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ABSTRACT

The hypotonic preswelling method for encapsulation of drugs in intact human eryth-
rocyteswas evaluated using enalaprilat asa model peptidelike drug. Several process
variables, including volume, concentration, pH, and method of addition of drug
solution, type of erythrocyte-suspending medium, temperature, initial packed density
of erythrocytes, and individual process steps, were exploited with respect to their
effects on the loading parameters (i.e., loaded amount, efficiency of entrapment, and
cell recovery). In addition, the probable mechanism by which the erythrocytes were
loaded by enalaprilat at the point of lysis was shown to be a simple concentration
gradient—based diffusion through membrane openings occurring on hemolysis. Fi-
nally, the adopted method was validated, and the results showed a considerable
degree of reproducibility and recovery for the entire loading procedure.

Key Words: Enalaprilat; Erythrocyte; Erythrocyte-based drug delivery; Human
erythrocytes; Hypotonic preswelling method.

INTRODUCTION Erythrocytes, readily available and abundant biologi-

Enalaprilat, being the pharmacologically active me-
tabolite of the widely used angiotensin-converting en-
zyme inhibitor (ACEIl) enaapril, is also available as in-
travenous injectable formulations, for management of
both hypertension and congestive heart failure (CHF) (1).
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cal microspheres, have been exploited for their potential
applications as drug delivery carriers (2—6). The biocom-
patibility and considerable life span of the autologous
carrier erythrocytes allow them to serve as prolonged-
release intravenous reservoirs of drugs and enzymes (7—
12). In addition, the possibility of targeting the bioactive
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agents to the reticuloendothelial system (RES) using the
erythrocyte carriers has been reported (13—16). Among
the methods proposed by investigators for drug loading
of intact erythrocytes (3), three are studied widely: elec-
trical methods (4,17-19), hypotonic dialysis (20-23),
and hypotonic preswelling (9,11,12,14,24,25). In the
present study, the hypotonic preswelling procedure was
evaluated extensively with respect to several process
variables using enalaprilat as amodel drug. Furthermore,
the mechanism of drug loading in human erythrocytes
during the encapsulation process was studied; finally, the
process validation analysis was performed on the loading
method.

EXPERIMENTAL
Materials

Enaaprilat (Pharmhispania S. A. Pharmaceuticals,
Spain) was a gift of Dr. Abidi Company (Tehran, Iran).
Other chemicals and solvents were prepared locally and
were laboratory or lichrosolv grade as needed.

Preparation of Human Erythrocytes

Blood samples were withdrawn by venipuncture from
healthy volunteers aged 28 to 35 years using commer-
cially available citrated vacuumed test tubes (V acutainer,
Becton Dickinson, Rutherford, NJ). After centrifuging at
600g for 5 min, the plasmaand buffy coat were separated,
and the remaining packed erythrocytes were washed three
times with eutonic modified K-reversed Hank’ s balanced
salt solution (HBSS), which consists of 10.18 g/L KClI,
0.1g/L KH,PO,, 1.273 g/L NaHCO,, 0.316 g/L NaCl,
0.08 g/L NaHPO,, and 2.0 g/L glucose. The pH of the
solution was adjusted to 7.4 using HsPO, (85% w/v).

