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a b s t r a c t

Antiretroviral-loaded erythrocytes offer a promising therapy against HIV owing to their potential to
deliver this kind of drugs to macrophages and reticulo-endothelial (RES) tissues. The aim of the present
work was to develop and optimize a hypotonic dialysis method for the encapsulation of the antiretrovi-
ral Zidovudine (AZT) in rat erythrocytes. The influence of several factors in the encapsulation was also
evaluated. Variables such as the initial AZT concentration, the dialysis time, and the dialysis bag/buffer
volume ratio exhibited statistically significant differences in the encapsulation of the drug in erythro-
cytes. The amount of drug encapsulated was related to the different values of the variables by multiple
arrier erythrocytes
ypotonic dialysis

linear regression. Osmotic fragility and haematological parameters were estimated as indicators of ery-
throcyte viability. No statistically significant differences in the osmotic fragility profiles of the control
and carrier erythrocytes were observed, and this parameter was also independent of the dialysis con-
centration of AZT, the hypo-osmotic dialysis time, and the dialysis bag/buffer volume ratio. The in vitro
release of AZT from carrier erythrocytes pointed to a fast leakage of the drug; however, around 30% of
the drug remained encapsulated for a prolonged period of time. Pre-dialysis diamide treatment did not
have a significant effect on the encapsulation and release of AZT in erythrocytes.
. Introduction

Owing to the broad range of drugs available to treat HIV
nfection, the HIV-associated disease-acquired immunodeficiency
yndrome (AIDS) has been reduced to a chronic infection, at least in
ost developed countries. Nevertheless, highly active antiretrovi-

al therapy (HAART) still has important limitations, such as the high
ost of the treatments, the adverse effects of certain antiretroviral
rugs, drug resistance, drug interactions, non-compliance prob-

ems, etc. . . (Kalkut, 2005; Lanao et al., 2007). In recent years, the
truggle against HIV/AIDS has boosted the development of different
herapeutic strategies, including the use of drug delivery systems
o overcome these drawbacks.

Erythrocytes are potential biocompatible vectors for different
ioactive substances, such as drugs, enzymes and other macro-

olecules. They have properties which make them suitable as

rug carriers, such as their ability to provide a controlled-release
ffect or to target drugs to the reticulo-endothelial system, avoid-
ng adverse effects in other organs, due to their rapid clearance
rom the blood by the monocyte–macrophage system. In com-
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E-mail address: ganda@usal.es (C.I. Colino).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.09.006
© 2010 Elsevier B.V. All rights reserved.

parison with other carrier systems, they have the advantage
of higher biocompatibility, especially when autologous erythro-
cytes are used (Hamidi and Tajerzadeh, 2003; Gutiérrez et al.,
2004b; Hamidi et al., 2007a,b,c; Briones et al., 2008; Patel et al.,
2008).

Antiretroviral drugs show insufficient macrophage pene-
tration capacities and low bioavailability, giving rise to the
appearance of resistance and toxic effects due to their accu-
mulation in other organs. The monocyte–macrophage system
is the first to be infected by HIV. This supports the intracel-
lular replication of the virus and acts as a reservoir, which
favours the dissemination of the infection and protects the
virus against antiretroviral treatment. The specific delivery of
these agents into macrophages by means of drug delivery
systems is therefore of huge therapeutic interest (Hu et al.,
2000; Fraternale et al., 2002; Lanao et al., 2007; Briones et al.,
2008).

The hypo-osmotic dialysis procedure is the method most fre-
quently used for erythrocyte drug encapsulation because of its
simplicity and relatively high yield of encapsulation (DeLoach and

Ihler, 1977; Dale, 1987; DeLoach, 1987; Álvarez et al., 1998; Bax
et al., 1999; Bax et al., 2000a,b; Gutiérrez et al., 2004a,b). The aim
of this work was to study and optimize the factors that influence
the encapsulation of zidovudine in rat erythrocytes, using a hypo-
osmotic dialysis method.

dx.doi.org/10.1016/j.ijpharm.2010.09.006
http://www.sciencedirect.com/science/journal/03785173
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. Materials and methods

.1. Materials

Zidovudine was kindly supplied by GlaxoSmithKline. All other
hemicals and solvents were of analytical grade.

