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Abstract

An erythrocyte model has been used to investigate the membrane activity of various agents which have been
employed as enhancers of intranasal drug absorption. Enhancers were ranked according to haemolytic activity as
follows: LPC-stearoyl > laureth-9 > STDHF > LPC-decanoyl > LPC-caproyl = DEAE-dextran = PBS (pH 7.0). The
concentrations known to significantly enhance nasal absorption were generally, though not exclusively, in excess of
that causing haemolysis, suggesting that membrane activity is involved in their mechanism of action, but that other
mechanisms may also be important. In some cases, the effects on the erythrocyte membrane contrasted with those
observed on the nasal epithelium in vivo, indicating the influence of the local environment of the nasal cavity on the

activity of enhancing agents and the importance of histological studies in vivo.
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1. Introduction

The nasal route of administration is one of
several transmucosal routes under investigation
for the systemic delivery of drugs with low oral
bioavailabilities. In common with routes such as
buccal, ocular, rectal and vaginal, nasal drug de-
livery often requires the co-administration of ab-
sorption enhancers to achieve therapeutic blood
levels, particularly for large, hydrophilic drugs
such as peptides and proteins (Daugherty et al.,
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1988; Hermens et al., 1990; Irie et al., 1992; Park
et al., 1992). However, many of the agents used to
increase transmucosal penetration have been as-
sociated with histological changes at the site of
application which may limit their use.

Tissue analysis using light microscopy enables
the identification of gross changes in epithelium
integrity following exposure to absorption en-
hancers (Van Hoogdalem et al., 1990; Chandler
et al., 1991b, 1994; Richardson et al., 1992). More
subtle interactions which do not result in dra-
matic cell loss, obvious nuclear mutation or ex-
tensive mucus discharge are less easily distin-
guished. The higher level of magnification
achieved using electron microscopy enables spe-
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cific cellular structures to be observed for toxic
effects (Lee et al., 1988; Ennis et al., 1990).

In general, these techniques involve tissue ex-
posure in vivo and rely on the accurate sampling
and skillful preparation of sections for compari-
son with separate control tissue. Restriction of
the dose volume and careful administration has
enabled the two sides of the rat nasal cavity to be
used as treated and control tissue for direct com-
parison in the same section (Chandler et al.,
1991a). This avoids sampling errors and eases the
identification of changes to the nasal epithelium,
but the method, while an improvement, remains
time consuming, labour intensive and costly in
animals and materials.

Erythrocytes are commonly used as a model
system for investigations into membrane interac-
tions (Weltzien, 1979; Gill et al., 1994). They are
readily available in large amounts and their lysis
is easily measured by colourimetric determination
of haemoglobin release. The relative membrane
activity of different enhancing agents identified in
this way provides further information about their
biological effects and possible mechanisms of ac-
tion, as well as giving an early indication of po-
tentially unacceptable membrane toxicity.

Laureth-9 has been shown to be the most
potent lytic agent in a range of non-ionic surfac-
tants of similar structure (Hirai et al., 1981). This
was parallelled by its ability to release protein
from the nasal mucosa and its promoting effect
on intranasal insulin absorption. This combina-
tion of effects suggested that the increase in
membrane permeability was due to disruption of
the structural integrity of the nasal epithelial
barrier.

The effect of lysophospholipid structure on
haemolytic activity has also been investigated
(Cho and Proulx, 1971; Weltzien et al., 1977,
1979; Matsuzaki et al., 1988). Increased hydrocar-
bon chain length increased lytic activity to an
optimal chain length of 16—18 carbon atoms; fur-
ther increases resulted in a reduction of haemoly-
sis (Weltzien et al., 1977). The introduction of a
double bond in the side chain reduced activity
relative to the compound of equivalent chain
length (Matsuzaki et al., 1988).