Encapsulation of Enalaprilat in Human
Erythrocytes

A hypotonic preswelling method described by Pitt et
al. (24) was used for loading the human erythrocytes by
enalaprilat. For this purpose, 1 ml of washed packed
erythrocytes was transferred gently to a silicone-treated
test tube (Monoject, Sherwood Medical, Ballymoney, N.
Ireland), and 4 ml of a hypotonic modified HBSS with
an osmolarity of 0.67 (that of a eutonic solution) was
added. The resulting suspension was mixed thoroughly
by several gentle inversions and was centrifuged at 600g
for 10 min. The supernatant was discarded, and the re-
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maining swollen cellswerelayered by the addition of 200
pl of hemolysate prepared by diluting another portion of
erythrocytes with distilled water (1:1). This hemolysate
layer presumably serves as an osmotic shock barrier and
also as a reservoir of cell congtituents for underlaying
cells. Then, an aliquot of 250 pl of agueous solution of
enalaprilat (8 mg/ml) was gently added to the cell sus-
pension, and the mixture was inverted gently severa
timesand centrifuged at 600g for 5 min. Addition of drug
solution and centrifuging were repeated successively two
more times to achieve lysis of the cells. This point was
detectable by asudden increase in transparency of the cell
suspension and the disappearance of a distinct boundary
between cells and supernatant on centrifuging. At this
point, the erythrocytes were resealed by the rapid addi-
tion of 100 pl of hypertonic modified HBSS, followed
by gentle mixing of the suspension. Finaly, the resulting
mixture was incubated at 37°C for 30 min to reanneal
the resealed cells. The carrier erythrocytes obtained by
this manner were washed three times using 10 ml of eu-
tonic modified HBSS to wash out the unentrapped drug
and the released hemoglobin during the process.

Drug Assay

A reversed-phase high-performance liquid chromato-
graphic (HPLC) method using a mixture of acetonitrile,
water, and H;PO, (90:10:0.85) as the mobile phase,
a pH-resistant C;3 column (Shodex Rspak, D18-613,
Showa Denko k.k., Tokyo, Japan) as the stationary phase,
and an ultraviolet detector with a wavelength of 215 nm
was developed for determination of enalaprilat concen-
tration (26). To determine the amount of loaded drug, 0.1
ml of carrier erythrocytes was diluted with 2 ml of dis-
tilled water to complete cell lysis, and 2 ml of methanol
was added to the resulting lysate for precipitation of cell
proteins. Then, thetest tube was kept at room temperature
for 30 min, followed by centrifuging of the suspension
at 3000g for 20 min. Finaly, 50 ul of the supernatant
was injected in the chromatograph.

L oading Parameters

To evaluate the effect of any changesin encapsulation
method variables on the loading efficiency, three indices
were defined as loading parameters for use throughout
the present study: (a) loaded amount, the amount of ena-
laprilat encapsulated in 0.1 ml of the final packed erythro-
cytes; (b) efficiency of entrapment, the percentage ratio
of the loaded amount of enalaprilat to the amount added
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per 0.1 ml of initial packed cells during the entire loading
process; (c) cell recovery, the percentage ratio of the he-
matocrit value of initial packed cells to that of the final
loaded cells measured using equal volumes of total sus-
pensions.

Methodological Tests

Incubation of Intact Erythrocytes with Isotonic
Drug Solution

To investigate the uptake of enalaprilat by human
erythrocytes irrespective of loading condition, 1 ml of
washed packed erythrocytes was incubated at 37°C with
9 ml of drug solutions in eutonic modified HBSS with
concentrations of 1, 8, 80, and 800 pg/ml. At 0, 30, and
60 min, 0.5 ml of cell suspension was withdrawn and
centrifuged at 600g for 5 min, and the concentration of
enalaprilat in the supernatant was determined by direct
injection to the chromatograph. In addition, the concen-
tration of drug in the cellular fraction was also deter-
mined at the end of the incubation period after lysis and
deproteinization as described above.

Erythrocyte-Suspending Medium

Two types of cell-suspending solutions frequently
used during encapsulation of different drugs and other
bioactive agents in intact erythrocytes are modified K-
reversed HBSS (see above) and phosphate buffered sa-
line (PBS; 150 mmol/L NaCl; 5 mmol/L K,HPO,; pH
7.4). The entire loading procedure was performed using
each of the solutions, and the loading parameters were
determined in each case.