.2. Blood collection and erythrocyte preparation

The housing and experimental treatment of the animals was in
ccordance with current Spanish and European Union legislation
nd complied with the “Principles of Laboratory Animal Care”. Fresh
lood was obtained from male Wistar rats by retro-orbital punc-
ure, using EDTA (1.5 mg/ml) as anticoagulant. Plasma was removed
fter centrifugation of the blood (600 × g, 5 min, 4 ◦C). Packed ery-
hrocytes were washed twice with isotonic Hanks-PBS buffer (pH
).

.3. Encapsulation of zidovudine in carrier erythrocytes

The encapsulation of AZT in rat erythrocytes was accomplished
sing a hypotonic dialysis method (Eichler et al., 1986; Sanz et
l., 1999; Gutiérrez et al., 2005). Packed erythrocytes were resus-
ended in an AZT solution in Hanks-PBS buffer to obtain a cell
uspension of 70% hematocrit. The cell suspension was placed in the
ialysis bag (Medicell, molecular size cut-off, 12–14 KDa.) and incu-
ated against 50 ml of a hypotonic buffer (15 mM NaH2PO4·2H2O,
5 mM NaHCO3, 20 mM glucose, 2 mM ATP, 3 mM reduced glu-
athione, 5 mM NaCl, 90 mOsm/Kg, pH 8) at 4 ◦C. Then, the dialysis
ag was transferred to 20 ml of the resealing buffer (250 mM NaCl,
2.5 mM glucose, 12.5 mM sodium pyruvate, 12.5 mM inosine,
2.5 mM NaH2PO4·2H2O, 0.63 mM adenine, 500 mOsm/Kg, pH 8)
or 15 min at 37 ◦C. Finally, drug-loaded erythrocytes were washed
wice in Hanks-PBS buffer to remove unencapsulated drug. Differ-
nt conditions were tested in order to optimize the encapsulation
ethod. The conditions assayed were: (1) initial AZT concentra-

ions in the cell suspension of 1, 2, 3, 6 and 10 mg/ml for a dialysis
ime of 45 min and a bag/buffer ratio of 1:50 ml, (2) dialysis times
f 45, 60 and 90 min for an initial AZT concentration of 10 mg/ml
nd a bag/buffer ratio of 1:50 ml, (3) dialysis bag/hypotonic buffer
atios, using dialysis bag volumes of 1, 1.5 and 2 ml, against a fixed
ypotonic buffer volume of 50 ml, for an initial AZT concentration
f 10 mg/ml and a dialysis time of 45 min. Eight replicates of each
xperiment were carried out. In addition, the influence of diamide
reatment on AZT encapsulation in erythrocytes was studied. To
his end, washed erythrocytes were resuspended in 2 mM diamide
n Tris/ClH buffer (40 mM Tris/ClH, 5 mM KCl, 116 mM NaCl, 0.2 mM

gCl2, 5 mM glucose, pH 7.4) (Jordán et al., 2001; Lotero et al.,
001), and incubated at 37 ◦C for 1 h. Then, cells were washed twice
ith the same buffer and hypotonic dialysis was carried out as
escribed above.

.4. Scanning electron microscopy (SEM)

In order to evaluate the existence of morphological changes
n erythrocytes after the loading process, control and zidovudine-
oaded ghost erythrocytes were prepared for scanning electron

icroscopy (SEM) as follows. Briefly, samples were incubated with
oly-l-lysine for 1 h and then fixed with 25% glutaraldehyde steam
vernight. Samples were washed with phosphate buffer and dehy-

rated using a concentration gradient of acetone from 30 to 100%,
nd finally dry acetone. Then, critical point drying in liquid car-
on dioxide and metallization with gold particles was carried out.
he samples thus prepared were analyzed using a Zeiss DSM 940
lectron microscope.
Pharmaceutics 401 (2010) 41–46

2.5. Measurement of haematological parameters

Haematological parameters were determined in an ADVIA TM
120 Hematology System analyzer. The parameters evaluated were
haematocrit (HCT), released haemoglobin (HGB), mean corpuscular
volume (MCV), mean corpuscular haemoglobin (MCH) and mean
corpuscular haemoglobin concentration (MCHC).

