In the investigated concentration range
(0.05–8.25 mg/ml) free DOX had no hemolytic
effect on intact erythrocyte membranes, and, in
fact, stabilized the plasma membrane and in-
creased the acid resistance of intact erythrocytes
and NaNO2-damaged erythrocytes (Fig. 7,
Table 3). Sodium nitrite provokes oxidative
damage of the erythrocyte plasma membrane and
stroma hemoglobin, resulting in substantial mem-
brane labilization and decreased erythrocyte acid
resistance, as evidenced by the tmax shift to the left
compared to the values for intact washed erythro-
cytes. Introduction of free or conjugated DOX
into the lysis medium caused a substantial dose-
dependent increase in the acid resistance of
damaged erythrocytes, as confirmed by the kinetic
data on erythrocyte acidic hemolysis (Table 3).
The increase in the erythrocyte stability index, the
time for onset of hemolysis, the time to hemolysis
termination and total duration of hemolysis, the
increase in the number of fractions in the
erythrogram, and the shifting of the kinetic curve
maximum to the right, all imply that an increase in
erythrocyte stability has occurred in the presence
of free or conjugated DOX.
An important question is: to what extent are the

signal effects of free and immobilized DOX
responsible for the DOX cytotoxic activity ob-
served in vitro and in vivo? Highly active isoforms
of iNOS are present in many cell types. For DOX,
both activation of iNOS enzyme activity (and even
the corresponding activation of gene expression)
and its inhibition have been previously reported
[15,16].
The role of NO in cancerogenesis is not yet been

determined. Although NO has been established as
a potent inducer of apoptosis in different cell
types, contradictory effects have been reported
[17]. It was shown that low NO concentrations can
contribute to cell survival, whereas higher NO
concentrations are pathological and promote
cell destruction [18,19]. The final result (activation
or inhibition of apoptosis) may be determined by
NO concentrations and the presence of other
pro-apoptotic and anti-apoptotic factors. A
significant increase in the cGMP level is considered
to be an apoptotic signal. Down-regulation
of cAMP also results in a shift toward apoptosis.
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In particular, BAD is a pro-apoptotic Bax-like
protein that is reversibly modulated by cAMP-
mediated phosphorylation, i.e., phosphorylated
BAD is unable to promote apoptosis [20]. The
inhibition of NADH oxidase related to the down-
regulation of cAMP in cancer cells is also
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associated with growth inhibition and activation
of apoptosis [5].
4. Conclusion

There are specific binding sites for DOX at the
plasma membrane of human erythrocytes. The
Table 2

[cAMP]/[cGMP] ratio ðM; n ¼ 4Þ in human erythrocytes

incubated in the presence of different concentrations of free

DOX or immobilized DOX (DOX-M conjugates) for 15 s, 30 s,

15min and 30min after their introduction into erythrocyte

suspensions

Preparation [DOX] (mg/ml) 15 s 30 s 15min 30min

½cGMP�=½cAMP�
ð½cGMP�=½cAMP�Þ½DOX�¼0

Free DOX 0.05 1.4 2.1 20.0* 11.1**

0.10 4.2** 2.2 33.3* 16.7**

0.40 5.9** 2.4 33.3* 25.0**

2.00 3.8** 2.2 20.0* 7.1**

8.00 2.8** 0.5 16.7* 7.1**

DOX-M

conjugates

0.05 3.2* 1.0 9.1* 6.7

0.10 5.0** 1.2 11.1* 11.1**

0.40 6.3** 2.7* 25.0* 12.5**

2.00 2.0 3.7** 20.0* 12.5**

8.00 3.8* 0.8 14.3* 14.3**

*po0.05, **po0.01, mean differs significantly from reference

(ref) data at ½DOX� ¼ 0:
Data were normalized to the values determined at ½DOX� ¼ 0

without the addition of DOX (for free DOX) or in the presence

of the carrier itself (for DOX-M conjugate).
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DOX-M conjugate does not penetrate into the cell
for at least an hour. It has been established that
free and conjugated DOX are antagonists of the
erythrocyte receptors coupled to the phospholipid
signal system. This is evidenced by an increase in
NO and cGMP levels. On the basis of the
experimental data obtained, one can concede
the following sequence of events initiated by
DOX interaction with erythrocyte’s surface:
DOX-binding to receptor(s) in the plasma
membrane conjugated with phospholipase C-
activation of phosphoinositol hydrolysis-genera-
tion of inositoltriphosphate and diacylglycerol-
increase in cytosolic calcium concentrations
([Ca2+]i)-activation of Ca-dependent (constitu-
tive) NO-synthase-NO generation-activation
of the cytosolic (soluble) guanylate cyclase-
cGMP generation. The decrease in cAMP levels
as a consequence of DOX signaling may be caused
by an increase in NO production (adenylate
cyclase inhibition), or by increased cGMP levels
resulting in the activation of cAMP-phosphodies-
terase, which hydrolyzes cAMP with AMP pro-
duction. The powerful membrane-stabilizing
action of low free and conjugated DOX concen-
trations may signify the underlying importance of
membrane events in the specific anticancer action
of this anthracycline antibiotic. The relative role of
cell signaling in DOX anticancer activity and its
clinical significance is still unclear; nevertheless the
features described here can suggest methods for
the optimization of DOX formulations.
4 8 12 16
t,min

1
2

(b)

anel (a) shows the reference curve (1) and the curve generated in

esence of the carrier, ½DOX� ¼ 0 (1), and the curve generated in

.



ARTICLE IN PRESS

Table 3

Kinetic parameters of acid hemolysis of human erythrocytes damaged with NaNO2 performed in the presence of different free and

immobilized DOX concentrations

[DOX] (mg/ml) Stability index ts (min) tt (min) Dt ¼ tt � ts (min) n (units) tmax (min)

Free DOX

0 128 0 6 6 2 0.5

0.05 455 2 10.5 8.5 3 3

0.1 552 2 11 9 4 5

0.4 675 1.5 16 14.5 8 5

2.0 699 2.5 19.5 17 7 4.5

8.0 717 2.5 17 14.5 11 6

DOX-M conjugate

0 505 1.5 9 7.5 4 5.5

0.05 548 0.5 12.5 12 4 5.5

0.1 602 1.5 13 11.5 5 6

0.4 614 1 20.5 19.5 8 5.6

2.0 699 1 23.5 22.5 11 5.6

8.0 626 2.5 15 11.5 7 6

Abbreviations: starting time of hemolysis, ts: time of hemolysis termination, tt: total duration of hemolysis, ðDt ¼ tt2tsÞ: number of

erythrocyte fractions, n: position of the kinetic curve maximum, tmax.
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