Volume of Drug Solution

To verify the observed point of lysis and to optimize
the volume of drug solution used during the loading pro-
cedure, the process was performed on six separate eryth-
rocyte samples so that, to each of the cell suspensions,
4,5, 6, 7, 8, and 9 aliquots of 100 pl of drug solution
were added; after completion of the procedure, the |oad-
ing parameters were determined in each case.

Method of Addition of Drug Solution

A total volume of 700 ul of drug solution (selected as
the optimum volume according to the results discussed in
the previous section) was added four ways: (a) as seven
successive portions of 100 pl; (b) as three successive
230-ul portions; (c) as two successive 350-pI portions of;
and (d) as one 700-ul portion. After completion of the
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process, the loading parameters were determined in each
case.

Concentration of Drug Solution

The encapsulation procedure was performed using
aqueous solutions of enalaprilat with concentrations of 1,
2, 4, 6, and 8 mg/ml, and the loading parameters were
determined in each case.

pH of Drug Solution

Two distinct experimental runs, one using unchanged
drug solution (pH 2.8) and the other with drug solution
with a pH of 7.4 (adjusted by NaOH concentrated solu-
tion), were performed, and the results were compared
with respect to loading parameters.

Centrifugation Temperature

Two experiments, one with the centrifugation steps at
room temperature and the other at 4°C, were carried out,
and the corresponding loading parameters were deter-
mined.

Packed Density of Erythrocytes

The exact volume of 4 ml of the washed packed eryth-
rocytes were suspended in an equal volume of eutonic
modified HBSS; after gentle mixing, the suspension was
centrifuged at 600g for 5 min. The supernatant was dis-
carded, and the remaining packed cells were divided into
four 1-ml aliquots by taking samples from the surface of
the cell layer. The cell samples obtained in this manner
had different packed densities. Then, each 1-ml portion
was subjected to the encapsulation procedure; finally, the
loading parameters of the resulting carrier cells were de-
termined.

Variations in Process Steps

A series of experiments was performed asfollows: (a)
without the preswelling step, (b) without the lysate layer
addition step, (¢) without both the preswelling and lysate
layer addition steps, (d) without the reannealing step, (€)
with the lysate layer prepared by drug agueous solution
instead of water, and (f) with the lysate layer prepared
by neutralized drug aqueous solution instead of water.
Then, the loading parameters were determined for each
of the cases.
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Mechanism of Entrapment

To investigate the possible mechanism of entrapment,
the encapsul ation procedure was performed, and the con-
centration of drug in each of three final washing solutions
was determined by HPLC. Then, the total amount of
washed out (unentrapped) drug was cal culated by consid-
ering the total volume of discarded solution. On the other
hand, the total amount of entrapped drug was determined
using the loaded amount multiplied by the cell recovery
of the method (see Loading Parameters section). Finally,
taking the volume fraction of cells at the point of lysis,
the mechanistic behavior of erythrocytes against the drug
molecules was exploited.

Process Validation Tests

The following tests were carried out to validate the
whole encapsulation process. within- and between-run
variations, intersubject variations, and recovery.

Within- and Between-Run Variations

To evaluate within- and between-run variations, six
samples of erythrocytes obtained from a healthy volun-
teer were subjected to the loading procedure during asin-
gle and six different experimental runs, respectively, and
theloading parameters and the corresponding coefficients
of variation (CV%) were determined.

Intersubject Variations

Blood samples were collected from four healthy vol-
unteers (two mal e and two femal e subjects), and the |oad-
ing procedure was carried out in each case. The loading
parameters for each of the subjects as well as the corre-
sponding coefficients of variation were determined.
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Recovery

The measured entrapped, unentrapped, and total
amount of enalaprilat recovered after completion of the
encapsulation procedure were compared with those cal-
culated by considering the total added amount and the
volume fractions of cells and supernatant at the point of
lysis; the results were expressed as percentages.