2.6. Osmotic fragility

Osmotic fragility was determined with Dacieı̌s method (Dacie
and Vaughan, 1938). Twenty-microlitre aliquots of carrier ery-
throcytes were incubated in 0.5 ml of a NaCl solution with a
concentration ranging from 0 to 0.9% (w/v) for 30 min at room
temperature, and then centrifuged. Haemoglobin release into
supernatant was determined by spectrophotometry (� = 418 nm).

The amount of haemoglobin released was expressed as a per-
centage of the maximum haemolysis, which was determined as
the amount of haemoglobin released into distilled water.

The osmotic fragility index was calculated for control and carrier
erythrocytes as the NaCl concentration (% w/v) required to obtain
50% of haemolysis. Osmotic fragility was determined in triplicate
for the different experimental conditions of this study.

2.7. In vitro release

The in vitro release of AZT from carrier erythrocytes was studied
in erythrocytes prepared with 10 mg/ml as the initial AZT concen-
tration, a dialysis time of 45 min, and a dialysis bag volume of 2 ml,
with and without diamide treatment.

For these studies, carrier erythrocytes were resuspended in
autologous plasma at a final haematocrit of 30%, separated into ten
aliquots, and incubated at 37 ◦C with gentle stirring. At different
times, aliquots were removed and centrifuged at 10 900 rpm for
10 min. Sampling times were 5, 10, 15, and 30 min, and 1, 2, 4, 8,
12, 24 and 48 h. The amount of AZT released into the supernatant
was determined by an HPLC technique, as described below. Five
replicates of this assay were carried out.

2.8. Quantification of encapsulated zidovudine

AZT concentrations in loaded erythrocytes were determined
by a validated reverse-phase HPLC technique with UV detection
(� = 265 nm). Chromatographic analysis was performed with a Shi-
madzu LC 10 AD chromatograph. The analytical column used was
a RP-18 LichroCart 5 cm × 4 mm I.D., 3 �m particle size. The mobile
phase was 25 mM KH2PO4 pH 7/acetonitrile (91:9%) at a flow rate
of 1 ml/min. The retention time of AZT was 3.6 min. Sample pre-
treatment was performed by protein precipitation with perchloric
acid. A 25 �l aliquot of erythrocytes was diluted with 75 �l of
saline, and 5 �l of 60% perchloric acid was added. The mixture was
vortexed and centrifuged at 10 900 rpm for 5 min. Then, 20 �l of
the supernatant was injected into the chromatograph. The tech-
nique was validated according to FDA specifications (Guidance
for Industry: Bioanalytical Method Validation, 2001). The method
showed linearity in the concentration range used. The CV estimated
for precision and accuracy were less than 6%.

2.9. Data analysis

Statistical analysis of data corresponding to AZT encapsula-

tion, osmotic fragility and the haematological parameters was
performed using SPSS 15.0 statistical software (Weitzman, 1999).

Analysis of variance (ANOVA) was performed, with dialysis time,
the initial AZT concentration and dialysis bag volume as the three
independent variables. In addition multilinear regression analysis
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significant differences (p > 0.05).
nt factors assayed: (A) initial AZT concentration; (B) dialysis time; (C) dialysis bag
olume.

as carried out. To assess the reliability of the parameters esti-
ated, the estimated standard error, the 95% confidence limits, and
he two-tail p value for a t test were evaluated.
Statistical comparison of the haematological parameters and

smotic fragility among the different conditions assayed were per-
ormed using non-parametric analysis. In addition, multivariate

Fig. 2. SEM micrographs of native (A) and AZT-loa
Pharmaceutics 401 (2010) 41–46 43

hierarchical cluster analysis with haematological parameters was
carried out.