This trend of reduced haemolytic activity with

decreasing side chain length is similar to that
found for intranasal absorption enhancing activity
(Chandler et al., 1994); LPC-caproyl, with the
shortest fatty acid chain of those investigated
(C6), was inactive as an enhancer of intranasal
insulin absorption and resulted in few signs of
epithelium interaction. In contrast, the LPC
preparation with a mixture of long chain fatty
acids (stearoyl and palmitoyl) was an effective
enhancer, but resulted in disruption of the nasal
membrane. This suggests a relationship between
haemolytic activity and interaction with the nasal
membrane in vivo and also that membrane dis-
ruption is the predominant mechanism of activity
for lysophospholipid enhancers. )

However, LPC-decanoyl (of intermediate fatty
acid chain length, C10) was shown to enhance
insulin absorption without causing severe mem-
brane disruption as assessed by light microscopy.
Membrane interactions may have occurred as a
mechanism of absorption enhancement, but at a
level less than that resulting in gross epithelial
damage. These more subtle effects are less easy
to identify using the light microscope.

The present study, therefore, aimed to gain a
more precise measure of the membrane activity
of these lysophospholipids and other absorption
enhancers over the range of concentrations used
in vivo. The results could then be compared with
the enhancing activity and epithelial disruption
previously observed (Chandler et al., 1991b, 1994)
to provide further information relating to the
mechanism of action involved. Comparison of the
results with the histological observations in the
nasal cavity would also provide further evidence
of the value of this in vitro technique in predict-
ing nasal membrane activity and potential toxic
effects in vivo.

2. Materials and methods
2.1. Materials

DEAE-dextran, L-a-lysophosphatidylcholines
(caproyl (LPC_.) C6; decanoyl (LPC,) C10;
stearoyl (LPC,) C18) and polyoxyethylene 9-lauryl
ether (laureth-9) were purchased from Sigma
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Chemical Co. Ltd, Dorset, UK. Sodium taurodi-
hydrofusidate was obtained from California
Biotechnology, CA, USA. Citrate phosphate dex-
trose adenine (CDP-A) buffer was used as sup-
plied in a blood donor pack (Tuta Laboratories
Pty Ltd, NSW., Australia). 10 mM phosphate-
buffered saline (PBS, pH 7.0) was prepared using
materials of reagent grade.

2.2. Preparation of erythrocyte stock suspension

The method used for the preparation of the
erythrocyte suspension and incubation with test
agents was that developed by Gill et al. (1994).

A stock suspension of erythrocytes was pre-
pared on the day of each experiment. 4.5 ml of
blood was collected from the carotid artery of a
male Wistar rat (Medical School, University of
Nottingham, UK) in a 15 ml plastic test tube
containing 0.63 ml of CDP-A buffer as anticoagu-
lant. The tube was carefully inverted a few times
to ensure mixing.

As soon as possible after collection the blood
was centrifuged at 1500 rpm for 5 min at room
temperature in a Mistral 2000 centrifuge (MSE,
Loughborough, UK) and the supernatant re-
moved. The erythrocytes were washed by the
addition of an equal volume of PBS, centrifuging
at 1500 rpm for a further 5 min and removal of
the supernatant. This washing procedure was re-
peated three more times.

A 2.0 ml sample of the washed cells was then
added to 15.0 ml of PBS to produce the erythro-
cyte stock suspension which was used in experi-
ments within 3 h of preparation.

2.3. Erythrocyte incubation procedure

A 0.125 ml aliquot of the stock erythrocyte
suspension was added to 1.75 ml of the test
media in a test tube. The tube was carefully
inverted three times to ensure complete mixing
and incubated in a water bath at 37°C for 10 min.

The incubation mixture was then centrifuged
at 1800 rpm. for 2 min and the absorbance of the
supernatant measured at 543 nm against a PBS
blank (As,,). Each incubation was carried out in
duplicate.

Deionised water and PBS were used as control
media and were also incubated with erythrocytes
in duplicate with each batch of test mixtures.