RESULTS AND DISCUSSION
Enalaprilat Uptake by Erythrocytes

The results of incubation of intact human erythrocytes
with enalaprilat isotonic solutions with different concen-
trations are shown in Table 1. As can be seen, regardless
of the concentration added, no significant amount of drug
was taken up by intact erythrocytes. Therefore, it can be
said that the erythrocyte membrane has no active role in
the encapsulation of enalaprilat in human erythrocytes.

Erythrocyte-Suspending Medium

The loading parameters obtained using the two widely
used suspending media (i.e., modified HBSS and PBS)
are shown in Table 2. From the data, it can be seen that
the modified HBSS is a more suitable suspending me-
dium for erythrocytes with respect to all of the loading
parameters studied. The modified HBSS, having almost
all of the vital factors for erythrocytes, provides better
conditions for erythrocytes during the loading process
and, probably, prevents to some extent the escape of in-
tracellular elements from the erythrocytes at the point of
lysis and for the entire process. This, in turn, ensures a
longer invivo life span for carrier erythrocytes, a hypoth-
esis that must be proved by more studies.

Table 1

Concentrations of Enalaprilat Determined in Supernatant on Incubation
of Intact Erythrocytes with Isotonic Solutions of Drug®

Supernatant Concentration

Initial Added

Concentration 0 min 30 min 60 min

1 pg/ml 0.91 (0.11)° 1.01 (0.12) 0.91 (0.23)
8 pg/ml 7.48 (0.11) 7.61 (0.60) 7.71 (0.51)
80 pg/ml 79.47 (3.52) 77.55 (1.68) 78.26 (4.62)
800 pg/ml 772.98 (18.77) 769.79 (28.81) 781.43 (8.55)

2 Incubation temperature 37°C.
®Mean (SD); n = 3.
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Table 2

Effect of Type of Suspending Medium on the Loading Parameters
of Enalaprilat in Human Erythrocytes

Loaded amount (pg)
Efficiency of entrapment (%)
Cell recovery (%)

K*-Reversed HBSS PBS
241.90 (9.33)? 193.52 (8.02)
40.32 (1.56) 32.25 (3.00)
71.66 (3.44) 63.61 (5.31)

2HBSS = Hank’s balanced salt solution; PBS = phosphate buffered saline.

Mean (SD); n = 3.

Volume of Drug Solution

The effect of the volume of drug solution added during
the encapsulation process on the loading parameters is
shown in Fig. 1. An interesting consistency was found
between these findings and the macroscopically detected
point of lysis, a which the sudden increase in loaded
amount and efficiency of entrapment occurs exactly when
the transparency of erythrocyte suspension increases re-
markably. Thus, the macroscopic evidence for the point
of lysis can be used successfully for the detection of the
lysis point. Furthermore, since both the loaded amount
and the efficiency of entrapment were shown to be opti-
mum with 700 pl of drug solution, which is enough to
ensure the achievement of the lysis point. This volume
was selected as the optimum volume to be added during
the process.
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Figure 1. Effect of volume of added enalaprilat solution (8
mg/ml) on @ loaded amount and O efficiency of entrapment.

Method of Addition of Drug Solution

As it can be seen in Table 3, the best results were
obtained when three successive portions of 230 pl each
were used. However, for practical convenience, one can
use three portions of 250 ul (considering the volume cor-
rection).

Concentration of Drug Solution

The effect of enalaprilat concentration on the loaded
amount and efficiency of entrapment is shown in Fig. 2.
According to this plot, it becomes clear that, although the
loaded amount of drug isrelated directly to the concentra-
tion of drug solution throughout the range studied (it is
noticeable that, as a result of limited water solubility of
enalaprilat, concentrations higher than 8 mg/ml could not
be achieved), the efficiency of entrapment increased up
to a concentration of 4 mg/ml; beyond that, a declining
trend was seen. However, while the use of concentrations
higher than 4 mg/ml resulted in some lower efficiencies
of entrapment, the concentration selected to use during
the process was 8 mg/ml, mainly because of the higher
absolute amount of loaded drug in unit volume of packed
carrier cells, a parameter that is critical for dose adjust-
ment during in vivo studies of this delivery system.