The haematological parameters evaluated were hematocrit
(HCT), hemoglobin (HGB), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin
concentration (MCHC).

3. Results

The results obtained demonstrate that higher initial concentra-
tions of AZT, prolonged dialysis times, and a higher dialysis bag
volume improve the encapsulation of AZT in erythrocytes. Analysis
of variance (ANOVA) revealed statistically significant differences
in the amount of AZT encapsulated for the different values of the
factors tested (p < 0001).

Table 1 shows the results of the multilinear regression analysis.
The amount of AZT encapsulated in erythrocytes was considered as
the dependent variable and the initial AZT concentration, dialysis
time and dialysis bag volume were considered as the independent
variables. The p values obtained indicated that all the independent
variables considered were statistically significant (p < 0.001).

Fig. 1 (A–C) shows the linear relationships obtained between the
amount of AZT encapsulated in erythrocytes and the initial AZT con-
centration, dialysis time and the dialysis bag volume respectively,
generated using the multilinear regression equation included in
Table 1.

Fig. 2 shows the results of scanning electron microscopy (SEM),
where no significant changes in the shape or size of the erythrocytes
can be observed.

Table 2 shows the haematological parameters of loaded erythro-
cytes in comparison with native erythrocytes as a function of the
initial AZT concentrations, dialysis times and dialysis bag volumes.

Fig. 3 shows the results of the cluster analysis of the haema-
tological parameters using Euclidean distance and square root
transformation. Euclidian distance was used as it is the more com-
mon measure in cluster analysis when unstandardised variables
(raw data) are computed. The Euclidian distance of 2 was the best
distance to determine the existence of homogeneous groups in our
set of haematologic data in the process of data reduction.

Fig. 4 shows the osmotic fragility curves and the osmotic fragility
index of loaded erythrocytes in comparison with native erythro-
cytes as a function of the initial AZT concentrations (A), dialysis
times (B) and dialysis bag volumes (C). The comparison of osmotic
fragility curves made by an ANOVA test showed non-statistically
Fig. 5 shows the in vitro release curve of AZT from drug-loaded
erythrocytes versus time. A rapid leakage of AZT from erythro-
cytes was observed. However, around 30% of the encapsulated drug
remained inside the cell for prolonged periods of time. Previous

ded erythrocytes (B) (500 MAG) (bar 2 �m).
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Table 1
Results of the multiple linear regression between the amount of AZT encapsulated in erythrocytes and the initial AZT concentration, the dialysis time, and the dialysis bag
volume.

Parameter Value 95% Confidence limits CV (%) p r

Constant −909.510 −1241.060
Initial AZT conc. (mg/ml) 80.882 62.411
Dialysis time (min) 10.983 6.439
Dialysis bag volume (ml) 569.578 371.289

1.00

2.00

3.00 Root Square Transformation
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Fig. 3. Cluster analysis of haematological parameters.

iamide treatment of loaded erythrocytes did not lead to significant
ifferences in the amount of drug released (p > 0.05).

. Discussion

The hypotonic dialysis method is the technique that best pre-
erves the initial biochemical and physiological characteristics of
he erythrocytes. For this reason it is widely used for the encapsu-
ation of drugs and therapeutic substances in this cells (Gutiérrez et
l., 2004b). Despite its frequent use, however, the conditions used
y different researchers to implement the method differ widely
Sanz et al., 1999; Gutiérrez et al., 2004a,b, 2008; Murray et al.,
006).

In this study, an optimized method of zidovudine erythrocyte
ncapsulation aimed at achieving the highest encapsulated con-
entration without compromising the viability of the erythrocytes

as developed. Considering the lipophilic character of zidovu-
ine (oil/water partition coefficient = 1.1) (Enting et al., 1998), the
ptake of the drug by carrier erythrocytes can be considered a
assive process. According to the results shown in Table 1, a simul-
aneous dependence on the initial concentration of drug, dialysis

able 2
ean hematological parameters of control and loaded erythrocytes and statistical signifi

Parameter HGB (g/dl) HCT (%)