2.4. Test incubation media

Enhancer solutions were prepared in PBS by
dilution of a stock solution. They were investi-
gated over a range of concentrations which gen-
erally embraced the typical levels used in nasal
absorption experiments (Chandler et al., 1991b):
(a) Laureth-9 (Mol. Wt 582): 0.010-5 mM (5.8 X
107%-0.3% w/v)

(b) LPC-stearoyl (LPC,) (Mol. Wt 523.7): 0.001-
20 mM (5.2 X 107°-1.1% w/v)

(c) LPC-decanoyl (LPC,) (Mol. Wt 411.5):
0.001-20 mM (4.1 X 107°-0.8% w /v)

(d) LPC-caproyl (LPC_) (Mol. Wt 355.4): 0.005-
20 mM (1.8 X 107*-0.7% w /v)

(e) STDHF (Mol. Wt 647): 0.010-20 mM (6.5 X
1074-1.3% w/v)

(f) DEAE-dextran (mean Mol. Wt 500,000):
0.001-10% w /v

2.5. Treatment of results

The absorbance measurements from the PBS
control incubations (Apgg), reflected minimum
haemoglobin release under the experimental con-
ditions. Values from test incubations (A, ) were
corrected for this background ‘haemolysis’ using
the mean Apgg from the corresponding PBS con-
trols, i.e., those prepared in the same batch of
incubations. The corrected values were then com-
pared with the mean value from the deionised
water control incubations (A,,) in which total
haemolysis was assumed to occur, for a measure-
ment of the relative % haemolysis:

A test -4 PBS
I x 100

dw

% haemolysis =

Haemolytic activity may be described by the
molar amount required for 50% haemolysis (L)
(Weltzien et al., 1977). This was determined from
plots of % haemolysis against lysate concentra-
tion.
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3. Results

Overall, the control incubations in deionised
water resulted in a mean A,; value of 0.808 +
0.047, indicating the reproducibility of the re-
sponse on different days and between different
batches of erythrocytes. Similarly, the mean A4,
for the incubations in PBS was 0.040 + 0.010.
Comparison with the corresponding value in
deionised water indicates the relative stability of
the red blood cells in the buffer. The effect of the
different enhancer systems on the stability of
erythrocytes in PBS compared to deionised water
was therefore considered to reflect their mem-
brane activity.
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Fig. 1. The effect of LPC homologue concentration on ery-
throcyte lysis (+£SD). (0) LPC-stearoyl; (®) LPC-decanoyl;
(0) LPC-caproyl.
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Fig. 2. Comparison of the effects of laureth-9 (01) and LPC-
stearyl (®) on erythrocyte lysis at low concentrations (+ SD).

The effects of the different LPC homologues
investigated for lytic activity can be seen in Fig. 1.
The haemolysis due to LPC-caproyl (LPC_) was
comparable to the control PBS incubations at all
concentrations. Up to 5 mM (0.21% w/v), LPC-
decanoyl (LPD,) also resulted in no increase in
haemolytic activity compared to the control. At
higher concentrations however, haemolysis in-
creased, although it did not reach maximum lev-
els over the concentration range investigated.

In contrast, LPC-stearoyl (LPC) resulted in
almost maximum haemolysis (95.6 + 3.5%) at
concentrations greater than 0.02 mM (1.05 X
1073% w/v). Again there was a sharp fall in
erythrocyte lysis at lower concentrations of the
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enhancer. This is seen more clearly in Fig. 2 in
which the effects of LPC, and laureth-9 are com-
pared over the lower concentration range only.
Laureth-9 resulted in the lysis of red blood cells
(914 + 2.1% haemolysis) at concentrations
greater than 0.08 mM (4.7 X 1073% w/v). At
lower concentrations the % haemolysis was com-
parable to background levels. This shows that
LPC, is a more potent lytic agent than laureth-9
as erythrocyte disruption occurred at lower molar
concentrations of the lysophospholipid compared
to the non-ionic surfactant.

Fig. 3 shows the haemolytic effects of STDHF.
STDHF was a a potent lytic agent at concentra-
tions of 0.8 mM (0.052% w/v) and above (88.4 +
4.2%). Again the % haemolysis dropped sharply
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Fig. 3. The effect of STDHF concentration on erythrocyte
lysis (£ SD).

Table 1
Enhancer concentrations required for 50% erythrocyte lysis
Enhancer Lsg

mM Jo W /V
Laureth-9 0.07 41x1073
LPC-stearoyl 0.01 52x1074
LPC-decanoyl 20 0.8
LPC-caproyl - -
STDHF 0.7 45% 1072

DEAE-dextran - -

over a very narrow concentration range, although
this change occurred at 10 times the enhancer
concentration compared to laureth-9.