pH of Drug Solution

The effect of pH of enalaprilat aqueous solution on
loading parameters is shown in Table 4. The acidic pH
of the aqueous solution of enalaprilat (pH 2.8) might af-
fect the structure and physiology of the erythrocyte mem-
brane. So, it seems possible that the erythrocyte behavior
during the loading procedure could be altered by the pH
of the surrounding medium. When using a drug solution
with a pH value adjusted to plasma pH (7.4), atota vol-
ume of 1 ml of drug solution brought the cellsto the point
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Table 3

Effect of Method of Addition of Enalaprilat Solution on the Loading Parameters
of Drug in Human Erythocytes

100 pl 230 pl 350 pl 700 pl
(7 times) (3 times)* (2 times) (1 time)
Loaded amount (g) 230.91 (9.43)° 246.87 (36.63) 219.65 (30.65) 188.27 (4.43)
Efficiency of entrapment (%)  41.23 (1.68)  44.72 (654)  39.31(5.60)  33.62 (0.79)
Cell recovery (%) 6754 (547) 68.88(3.27)  60.78 (4.11)  52.10 (1.13)
2With volume correction.
®Mean (SD); n = 3.
350 T 80 of lysis (instead of 0.75 ml in the case of unchanged
- acidic solution). Therefore, it seems that the pH of drug
z 300 9 1\ //E\ solution has some effects on the erythrocyte biology.
S o0l | %/ AN - 60 ® However, as can be seen in Table 3, in spite of the higher
300 | T volume of drug solution that was added in the former
£ 0l | —1 "% 5 case, the loaded amount of drug was not increased sig-
3 | | 40 & nificantly. Furthermore, because of the higher total
S 1504 | g amount of drug added during the process, the efficiency
: / - 30 % of entrapment decreased in this case. Thefina cell recov-
T 100 / | 50 E ery also was not affected by the pH of the drug solution.
§ 50 I —@— Loaded Amount
| M- Entrapment Effciency 10 Centrifugation Temperature
0 7 T T T 0 . i ]
0 2 4 6 8 10 A comparison of loading parameters when al centri-

Concentration ( mg/m!)

Figure 2. Effect of concentration of enalaprilat solution on
@ loaded amount and O efficiency of entrapment.

fuge steps were carried out at room temperature and 4°C
ismade in Table 5. The data shown in this table indicate
that the temperature of the reaction mixture during sev-
eral centrifuge steps has no profound effect on loading
efficiency. In addition, using the ambient temperature,
the erythrocytes may not subjected to any shock due to
rapid changes in their temperature during the entire
loading procedure, which has been pointed out by Pitt et
al. (24).

Table 4

Effect of pH of Enalaprilat Solution on the Loading Parameters
in Human Erythrocytes

Unchanged Solution

Neutralized Solution?

Loaded amount (pg)
Efficiency of entrapment (%)

(pH = 2.8) (pH = 7.4)
274.29 (8.08)" 272.39 (13.47)
4557 (1.56) 34.05 (1.69)
65.48 (0.83) 63.93 (4.89)

Cell recovery (%)

2|n this case, atotal volume of 1 ml of drug solution was used during the loading process.

®Mean (SD); n = 3.
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Table 5

Effect of Centrifuge Temperature During the Encapsulation of
Enalaprilat in Human Erythrocytes on Loading Parameters

Room Temperature 4°C
Loaded amount (pg) 24354 (11.57)2 251.19 (9.05)
Efficiency of entrapment (%) 40.59 (1.93) 41.87 (1.51)
Cell recovery (%) 67.87 (3.74) 71.77 (5.22)

@Mean (SD); n = 3.