Initial AZT concentration (dialysis time 45 min, dialysis volume 1 ml)
Control 13.00 ± 0.92 37.50 ± 2.08
1 mg/ml 13.70 ± 0.89 26.28 ± 6.77
2 mg/ml 12.47 ± 1.33 24.77 ± 7.54
3 mg/ml 13.15 ± 0.66 30.85 ± 6.42
6 mg/ml 13.18 ± 0.46 29.45 ± 8.17
10 mg/ml 13.68 ± 0.67 35.63 ± 2.49

Dialysis time (initial AZT concentration 10 mg/ml, dialysis volume 1 ml)
45 min. 13.68 ± 0.67 35.63 ± 2.49
60 min. 12.90 ± 1.57 27.43 ± 8.24*
90 min. 14.10 ± 2.62 25.90 ± 6.54 *

Dialysis bag volume (initial AZT concentration 10 mg/ml, dialysis time 45 min)
1 ml 13.68 ± 0.67 35.63 ± 2.49
1.5 ml 13.75 ± 0.41 35.27 ± 1.59
2 ml 13.78 ± 0.82 36.90 ± 0.66
−577.960 18.291 <0.001
99.353 14.459 <0.001 0.855
15.528 20.759 <0.001 0.454

767.868 17.468 <0.001 0.546

time and dialysis bag volume in the yield of the encapsulation can
be observed. An increase in the concentration of the drug in the
dialysis bag will facilitate encapsulation into cells by means of a
passive process (Lotero et al., 2003; Murray et al., 2006). Another
essential feature in the process of drug encapsulation is the dura-
tion of the dialysis; this varies with the different substances to be
encapsulated and ranges between 20 and 180 min, although dialy-
sis times between 45 and 75 min are the most frequent (Gutiérrez
et al., 2004a,b). In this study, a progressive increase in dialysis time
increased the amount of AZT encapsulated.

The influence of these factors—a high initial drug concentra-
tion and prolonged hypo-osmotic dialysis time on encapsulation
efficiency has been described previously for amikacin (Gutiérrez
et al., 2008). However, the influence of the dialysis bag volume in
the encapsulation of drugs has not yet been reported. As shown in
Table 1 and Fig. 1, a progressive increase in dialysis bag volume from
1 to 2 ml incubated against the same volume of buffer improved the
amount of drug encapsulated. This phenomenon may be related to
an alteration of the drug gradient in the dialysis bag. Also, the super-
ficial area increases when the dialysis bag volume is higher. This
should facilitate the passive incorporation of zidovudine into the
erythrocytes. Further studies with higher dialysis bag/hypotonic
buffer volume ratios would be of interest to improve the yield of
zidovudine encapsulation.

Although the analysis by SEM showed no significant changes in
the shape or size of the erythrocytes, the analysis of haematologi-
cal parameters showed statistically significant differences (p < 0.05)
with respect to the native erythrocyte controls for some of the
conditions assayed (Table 2), especially when high dialysis times
(≥60 min) were tested. The incubation time affected the viability of
the erythrocytes, because statistically significant differences were
observed in haematological parameters such as HCT, MCV, MCH
and MCHC (p < 0.05) for an incubation time of 60 and 90 min with
respect to the native erythrocytes.
Statistically significant differences in some haematological
parameters were found for the dialysis bag volumes used in this
assay with respect to the control group. With multivariate hier-
archical cluster analysis, and using a Euclidean distance of 2, the
results revealed that the 5 variables led to the formation of two

cance using different conditions of encapsulation (*p < 0.05).