In contrast, DEAE-dextran resulted in
haemolysis comparable to the PBS control incu-
bations at all concentrations investigated (data
not shown).

The Ls, values determined from the %
haemolysis vs enhancer concentration plots are
given in Table 1.

These results enabled the enhancers to be
ranked in terms of their haemolytic activity as
follows: LPC-stearoyl > laureth-9 > STDHF >
LPC-decanoyl > LPC-caproyl = DEAE-dextran
= PBS (pH 7.0).

4. Discussion

Cell lysis may occur by the removal of mem-
brane lipids into mixed micelles with the lysate
molecule (Helenius and Simons, 1975; Matsuzaki
et al., 1988) or by local high densities of the lysate
incorporated into the membrane which leads to
disruption of the normal molecular organisation
and possibly the formation of hydrophilic chan-
nels (Weltzien, 1979; Israelachvilli et al., 1980);
ion permeability changes and ultimately osmotic
lysis and leakage of haemoglobin then follow.

For lysophospholipids, L., values are thought
to reflect equilibrium erythrocyte binding affini-
ties (binding constants) (Weltzien et al., 1977)
and are thus dependent on the cell density in the
incubation mixture (Matsuzaki et al., 1988). In
the present study the control incubations of ery-
throcytes in deionised water resulted in a reason-
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ably low variation of As,; values (0.808 + 0.047;
CV =5.8%). Assuming maximum haemoglobin
was released from all cells, these values then
reflected the total number of cells in the stock
erythrocyte suspensions. Thus, the cell density
was assumed to be the same in each incubation.
The L, values therefore reflected the number of
lysate molecules bound to each cell for haemoly-
sis to occur hence the relative membrane disrupt-
ing activity of the different absorption enhancers.

In this study laureth-9 was found to be a
potent Iytic agent. Expressing activity as the re-
ciprocal of the minimum concentration (in
mg/ml) to cause maximum haemolysis, the activ-
ity of laureth-9 was 21.5 ml /mg which is compa-
rable to that of 25.0 ml/mg determined by Hirai
et al. (1981). The difference might reflect the use
of rat rather than rabbit erythrocytes in the pre-
sent study, or variation in haematocrit as dis-
cussed above.

Previously reported absorption experiments in
vivo (Chandler et al., 1991b) used a laureth-9
concentration of 1% w/v (approx. 17.2 mM)
which is well above the haemolytic concentrations
determined in this study. These results therefore
support the theory that membrane disruption is
the main mechanism of action for this absorption
enhancing agent, as suggested by the extensive
epithelium damage previously observed (Hirai et
al., 1981; Daugherty et al., 1988; Chandler et al.,
1991b; ).

However, based on L, values (Table 1), lau-
reth-9 was found to be a slightly less potent
haemolytic agent than LPC-stearoyl, whereas the
disruption of the nasal epithelium by laureth-9 in
vivo was considered to be more severe than that
caused by a 0.625% w /v (approx. 11.9 mM) LPC
(stearoyl /palmitoyl) enhanced insulin formula-
tion (Chandler et al., 1991b). This may reflect the
higher concentration of the non-ionic surfactant
used in vivo, although both enhancers were used
at concentrations in vast excess of the Ly, values.
Alternatively, the combination of homologues
present in the natural LPC preparation might
have resulted in a different level of activity in vivo
or the results may reflect differences in the ery-
throcyte membrane and the nasal epithelium and
their responses to the two enhancers.

Decreasing the LPC fatty-acid side-chain
length resulted in reduced erythrocyte lysis which
was in agreement with published reports
(Weltzien, 1979; Matsuzaki et al., 1988). In par-
ticular, it was found that LPC; had only moder-
ate haemolysing activity at relatively high en-
hancer concentrations, while LPC_ with the
shortest hydrocarbon side chain resulted in no
erythrocyte lysis over the range of concentrations
investigated.

The absorption-enhancing effects of the three
LPC homologues were previously compared in
vivo at a concentration of 11.9 mM (Chandler et
al., 1994). LPC, was an effective enhancer of
insulin absorption at this concentration, which is
well above the minimum concentration required
for haemolysis and again suggests that membrane
disruption was the major mechanism of enhanc-
ing activity. This theory is further supported by
the complete lack of haemolytic activity deter-
mined with LPC_ across the entire concentration
range tested, few signs of interaction with the
nasal membrane in vivo and no insulin absorption
enhancement at 11.9 or 17.6 mM (0.625% w /v)
(Chandler et al., 1994).