Packed Density of Cells

The loading parameters of four groups of erythrocytes
with different packed densities are shown in Table 6.
From the data, it becomes clear that the packed density
of initial cells (in other words, the age of erythrocytes)
used for encapsulation has no significant effect on the
loading parameters. Interestingly, this was not the case
when the preswelling step was omitted; in fact, our pre-
liminary experiments showed that the nonswollen eryth-
rocytes with different packed densities encapsulate, to
some extent, different amounts of enalaprilat. Thus, it
may be that preswelling has some unique effect in pro-
ducing uniform cells to which approximately equal
amounts of drug could enter at the point of lysis. Pitt et
a. (24) aso reported this type of modification on pre-
swelling of erythrocytes.

Process Steps

The role of some of process steps (i.e., preswelling,
lysate layer addition, and reannealing) in the entire load-
ing procedure can be evaluated by considering the data
shown in Table 7. These findings indicate that, first, al-
though the omission of lysatelayer addition and reanneal -
ing steps does not have any notable effect on the loading
parameters, these steps can be excluded from the entire

processonly if their effects on the physiology of resealed
erythrocytes (and, as a result, on the life span of carrier
cells) can be studied. Second, the omission of the pre-
swelling step, both alone and in combination with the
lysate layer addition step, sinceit has no significant effect
on the loaded amount, decreases the efficiency of entrap-
ment due to the higher volume of enaaprilat solution
needed to bring the cells to the point of lysis (1 ml vs.
0.75 ml used in the usual method) (Table 7). The lower
value of cell recovery in these casesis another discourag-
ing factor for these modifications. Third, preparation of
the lysate layer using an aqueous solution of enalaprilat
instead of water decreases the loaded amount due to the
lower total volume of drug solution needed for achieve-
ment of the lysis point (0.5 ml vs. 0.75 ml used in the
usual method). This takes place presumably because of
the pH of the lysate layer, which is acidic when drug
solution is used to prepare the lysate layer and causes the
membrane to be more fragile. To prove this, as another
experimental run, we prepared the lysate layer using neu-
tralized drug solution. As expected, the cells again
showed their usual nature. However, evenin thelast case,
the loading parameters did not differ significantly from
the usual method. This observation suggests that a lim-
iting factor prevents the erythrocytes from taking more
drug molecules at the point of lysis regardless of the
availability of relatively more drug for cells. Generaly,

Table 6

Effect of Density of Human Erythrocytes Used for Enalaprilat Encapsulation
on the Loading Parameters®

Group 1 Group 2 Group 3 Group 4
Loaded amount (ug) 241.15 (7.14)° 20550 (11.10) 239.06 (5.54) 201.31 (7.23)
Efficiency of entrapment (%)  40.19 (1.19)  34.25 (1.85) 39.84 (0.92) 33.55 (1.21)
Cell recovery (%) 64.85 (5.12)  76.25 (3.27) 71.84 (2.58) 71.59 (7.08)

aThe ranking order of groups is from the less-dense erythrocytes to the more dense ones.

®Mean (SD); n = 3.
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Table 7

Effect of Changes of the Process Steps on Loading Parameters of Enalaprilat
in Human Erythrocytes

Loaded Amount Efficiency of Cell Recovery
(H9) Entrapment (%) (%)

Usua method 249.76 (33.11)* 41.63 (5.52) 70.52 (7.28)
Without lysate layer 240.40 (17.20) 40.07 (2.87) 54.50 (4.02)
Without preswelling® 218.14 (9.03) 27.30 (1.13) 59.08 (4.21)
Without lysate layer and preswelling® 230.86 (18.16) 30.78 (2.42) 57.06 (2.50)
Without reannealing 222.60 (12.13) 37.1 (2.02) 65.02 (11.01)
Modified lysate layer® 184.48 (5.32) 38.43 (1.11) 65.72 (8.02)

2Mean (SD); n = 3.