MCV (fL) MCH (pg) MCHC (g/dl)

54.10 ± 4.42 18.73 ± 1.44 34.73 ± 2.80
70.18 ± 8.20 39.15 ± 13.18* 54.78 ± 14.14*
75.37 ± 0.42 39.50 ± 8.23* 52.40 ± 10.69
66.68 ± 9.85* 29.75 ± 9.47* 43.80 ± 7.70*
67.98 ± 6.45* 32.58 ± 0.75* 47.23 ± 12.11
62.03 ± 4.34 23.88 ± 2.35* 38.48 ± 2.08*

62.03 ± 4.34 23.88 ± 2.35* 38.48 ± 2.08*
70.60 ± 6.40* 35.88 ± 12.48* 50.00 ± 13.85*
76.2 ± 0.91* 42.78 ± 11.11* 56.23 ± 14.91*

62.03 ± 4.34* 23.88 ± 2.35* 38.48 ± 2.08*
66.37 ± 8.06* 25.92 ± 3.18* 39.03 ± 1.23*
61.50 ± 4.4* 23.05 ± 2.96* 37.35 ± 2.48
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ig. 4. Osmotic fragility curves and osmotic fragility index (OFI) of control and car-
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iscrete clusters, as shown in Fig. 3, confirming that extreme dial-
sis conditions, such as a dialysis time ≥60 min, elicit different
aematologic behaviour.

As can be observed in Fig. 4 for the different NaCl concentrations
ested, no statistical differences in the release of haemoglobin with
he initial concentration of the drug (p > 0.05), the hypo-osmotic
ialysis time (p > 0.05) and the dialysis volume (p > 0.05) were
bserved. The osmotic fragility index is slightly lower for native
rythrocytes than the index estimated for AZT-loaded erythrocytes.
he results for the haematological parameters and osmotic fragility
f carrier erythrocytes in the different conditions tested suggest
hat for drug encapsulation in extreme conditions with very long
ialysis times (e.g.: 60 min or more) a shortened life span of loaded
rythrocytes is expected.

The results about the release kinetics of zidovudine from carrier
rythrocytes shown a fast leakage of AZT from carrier erythrocytes
onsidering the lipophylic nature of the drug. However a 20–30%
f the encapsulated amount remains inside the cell system for pro-
onged periods of time suggesting a very slow zero-order release in

itro as was previously stated by other authors (Lizano et al., 1998).
his prolonged stay of a fraction of the encapsulated drug inside the
rythrocyte may be related with covalently linking to red cell sur-
ace proteins. This type of behaviour allows the system to work as a
rug reservoir, providing sustained release into the body and selec-
Time (h)

Fig. 5. Release of zidovudine from carrier erythrocytes as a function of time: (A)
AZT-erythrocytes, (B) AZT-erythrocytes with pre-dialysis diamide treatment.

tively directing the drug to the RES tissues (monocyte–macrophage
system), such as the liver, spleen and bone marrow, which consti-
tute the usual sites for the destruction of erythrocytes and are a
reservoir for HIV viruses (Briones et al., 2008).

Diamide is an oxidizing agent that induces changes in the ery-
throcyte membrane. Such modifications can modulate recognition
by macrophages, their survival in the circulation, and their removal
by organs such as the liver and spleen (Lotero et al., 2001). Here,
its influence in the encapsulating process and release of zidovu-
dine was evaluated. Pre-dialysis diamide treatment failed to modify
either the amount of drug encapsulated or the release kinetics of
the drug.

According to the results obtained concerning encapsulation
yield, haematologic parameters and osmotic fragility, the condi-
tions finally selected for encapsulation were 10 mg/ml as the initial
zidovudine concentration, an incubation time of 45 min and a dial-
ysis bag/buffer volume ratio of 2:50 ml. The concentration of AZT
encapsulated was 1.56 ± 0.39 mg/ml, and the encapsulation yield
was 15.6%.

5. Conclusion

Evaluation of the influence of some in vitro conditions in the
encapsulation of zidovudine in rat erythrocytes using a hipo-
osmotic dialysis method was made. Changes in the initial drug
concentration, dialysis times and dialysis bag/hypotonic buffer
ratio led to statistically significant differences in the drug encap-
sulated. Also the viability of erythrocytes is affected by the values
of this variables specially the dialysis times. A multilinear regres-
sion equation between the encapsulated zidovudine amount and

the different conditions tested was made. The in vitro release of AZT
from carrier erythrocytes pointed to a fast leakage of the drug; how-
ever, around 30% of the drug remained encapsulated for a prolonged
period of time.
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