However, at all of the LPC, concentrations
used in vivo (5.0, 11.9 and 15.2 mM), less than
50% erythrocyte lysis occurred, while insulin ab-
sorption was significantly increased from control
levels in each case. Indeed, at a concentration of
5.0 mM, the effect on red blood cells was compa-
rable to that of PBS alone. This may suggest that
membrane disruption is not essential for the en-
hancement of insulin absorption and that a dif-
ferent mechanism of action is involved.

The degree of absorption enhancement tended
to increase with the concentration of LPC,, as
did the extent of erythrocyte membrane interac-
tion. Blood glucose measurements indicated that
the enhancing effect 11.9 mM LPC, was equiva-
lent to that produced by the same concentration
of LPC,, although the % haemolysis was only
about 1/3 of that of the homologue with the
longer fatty acid chain. These results therefore
imply that the extent of absorption enhancement
may be increased by some membrane interaction,
but that a more moderate degree of disruption
may be equally effective, possibly in combination
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with some other mechanism of enhancer action.
However, extrapolating results from this model
membrane system to the effect on the nasal ep-
ithelium and the use of glucose levels as an
indirect measure of insulin absorption enhance-
ment must be approached with caution.

STDHEF resulted in a relatively high degree of
membrane activity, although the concentration
required to cause 50% cell lysis was 10 times
higher than for laureth-9. Using the method of
Hirai et al. (1981), Longenecker et al. (1987)
found a 100-fold difference in haemolysing activ-
ity between STDHF and laureth-9. Expressing
Ly, as the reciprocal of the concentration (in
mg/ml) required for 50% haemolysis, the result
for STDHF was 0.25 ml/mg compared with 2.2
ml/mg in this study. This difference is difficult to
explain, particularly as the L., value determined
by Longenecker and co-workers for laureth-9 (>
20 ml/mg) is assumed to be comparable to that
of 24.4 ml/mg determined in the present study,
and suggested similar erythrocyte sensitivity.
STDHF may be more affected by differences in
the experimental conditions than laureth-9, such
as the use of 0.15 m NaCl (Longenecker et al.,
1987) rather than PBS as the control incubation
media and diluent. However, the relative
haemolytic activities of different enhancers deter-
mined under the same experimental conditions as
in this study may still be usefully compared.

Previously, the disruption of the nasal epithe-
lium resulting from exposure to 1% w/v STDHF
in vivo was found to be considerably less than
that due to 1% w/v laureth-9 (Chandler et al.,
1991b). Again this indicates a similarity in the
membrane activity effects determined in vitro and
in vivo. Good absorption enhancement has been
found with 1% w/v STDHF (Lee et al., 1988;
Chandler et al., 1991b), but this is in the range of
maximum haemolysis which suggests that mem-
brane activity was also involved in the mechanism
of action of this bile salt derivative.

DEAE-dextran, on the other hand, resulted in
negligible effects on red blood cells or on nasal
epithelium in vitro, indicating that the absorption
enhancement observed at 5% w/v was not the
result of extensive membrane disruption.

The erythrocyte model is a useful tool for the

assessment of membrane activity, but the con-
trasting effects observed in vivo and in vitro em-
phasize that the conditions and subsequent activ-
ity of lysate molecules in vivo may be quite differ-
ent. The experiments demonstrated that agents
which enhance intranasal insulin absorption do
not necessarily exhibit a high degree of mem-
brane perturbing activity and that those which
result in disruption of a model membrane in vitro
do not always have an equivalent effect in the
nasal cavity. Thus, the investigation of formula-
tions in vivo is vital.

The low level of membrane activity exhibited
by some agents indicates the involvement of alter-
native or additional mechanisms of intranasal ab-
sorption enhancement which warrant further in-
vestigations. Moreover, the identification of en-
hancers with reduced membrane perturbing po-
tential is promising from a toxicological stand-
point and should encourage the development of
enhanced transmucosal formulations.
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