®|n these cases, a total volume of 1 ml of drug solution was used during the loading process.
¢In this case, the lysate layer was prepared using enalaprilat agueous solution (8 mg/ml).

these tests provide some useful evidence for confirmation
of the necessity of all process steps for obtaining the best
results from the loading process.

Mechanism of Entrapment

As shown in Table 8, for an experimental run, atotal
amount of about 4 mg of enalaprilat added during the
encapsulation procedure was discarded as three washing
solutions. At the same time, the total amount of drug re-
maining in the erythrocytes was 2.4 mg/ml or about 1.6
mg per total packed cells recovered after the loading
process (cell recovery = 67.36%). The total volume of
the reaction mixture was 2.25 ml at the point of resealing
(this volume consisted of 1.2 ml for swollen cells, 0.2
ml for hemolysate, 0.75 ml for drug solution added in
three steps, and 0.1 ml for hypertonic resealing solution),
from which 0.6736 ml (about 30%) belonged to the car-
rier cells. Accordingly, it may be expected that, if the

distribution of drug between the intracellular and extra-
cellular fractions would be governed only by a simple
concentration gradient—based diffusions from the tota
amount of 6 mg of added drug during the process, about
1.8 mg would be entrapped in the erythrocytes, and the
rest (i.e., 4.2 mg) would be discarded as unentrapped
drug.

In fact, as shown in Table 9, thisis true, by a remark-
able confidence (above 90%), and one can say that the
partitioning of drug at the lysis point only depends on
the volume fraction of cellsin the suspension. Therefore,
as it has been shown by the results of the incubation test
of intact erythrocytes with enalaprilat, the erythrocyte
membrane has no appreciable active role in the uptake
of enalaprilat, so the drug only passes via the pores made
in the membrane, on hemolysis, inward and outward the
erythrocytes so that the concentration of drug inside and
outside the cells becomes equal.

However, it should be noted that, according to the re-

Table 8

Entrapped and Unentrapped Amounts of Enalaprilat at the End
of the Encapsulation Process

Fraction

Volume (ml)

First washing solution 11
Second washing solution 10
Third washing solution 10
Final packed cells

0.6736 (1.97)

Enalaprilat Total
Concentration Enalaprilat
(g/ml) Amount (ug)
307.10 (1.99)* 3378.1 (21.86)
52.14 (1.65) 521.4 (16.55)
12.34 (0.3) 123.4 (0.28)
241340 (52.9)  1625.67 (35.62)

2Mean (SD); n = 3.
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Table 9

Recoveries of Enalaprilat as Entrapped, Unentrapped, and Total Drug After the
Encapsulation Process in Human Erythrocytes

Expected Measured
Fraction Amount (pg) Amount (pg) Recovery?
Entrapped fraction 1796.27 1625.67 (35.62)° 90.48 (1.98)
Unentrapped fraction 4203.73 4022.90 (38.69) 95.70 (0.92)
Total 6000 5648.57 (44.37) 94.14 (0.74)

2The ratio of measured amount to expected amount expressed as percentage.

®Mean (SD); n = 3.

sults of another part of this study (see process steps sec-
tion), the intracellular concentration of enalaprilat in-
creases to a limited degree; above this, regardless of the
increase of drug concentration in the extracellular com-
partment, the entrapped drug remains constant to a con-
siderable extent. Baker (27) suggested that a transient
permeabl e state of the erythrocyte membrane occurs after
the onset of hemolysis. Then, on resealing, the pores are
closed, and the drug is ‘“‘entrapped’’ in the erythrocytes.
The mechanism proposed here is in agreement with re-
sults published by others (13,18,20,27).

Table 10

Loading Parameters of Encapsulation Method of Enalaprilat
in Human Intact Erythrocytes (n = 6)

Mean SD
Loaded amount (.g) 242.66 9.38
Efficiency of entrapment (%) 40.44 156
Cell recovery (%) 70.44 235
Swelling index® 122.14 4.32

aThe percentage ratio of hematocric value of erythrocytes after the
swelling step to that of initial cells.

L oading Parameters

The average loading parameters of enalaprilat in intact
human erythrocytes are shown in Table 10. The loaded
amount of enalaprilat is conceivable in comparison to
those values reported in the literature for a variety of
drugs (2,21,22,24), which can ensure sufficient entry of
drug to the body on reinjection of a fairly low volume
of packed cells. A cell recovery of about 70% is compara-
ble to results published by others (14,23,25).

Process Validation Tests

Table 11 shows that the encapsulation process for ena
laprilat has a considerable degree of intrarun and interrun
reproducibility. Also, as shown in Table 12, the intersub-
ject variation of the loading procedure is fairly low even
when samples taken from subjects of both sexes were
included in study.

The recovery of the encapsulation process is shown
in Table 9 with respect to entrapped, unentrapped, and
total drug. These data provide a reasonable basis for in-
vestigation of the mechanism of entrapment and indicate
a remarkable degree of accuracy for the whole process.

Table 11

Between-Run and Within-Run Variations of Loading Parameters of Enalaprilat
in Human Intact Erythrocytes (n = 6)

Between Run Within Run
Mean SD CV% Mean SO CV%
Loaded amount (g) 24484 1211 495 23818 868 364
Efficiency of entrapment (%) 40.81 201 493 39.70 145 365
Cell recovery (%) 70.44 235 334 69.85 421 6.03
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Table 12

Loading Parametes of Enalaprilat in Erythrocytes of Two Male (No. 1 and No. 2)
and Two Female (No. 3 and No. 4) Volunteers?

Subject 1

Subject 2 Subject 3 Subject 4

Loaded amount (ug) 280.90 (22.0)°

240.65 (22.08)

241.70 (5.80) 183.27 (23.84)

Efficiency of entrapment (%)  46.82 (3.67)  40.11 (3.69)  40.28 (0.97)  30.54 (3.97)
Cell recovery (%) 7059 (7.28)  66.44 (3.13)  67.36 (1.97)  68.81 (2.40)
2 Aged 27-36 years.
®Mean (SD); n = 3.

Also, the total recovery of enalaprilat after the loading ACKNOWLEDGMENTS

process (about 27%) isapromising result considering the
methodological limitations and the clinical potentials of
this delivery system.

CONCLUSION

The methodological variables of the hypotonic pre-
swelling method for the loading of human intact erythro-
cytes by drugs and other bioactive agents were evaluated
with respect to their corresponding effects on the loading
parameters (i.e., loaded amount, efficiency of entrap-
ment, and cell recovery) using enalaprilat as a model
drug. Knowledge of the optimal conditions required by
a process to lead to the best results allows design of a
suitable encapsulation procedure for a particular drug
with some minor modifications, if necessary, and this
study can serve as amodel for such evaluations. In addi-
tion, the mechanism of entrapment of enalaprilat in intact
human erythrocytes was exploited, and it was shown that
the probable mechanism is the entry of drug to the cells
via the pores made on the cell membrane at the point of
hemolysis. Then, on closure of pores by hypotonic reseal-
ing, the drug is trapped in the cells. Development of this
intravenous delivery system for enalaprilat may not only
be remarkable therapeutically, but also may provide
some valuable information about the possibility of modi-
fied-release delivery of peptide drugs using this system
owing to the structural similarities of this drug with pep-
tides. Finally, validation tests were carried out on the
|oading method, and the results indicate aremarkable de-
gree of accuracy, precision, and reproducibility for the
method. Further studies have been performed to charac-
terize the carrier erythrocytes; the results will be pub-
lished separately.

We gratefully acknowledge the Dr. Abidi Pharmaceu-
tical Company (Tehran, Iran), which supplied the enala-
prilat sample. Also, we would like to thank Ms. L. Ha-
kemi for her valuabletechnical assistance throughout this
study.
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